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ABSTRACT: Selective catalytic hydrogenation has wide applications in both
petrochemical and fine chemical industries, however, it remains challenging when
two or multiple functional groups coexist in the substrate. To tackle this challenge, the
“active site isolation” strategy has been proved effective, and various approaches to the
site isolation have been developed. In this review, we have summarized these
approaches, including adsorption/grafting of N/S-containing organic molecules on the
metal surface, partial covering of active metal surface by metal oxides either via doping
or through strong metal−support interaction, confinement of active metal nanoparticles
in micro- or mesopores of the supports, formation of bimetallic alloys or intermetallics
or core@shell structures with a relatively inert metal (IB and IIB) or nonmetal element
(B, C, S, etc.), and construction of single-atom catalysts on reducible oxides or inert
metals. Both advantages and disadvantages of each approach toward the site isolation
have been discussed for three types of chemoselective hydrogenation reactions, including alkynes/dienes to monoenes, α,β-
unsaturated aldehydes/ketones to the unsaturated alcohols, and substituted nitroarenes to the corresponding anilines. The key
factors affecting the catalytic activity/selectivity, in particular, the geometric and electronic structure of the active sites, are
discussed with the aim to extract fundamental principles for the development of efficient and selective catalysts in hydrogenation
as well as other transformations.
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1. INTRODUCTION

Hydrogenation is among the central themes of petrochemical,
coal chemical, fine chemical, and environmental industries.1−9

In the petrochemical industry, hydrodenitrogenation and
hydrodesulfurization processes are widely employed to remove
trace amounts of N/S elements in crude oil for downstream
processing,4,5 hydroreforming, and hydroisomerization are the
main approaches to improving the octane value of the
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gasoline,10,11 and selective hydrogenation is the direct route to
eliminate the impurities of alkynes and dienes in ethylene,
propylene, and butylene in the olefins industry for downstream
polymerization.12 In the coal chemical industry, hydrogenation
of coal is regarded as the third generation of techniques for
coal gasification.1 On the other hand, in the synthesis of fine
chemicals, various functional groups, such as −CC, −CO,
−NO2, −CN, −COOH(R), and −CONH2, are required to
be selectively reduced by clean and cheap H2 to their
corresponding alkenes, alcohols, and amine products that are
key intermediates for the fine chemical, polymer, agrochemical,
and pharmaceutical industries.2,7,13 It is estimated that 25% of
chemical transformations include at least one hydrogenation
step, and it is thus not surprised that the hydrogenation
reaction is one of the most intensively investigated topics in
catalysis.
The selective hydrogenation is the most dazzling jewel in the

crown in hydrogenation transformations.14 Chemoselective
hydrogenation refers to when two or more functional groups
coexist in one substrate, or different unsaturated substrates are
present in the catalytic system, one of the functional groups (or
substrate) is preferentially transformed while the others are left
unsaturated. For example, in the hydrogenation reaction of
acetylene in a large excess of ethylene, it is strictly demanded
that acetylene is preferentially hydrogenated to ethylene
whereas ethylene whether produced or fed is not further
saturated to ethane.12,15 In fine chemical industry, when the
substrates bear multiple functional groups (e.g., 3-nitro-
styrene), it is necessary to selectively reduce the target
functional group while keeping the others intact for the
synthesis of flavors, fragrances, agrochemicals, and pharma-
ceuticals, etc.13 Therefore, the selective hydrogenation trans-
formations are highly desirable both for bulk and fine chemical
industries.
The key to the selective hydrogenation relies on the

fabrication of efficient and selective catalysts.16 Currently,
two types of catalysts, namely homogeneous and heteroge-
neous catalysts, are explored for the target reactions. The
homogeneous metal−ligand complexes are famous for their
high selectivity thanks to the steric and electronic effects of
ligands yet suffer from difficult separation and reuse as well as
contamination of the products.17 On the contrary, the
heterogeneous catalysts are promising for practical applications
in terms of catalyst separation and recovery.3,18 Four types of
heterogeneous catalysts have been developed for the selective
hydrogenation reactions. The metal complexes immobilized on
oxides or resins are the first generation of heterogeneous
catalysts. Although they retain the merits of high selectivity, the
loss of ligands and/or metals into solutions during the
hydrogenation reactions is often inevitable due to the weak
interaction with the support. The supported metal nano-
particles are then explored as the second-generation catalysts
with the development of nanoscience (Figure 1a)13 yet suffer
from unsatisfactory chemoselectivity, mainly owing to the side
reactions of overhydrogenation. However, if the nanocatalysts
are properly modified by a second metal (such as Sn, Pb, Bi) or
organic reagent (such as mercaptan, amines) (Figure 1b),19,20

e.g., the Lindlar catalyst Pd/CaCO3-Pb,
20−22 the chemo-

selectivity can be greatly improved. Unfortunately, the
improvement in selectivity are usually at the expense of
catalytic activity because a great portion of the surface atoms is
shielded and thus inaccessible to the reactants. Therefore, it

remains a challenge to achieve a high chemoselectivity without
compromising the activity.
One prerequisite to the rational design of chemoselective

catalysts is the understanding of the reaction mechanism that
governs the chemoselectivity. So far, consensus has been
reached that the selectivity, to a large degree, depends on the
adsorption strength and configuration of the reactants/
intermediates on the surface of catalysts, which in turn is
determined by the electronic and geometric structures of the
active sites.23,24 For example, ethylene can have three different
adsorption modes on Pd surface depending on the
configuration of Pd atoms: ethylidyne mode on 3-fold sites,
di-σ on 2-fold and π-bonded mode on isolated Pd single atom,
and the adsorption strength decreases following the order of
ethylidyne > di-σ > π-bonded.23,25 In the semihydrogenation of
acetylene, the weakest adsorption of ethylene, π-bonded mode,
will favor its desorption from the surface and thus avoiding the
overhydrogenation to ethane. Therefore, isolation of Pd as
single atoms is required for attaining a high selectivity to
ethylene. Similarly, when two or multiple functional groups
coexist in the substrate and each of them can be adsorbed on
the catalyst, there will be multiple adsorption patterns and
consequently various products and poor chemoselectivity.
Therefore, to achieve excellent chemoselectivity, it is highly
desirable to allow only the target functional group to be
adsorbed on the catalyst in a proper pattern. Correspondingly,
the catalytic active sites should bear uniform geometric and
electronic structure to avoid multiple adsorption patterns.
From this point of view, it is not surprising that

homogeneous metal complexes can exhibit excellent selectivity
because single-site active species with proper electronic
structures allows for only one adsorption mode of the
reactants. On the contrary, in the supported nanoparticles
(Figure 1a), the heterogeneity in size/shape/composition is
ubiquitous.26,27 For example, a supported nanocatalyst usually
has a broad spectrum of size distribution and the nanoparticles
may expose different facets with different atomic structure.26,28

For multicomponent nanoparticles, they may possess different

Figure 1. Illustration of supported nanocatalysts (a), modified
nanocatalysts (b), and single-atom catalysts (c).
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structure (core@shell, alloy, or cluster-in-cluster) and con-
sequently distinct composition between surface and the
bulk.27,29,30 When focusing on one particle, the atom may
locate on the terrace, kink, edge, corner sites, or at the metal−
support interfaces and intimately interacted with the support,31

and each of these sites bear different coordination environ-
ments and electronic structures. These various catalytic sites
will lead to different adsorption modes of the reactants/
intermediates and consequently poor selectivity in catalysis. As
for the modified nanocatalysts by a second metal or surfactant
(Figure 1b),20 the enhanced chemoselectivity is ascribed to the
improvement of homogeneity in the active sites. For example,
when the corner/edge sites in the nanoparticles are covered/
poisoned (concomitantly, the energy landscape is also tuned,
e.g., the d-band center might be downshifted), the remaining
atoms in the terraces are considered to be equally in catalysis.
However, as stated above, these modulations are not fine
enough, and atomically precise methodologies are urgently
demanded.
Inspiration can be found in homogeneous and enzyme

catalysts, where only one type of metal site exists, whose
electronic and geometric structures are affected by the
ligands.17 Similarly, in nanocatalysts, the support can be
regarded as the “macro ligands” of the nanoparticles, however,
only those metal atoms in intimate proximity with the support
whose electronic properties are directly modulated. Notably,
these catalytic sites, frequently referred as interface sites, have
demonstrated excellent activity and selectivity in various
hydrogenation reactions.32−36 Accordingly, if the nanoparticles
are downsized to the lowest limit, i.e., the atomic dispersion,
then each and every metal atom will directly interact with the
heteroatoms in the support, and then the resultant catalysts
will be a mimic of the homogeneous metal complexes. On this
ground, a new generation of catalyst for the selective
hydrogenation reactions: single-atom catalysts (SACs) were
developed (Figure 1c).37−39 Because of the ultimate dispersion
of active metals and the homogeneous composition of the
active species, SACs have demonstrated excellent catalytic
activity and selectivity in various chemical/electrochemical/
photochemical transformations,40−44 including selective hydro-
genation reactions. Moreover, they provide a good platform to
investigate the structure−performance relationship in catalysis.
This review has summarized the advances in selective

hydrogenation reactions of substrates with different functional
groups, i.e., alkynes and dienes in excess alkenes, α,β-
unsaturated aldehydes/ketones, and functionalized nitroarenes
(mainly nitrostyrene) over supported metal catalysts in the
past decade. As we mainly focus on metal catalysis, some
hydrogenation-related processes such as hydrodenitrogenation,
hydrodesulfurization, hydrodeoxygenation, hydroreforming,
and hydroisomerization that require multifunctional catalysts
(e.g., Brønsted acid sites for C−X (X = S, N, O, Cl, etc.) bond
dissociation or isomerization, and metal sites for H2
dissociation) have not been included, and the readers
interested in those topics can refer to the related reviews.4,5

And as transfer hydrogenation and asymmetric hydrogenation
had been well described in several excellent reviews,2,3,7,17 they
were not included here, either. We summarize the catalytic
performances of nanocatalysts, modified nanocatalysts, and
SACs in the selective hydrogenation reactions with an attempt
to reveal the key factors that influence the chemoselectivity
and catalytic activity and to establish bridges between the three
types of heterogeneous catalysts in terms of geometric and

electronic structures of catalytically active sites. We hope that
this collection will be a valuable reference source to chemists
searching for effective and selective catalysts for hydrogenation
reactions.

2. ADSORPTION OF SUBSTRATES ON SUPPORTED
METAL NANOPARTICLES AND SINGLE ATOMS

Catalysis is an adsorption−transformation−desorption process
of the reactant/intermediate/product on a catalyst,45 where the
active sites form intermediate “adduct” with the substrate, and
thereby the activation energy of a transformation is lowered.
According to DFT calculations and kinetic studies, various
intermediates and reaction pathways probably exist in a
catalytic cycle, of which the adsorption of the reactant on
the active species is the initial step,46,47 and it determines the
following reaction pathways through which the substrate is
converted to the product.48

The adsorption strength and manner of a substrate are
dependent on the geometric and electronic structure of the
active sites.49 (1) The size of metal ensembles is an important
factor. When continuous assemblies of metal atoms are
present, the substrates tend to adsorb strongly on the 3-fold
sites, followed by bridging and atop sites. A typical example is
the adsorption of ethylene on Pd(111) surface,23,25 where
ethylene adsorbs strongly in the form of ethylidyne on 3-fold
Pd sites, moderately with di-σ mode on bridging Pd sites, and
weakly via π-mode on isolated Pd sites. (2) The topology of
the metal assembles.50,51 When the active metal is downsized
to nanoparticles/clusters, their electronic structure also
changes from continuous energy band of the bulk to discrete
energy levels, thereby inducing strong electron energy
quantization (Figure 2a). The quantum confinement effect

and discrete energy levels of the nanoparticles/clusters enable
their isomerization (Figure 2b). (3) Coordination environ-
ment: Metal nanoparticles are not perfect spheres but irregular
polyhedral composed of terrace, edge, corner, and kink as well
as perimeters when loaded on support (Figure 1a).31 The
coordination number of atoms in these positions are quite
different, which will result in different adsorption strength of
the reactant. (4) Composition and structure:52,53 In bi- or
multimetallic nanoparticles, the interaction between each
component not only change the assemblies of accessible
metal atoms29,30,54 but also modify the electronic structure

Figure 2. (a) Illustration of quantum effect, (b) Possible topological
structures of M4 clusters.
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induced by charge transfer.55 In addition, in core@shell
structured nanoparticles, the difference in lattice spacing also
leads to strain effect,27,56 which alters the position of d band
center of active metal and thus the adsorption behavior.
In selective hydrogenation reactions, it is desirable that the

target functional group is preferentially adsorbed on the active
sites. To avoid the multiple adsorption patterns, the catalyst
should first have homogeneous geometric and electronic
structure and on other hand bear unique redox or acidic/
basic or electrophilic/nucleophilic property that lead the target
functional group to be recognized.57,58 Accordingly, the SACs
are expected to provide superior selectivity to their nano-
particular counterparts in hydrogenation reactions.

3. ACTIVATION OF H2

The adsorption and activation of H2 constitutes another
critical step in the hydrogenation reactions. The activation
manner and the types of the H species (i.e., H+, H−) also have
profound influence on the selectivity. For example, the
hydrides on the surface of Pd nanoparticles can incorporate
into the interstitial sites, forming subsurface hydride, which is
known to be notorious for the selectivity.59 And also when H2
is heterolytically rather than homolytically cleaved, the
produced H+/H− pairs prefer to reduce the polar bond rather
than the nonpolar one.60 Therefore, the common dissociation
manner of H2 will be briefly introduced in this section (Figure
3).

3.1. Homolytic Dissociation of H2

H2 can be easily dissociated on the VIII group metals, such as
Pt, Pd, and Rh.61−63 These metals have partially occupied d-
orbitals, which can accept the σ electrons of H2, and on the
other hand, donate d-electrons to the σ* antibonding orbital of
H2 (Figure 3). Consequently, the H−H bond is weakened and
cleaved, forming two hydrides, that is, so-called homolytic
dissociation of H2.

64 This dissociation process resembles the
oxidative addition of H2 in homogeneous catalysis, where H2
approaches the metal complexes and is transformed into two
hydrides binding to the metal center, meanwhile, the oxidation
state of the metal center is raised by two.65 However, the
oxidative addition of H2 can take place on single metal atom in
metal complexes because of the electron-donating effect of the
ligands, whereas in metal nanoparticles, the homolysis of H2
requires metal ensembles of more than one atom in the

vicinity.66 As the homolytic dissociation of H2 requires the
denotation of d-electrons of metal to H2, therefore, a high
electron density of the active sites is beneficial for the
hydrogenation reaction. However, if the metal is poisoned by
strong π-acceptors, e.g., CO and sulfur, the dissociation of H2
will be greatly suppressed and consequently the catalyst is
deactivated.
The hydride formed on the metal surface can penetrate into

the interstitial sites of the metal, forming subsurface hydrides
(Hsub).67 The Hsub species can destabilize the surface adsorbed
Had species and thus increase the reactivity of Had.68 On the
other hand, the Hsub can migrate back to the surface and
increase the hydride coverage on the surface which impairs the
chemoselectivity. Once the hydrides are formed, they can also
migrate from the metal surface to the support, that is, so-called
hydrogen “spillover” process.69 Hydrogen spillover can only
take place when the metal is supported on reducible oxides,
graphitic carbonaceous materials, and nonreducible oxides with
impurities or defects but not on perfect nonreducible oxides
because of the lack of electron transfer path. As a result, the
support can be partially reduced (i.e., creation of oxygen
vacancies) and/or the remote substrates adsorbed on the
support can be hydrogenated. When H2O is present in the
reaction system, the migration of hydrogen across the support
can be accelerated, either through the proton transfer process
in the form of hydronium ion species or by H2O dissociation
mechanism.70 Accordingly, the catalytic activity can be greatly
enhanced.

3.2. Heterolytic Dissociation of H2

Apart from the homolytic dissociation, H2 can also be activated
through the heterolysis pathway. In this case, H2 is cleaved to
H− and H+ assisted by nucleophilic atoms or in strong electric
field, which then binds to metal atom and proton acceptor
(e.g., N atom), respectively.71 Because no charge transfer
occurs in this process, the valence state of the metal remains
intact.
Heterolytic activation of hydrogen are well-known in

homogeneous catalytic systems of enzymes, metal complexes
(e.g., Shvo−Noyori catalysts), as well as frustrated Lewis pairs
(FLPs).72−75 However, recent reports have shown that in some
heterogeneous catalysts, such as reducible metal oxides (e.g.,
CeO2 and WO3),

76 supported metal nanoparticles (e.g., Au/
CeO2),

77,78 and single-atom catalysts (e.g., Pd/TiO2),
66,79,80

H2 can also be heterolytically dissociated to H+ and H−. As
aforementioned, on VIII group metal nanoparticles, a high
electron density is required for the homolytic dissociation of
H2, however, at the metal−support interface sites, the metal
atoms are generally electron-deficient and thus are more prone
to cleave H2 in a heterolytic manner. Typically, for supported
Au nanocatalysts,81 the fully occupied d-band of gold makes it
difficult to accept the σ electrons of H2, meanwhile, Au is
unlikely to donate electron to σ* antibonding orbital of H2
because of the high electronegativity. Therefore, the heterolytic
cleavage of H2 is the preferred pathway. The similar case
occurs for supported SACs, where hydrogen molecules can be
favorably dissociated in a heterolytical manner because no
continuous metal ensembles exist for H2 homolysis. The
heterolytic dissociation of hydrogen requires the participation
of support or additive/promoter, where the electropositive d-
block metal atom (M) serves as the hydride acceptor, while the
electronegative heteroatom (X) from the support or promoter

Figure 3. Homolytic and heterolytic dissociation of H2. Adapted with
permission from ref 64. Copyright 2007 The American Association
for the Advancement of Science.
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as proton acceptor, resembling the homogeneous Shvo−
Noyori catalysts and FLPs.71

The heterolysis of H2 offers several advantages in the
hydrogenation reactions. First, some polar group can be
reduced in the outer sphere.82 That is, the unsaturated group
does not bind to the metal surface but the H+/H− pairs are
transferred from the catalyst to the substrates.71,83 Because of
the noncompetitive adsorption of the substrate and H2, there is
enough room for the activation of H2. Second, the H+/H−

pairs kinetically prefer reducing the polar group, which will
greatly enhance the chemoselectivity in the hydrogenation
reactions.60 Third, the activity of the catalysts can be finely
tuned. When regarding the dissociation mechanism of H2, one
can rationally deduce that the high basicity (i.e., nucleophil-
icity) of X atom, or a significant polarization degree of M−X
bond (i.e., strong electronic field) should promote the
dissociation of H2 and consequently accelerate the reaction
rate.83 For example, Beller and co-workers reported that the
addition of NEt3 promoted the hydrogenation of function-
alized nitroarenes catalyzed by Co3O4@N-C.84,85 In addition,
the protons in H+/H− pairs are strong Brønsted acid in nature,
and therefore the catalysts are expected to fulfill multiple
functions in some reactions.86,87

4. SEMIHYDROGENATION OF ALKYNES

4.1. Gas-Phase Hydrogenation Reactions

Light olefins (ethylene, propylene, and butene) are key
building blocks to produce plastics (e.g., polyethylene, PE)
and other chemicals such as ethylbenzene, ethylene oxide, and
ethylene dichloride.12,88 Commercially, alkenes are manufac-
tured by steam cracking of a broad range of hydrocarbon
feedstocks (such as naphtha, gas oil, and condensates). Such-
made olefins usually contain impurities of alkynes and dienes,
e.g, the ethylene cut typically contains 0.5−3% of acetylene
and the propylene cut 2−8% of propyne and propadiene.89

These highly unsaturated compounds are poisonous to the
Ziegler−Natta catalysts for the polymerization of olefins and
thus need to be removed to <5 ppm level. Among various
methods to eliminate alkynes, the semihydrogenation of
alkynes (and diolefins) to alkenes has proved to be the most
efficient one.15 On the basis of the operation mode, there are
front-end and back-end semihydrogenation. In the front-end
process, reactors are situated prior to the removal of C1 cuts,
and a large excess of H2 is present in the feed gas. In this case,
the selective hydrogenation of alkynes becomes more
challenging because of the high H2/alkyne ratio and possible
danger of thermal runaway. On the contrary, the back-end
process is more popular, where a stoichiometric amount of
hydrogen is present (H2/alkyne = 1.5−2) in the feed gas.
The semihydrogenation of alkynes generally follows

Horiuti−Polanyi mechanism,90 where H2 is first adsorbed
and dissociated on the catalyst, and then the alkyne is adsorbed
and two hydrides are added to the unsaturated bond in a
successive manner. Apart from the desired hydrogenation of
alkynes to alkenes, there are three side reactions (Figure 4):
the overhydrogenation of alkenes (including those in the
feedgas) to alkanes, the C−C coupling (oligomerization) of
the alkynes and intermediates to higher hydrocarbons (called
green oil), and the cracking of alkyne/intermediates to form
coke.15 These side reactions not only lead to the waste of the
alkene feedstock, the oligomerization and coking also cause
serious operation problems such as shortened cycles due to

catalyst deterioration, the need for regeneration, and plugging
of piping.89 Therefore, there is urgent demand in industry for
the development of catalysts that can efficiently suppress these
side reactions in the semihydrogenation of alkynes.
Various catalysts have been explored for the selective

hydrogenation of alkynes, of which Pd based catalysts have
attracted the most intensive attention because of their high
intrinsic activity (TOF = 0.2−1.0 s−1).15 Unfortunately, the
selectivity to alkenes over unmodified Pd catalysts was quite
low because of the severe side reactions of overhydrogenation
and oligomerzation.91 It is believed that the side reactions are
caused by the strong adsorption of the unsaturated reactants/
intermediates on the coordinatively unsaturated edge and/or
corner sites on the Pd nanoparticles. Accordingly, strategies to
selective poisoning/covering these sites by CO,92 sulfur,93 or
second metal (Au, Ag, Cu, Zn, Ga)94−98 have been developed
to improve the selectivity of Pd catalysts. For example, the
industrially employed catalyst is bimetallic Ag−Pd/Al2O3, and
the feedgas usually contains a low concentration of CO. Even
though, the selectivity to ethylene at full conversion of
acetylene remains to be enhanced yet. For example, in the
partial hydrogenation of acetylene under back-end conditions,
45% ethylene, 28.8% ethane, and 26.2% green oil were
obtained at full conversion.99 In addition, the increased
selectivity is often accompanied by the decrease of Pd
utilization efficiency due to the covering/poisoning. Therefore,
for the rational design of both active and selective catalysts, it
will be helpful to understand how the structure of the catalysts
influences their performance in the semihydrogenation
reactions.
Ensemble effect is the primary factor to determine the

selectivity in the semihydrogenation of alkynes. Depending on
the assemblies of Pd atoms, ethylene has three adsorption
modes: ethylidyne mode on 3-fold Pd sites, di-σ-mode on
bridged Pd dimers, and π-bonded mode on isolated Pd single
atoms (Figure 5), and adsorption strength decreases in the
order of ethylidyne > di-σ > π-bonded.23,25 For the ethylidyne
and di-σ-modes, the energy required for desorption is larger
than that for hydrogenation, therefore, the hydrogenation
pathway is preferred to desorption, leading to low selectivity to
ethylene. On the contrary, when ethylene is adsorbed through

Figure 4. Reaction network for acetylene hydrogenation. Adapted
with permission from ref 15. Copyright 2015 Springer Nature.

Figure 5. Adsorption patterns of ethylene on Pd catalysts with
different geometric structures.
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π-bonded mode, the energy barrier for desorption is lower than
that for hydrogenation and ethylene will desorb from the
catalyst surface without further hydrogenation, thus leading to
high selectivity to ethylene (Figure 6).95,100 Therefore,

reduction of ensembles of Pd will weaken the adsorption
strength of the alkenes and consequently increase the
chemoselectivity, that is, the so-called “active site isolation
concept”.94,101 Actually, for the aforementioned approaches,
such as selective poisoning by CO or sulfur and forming
alloys/intermetallics with a second metal, the selectivity
improvement arose from the isolation of the active sites.95,101

A more promising method for the “active site isolation” is to
construct single-atom catalysts, which can also maximize the
efficiency for metal utilization.79,102,103 In addition to suppress
the overhydrogenation, the “active site isolation concept” is
also able to suppress the structure sensitive side reactions of
oligomerization and coking, as the C−C coupling of the
reactant/intermediates requires at least four continuous Pd
sites,104 and coking generally occurs on extensive terrace sites
where the reactant/intermediates are strongly adsorbed.
Another important factor to affect the selectivity is the

subsurface structure of the Pd catalysts. For example, when H2
is dissociated on the surface Pd atoms, the hydride can migrate
into the subsurface region (the few layers below the surface)
and occupy the interstitial sites, forming β-hydride or β-H
species (Figure 7).59,67,68,105 During the hydrogenation
reaction, the subsurface hydride can diffuse back to the surface
and lead to high concentration (coverage) of surface hydride,
which is detrimental to the selective hydrogenation. However,
when the interstitial sites are occupied by other atoms (e.g., C
atoms from fragments of hydrocarbons), the formation of
subsurface hydride and their diffusion can be suppressed, and
the selectivity to ethylene can be improved to a great degree
(Figure 7).59,105−108 Because both of subsurface hydride and
carbide can be formed during the hydrogenation reaction,
which species dominate is dependent on the reaction
conditions (such as temperature, H2/alkyne ratios) as well as
the nature of the metal. Generally, high H2/alkyne ratios (or
high H2 pressure) promotes the formation of hydride and the
high ability of the metal (e.g., Ni) to cleave C−C bond
facilitates the occupancy of interstitial sites by carbon.
Although the subsurface carbides can restrain the deep

hydrogenation to some degree, their extensive formation is
usually accompanied by coking and deactivation of the
catalysts. Therefore, a delicate balance between subsurface
carbide and hydride is required for the selective and stable
catalysts. The “active site isolation” strategy, in principle, is
able to suppress the formation of subsurface carbide and
hydride because of the limited atomic layers.109 It should be
noted that the electronic structure of the catalysts is usually
modified concomitantly with the geometric structure. For
example, with the expansion of lattice of Pd, the d-band down-
shifts,21 which weakens the adsorption of alkenes. Meanwhile,
the electron transfer from the second metal to Pd in alloys/
intermetallics makes Pd sites negatively charged,98 which
promotes the dissociation of H2 in an oxidative addition
manner.
On the basis of the “active site isolation” strategy, various

Pd-based catalysts have been developed for the selective
hydrogenation of alkynes to alkenes. In addition to Pd, other
metal catalysts, such as Au, Rh, and Ni, as well as metal oxides
catalysts were also reported. A summary of the catalytic
performances of different catalysts is listed in Table 1.
Although operation conditions (feed gas composition, space
velocity, temperature, pressure) and metal content may vary
greatly, one can still see that Pd-Zn/ZnO catalyst with isolated
Pd sites appears the most promising one, affording 90%
ethylene selectivity at 94% acetylene conversion under mild
reaction conditions (80 °C, 0.1 MPa H2) in the presence of
excess ethylene.

4.1.1. Pd Based Catalysts. 4.1.1.1. Selective Poisoning/
Covering. In industry, CO is usually chosen as a selectivity
modulator in the semihydrogenation of alkynes, and their
promotional role is ascribed to thermodynamic factor. DFT
calculations reveal that when CO molecules are adsorbed, they
form a densely packed monolayer on the surface of Pd and
thus reduce the size of accessible Pd ensembles.92 In this way,
not only the adsorption of the unsaturated reactants/
intermediates and H2 is weakened, but also the diffusion of
the carbon containing species to form oligomers is limited.
Consequently, the selectivity to alkenes is significantly
enhanced. On the other hand, CO may also react with the
unsaturated intermediates to form green oil.
Loṕez investigated the influence of CO in the feedgas on the

selectivity of 1 wt %Pd/Al2O3 catalysts.141 In the semi-
hydrogenation of acetylene (70 °C, H2/C2H2 = 5, SV = 16800
cm3 h−1 g−1), 85% ethane, and 15% oligomers were obtained

Figure 6. Activation energy profile of each fundamental steps in the
hydrogenation of acetylene catalyzed by Pd single atoms. Reproduced
with permssion from ref 95. Copyright 2016 American Chemical
Society.

Figure 7. Schematic representation of hydrides and carbides over Pd
nanoparticles and their impact on the selectivity in hydrogenation
reactions of acetylenes. Adapted with permission from ref 59.
Copyright 2008 The American Association for the Advancement of
Science.
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when CO was absent. However, the addition of trace amount
of CO (CO/H2 < 0.002) remarkably decreased the selectivity
of ethane meanwhile increased the ethene and oligomers. A
further increase of CO concentration (CO/H2 = 0.04) led to
the total inhibition of overhydrogenation, and the selectivity to
ethene increased to 30%. However, at CO/H2 > 0.1, the
catalyst was severely deactivated by the formation of oligomers
and the selectivity to ethene decreased. Noteworthy, the
products distribution over Pd-CO (i.e., Pd catalyst in the
presence of CO) was quite similar to that on Cu based
catalyst,92 implying that CO might greatly decrease the hydride
coverage on the Pd surface and thus suppress the deep

hydrogenation reaction. The transformation of nonselective
catalysts into selective ones by CO poisoning could be
extended to other metals. Gates and co-workers prepared Rh2
and Rh3 clusters supported on MgO or zeolite HY,
respectively.110,111 These clusters showed excellent activity
for the hydrogenation of butadiene, yet the selectivity was
quite low. However, when the catalysts were treated by pulse
of CO, the Rh2 dimers could be highly selective for the
reaction (40 °C, 2% butadiene in H2), e.g., 99% selectivity to
butene was achieved at 97% conversion. On the contrary, the
Rh3 trimers redispersed as single site Rh(CO)2 on HY, which
was totally inactive because of the deep poison of CO. The

Table 1. Catalysts for the Gas-Phase Selective Hydrogenation of Alkynes

catalysts feedgas composition SV (ml·gcat
−1·h−1) T (°C) P (MPa) conv (%) selectivity (%) ref

Rh2/MgO C4H6/H2 = 2/98 40 0.1 97 99 110
Pd4S/CNFs C4H6/H2 = 1/5 150 0.1 99 100 112
Pd4S/CNFs C2H2/C2H4/H2 = 1/9/1.8 6 × 104 250 0.1 100 95 113
Pd4S/CNFs alkyne/C3H6/C3H8 = 1.5/10/1.75a 5.8 × 105 200 1.8 100 85 93
Pd4S/CNFs C2H2/C2H4/H2 = 1/9/1.2 2.16 × 106 250 1.8 46.6 96 93
Ti−Pd/PHSNs C2H2/C2H4/H2 = 1/99/2 7200 45 0.1 70 69 114
Pd−La/SiO2 C2H2/C2H4/H2 = 1/99/2 60 0.1 45 80 115
Pd@C/CNT C2H2/C2H4/H2 = 0.5/20/3 6 × 104 150 0.1 93 70 116
Pt0.1Cu14/Al2O3 C4H6/C3H6/H2 = 2/20/16 12000 160 0.1 100 95 117
AuPd0.01/SiO2 C2H2/C2H4/H2 = 1/20/20 6 × 104 160 0.1 86 56.4 97
AgPd0.01/SiO2 C2H2/C2H4/H2 = 1/20/20 6 × 104 160 0.1 93 80 96
CuPd0.006/SiO2 C2H2/C2H4/H2 = 1/20/20 6 × 104 160 0.1 100 85 98
Pd−0.41Cu(SR) C2H2/C2H4/H2 = 0.95/99.05/1.9 60 0.1 80 60 118
Pd−0.7Ag(I) C2H2/C2H4/H2 = 0.95/99.05/1.9 60 0.1 65 80 119
Pd2Ag3/TiO2 C2H2/C2H4/H2 = 0.73/52.6/1.46 7.2 × 104 60 0.1 57.4 90.3 120
Pd2Ga C2H2/C2H4/H2 = 0.5/50/5 1.8 × 105 200 0.1 94 74 144
nano-PdGa@Al2O3 C2H2/C2H4/H2 = 0.5/50/5 24000 200 0.1 81 82 122
Pd2Ga/MgO/MgGa2O4 C2H2/C2H4/H2 = 0.5/50/5 200 0.1 98 70 123
PdGa C2H2/C2H4/H2 = 0.5/50/5 36000 200 0.1 78 78 144
Pd3Ga7 C2H2/C2H4/H2 = 0.5/50/5 18000 200 0.1 81 82 144
Pd2Ga/CNT C2H2/C2H4/H2 = 0.5/50/5 7.5 × 106 200 0.1 90 58.1 124
Pd−Zn/ZnO C2H2/C2H4/H2 = 2/40/20 1.8 × 105 80 0.1 94 90 95
Pd−Zn/ZnO C2H2/C2H4/H2 = 2/40/20 5.4 × 105 110 0.1 79 97 95
PdZn-1.2@ZIF-8C C2H2/C2H4/H2 = 0.65/50/5 48000 120 0.1 85 80 125
PdIn/MgAl2O4 C2H2/C2H4/H2 = 0.5/50/5 2.88 × 105 90 0.1 96 92 126
Pd1/graphene C4H6/C3H6/H2 = 1.9/70/4.7 33000 50 0.1 98 100 102
Pd1/C3N4 C2H2/C2H4/H2 = 0.5/25/1 30000 110 0.1 80 92 148
Pd1/ND@G C2H2/C2H4/H2 = 1/20/10 60000 180 0.1 100 90 103
Pd1/ZnO C2H2/C2H4/H2 = 2/40/20 36000 80 0.1 80 94 132
Pd/Ni(OH)2 C2H2/C2H4/H2 = 0.65/50/5 24000 100 0.1 80 80 133
DP Au/Al2O3 C4H6/C3H6/H2 = 0.3/30/20 20000 170 0.1 100 100 127
DP Au/Pd(90) C4H6/C3H6/H2 = 0.3/30/20 20000 120 0.1 100 100 128
Au/SiO2 C2H2/C2H4/H2 = 0.8/83.2/16 92000 175 0.1 94 47 129
Au-Ag/SiO2 C2H2/C2H4/H2 = 0.8/83.2/16 92000 200 0.1 98 30 130
Au/CNT-i C4H6/H2 = 0.6/42.2 81000 150 0.1 80.4 100 131
Au/ZrO2 C4H6/H2 = 2.15/97.85 8100 120 0.1 87 100 156
IRMOF-3-SI-Au C4H6/H2 = 2/98 130 0.1 97 90 157
Cu-Al HT-C873-R573 C3H4/H2 = 1/3 16800 250 0.1 100 82 134
Cu2.75Ni0.25Fe C3H4/H2 = 2.5/7.5 16800 250 0.1 100 97 89
AgNi0.125/SiO2 C2H2/C2H4/H2 = 1/20/20 60000 160 0.1 90.4 31.4 135
Al13Fe4 C2H2/C2H4/H2 = 0.5/50/5 90000 200 0.1 80 82 136
Ni6In/SiO2 C2H2/H2 = 1/5 36000 180 0.1 63 100 137
CeO2 C3H4/H2 = 1/30 250 0.1 96 91 138
CeO2 C2H2/H2 = 1/30 250 0.1 86 81 138
In2O3 C2H2/H2 = 1/30 350 0.1 100 85 139
CrOx/(110)γ-Al2O3 C2H2/C2H4 = 0.475/9.25 21660 140 0.1 100 98.5 140

aMethyl acetylene/propadiene/propene/propane = 0.85/0.65/10/1.75, H2/(methyl acetylene + propadiene) = 1.2.
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alkenes hydrogenation did not begin until the butadiene was
completely consumed, suggesting that the preferential
adsorption of butadiene led to the high selectivity.
Sulfur, a well-known poisoner for metal catalysts, was also

employed to improve the selectivity of Pd catalysts in the
semihydrogenation of alkynes. Anderson and co-workers
modified Pd/TiO2 catalysts through adsorption of diphenyl
sulfide followed by H2 reduction at 50 or 120 °C.142 The as-
modified catalyst was active for acetylene hydrogenation but
totally inactive for ethylene hydrogenation (Figure 8a). It was
suggested that the sulfide modification met the geometric
requirement for the hydrogenation of C2H2 but not for C2H4.

Carbon nanofibers (CNFs) supported Pd4S nanoparticles
were evaluated in the semihydrogenation of butadiene.112,113

Under reaction conditions of 150 °C and butadiene/H2 = 1/5,
100% selectivity to butene could be obtained at 99%
conversion over Pd4S/CNFs, whereas butane was the only
product over unmodified Pd/CNFs. Similarly, in the hydro-
genation of acetylene in excess ethylene (C2H2/C2H4/H2 = 1/
9/1.2−1.8, 250 °C, SV = 60000 h−1, 0.1 MPa), 95% selectivity
to ethylene at full conversion of acetylene could be
obtained.113 Even at the higher pressure condition which was
required for industrial application, the selectivity to ethylene
could still reach as high as 96−97% at 46.6% conversion.93

Notably, negligible oligomers were produced although the H2/
C2H2 ratio was quite low. Similarly, in the hydrogenation of
mixed C3 feeds (methyl acetylene/propadiene/propene/
propane = 0.85/0.65/10/1.75, H2/(methyl acetylene +
propadiene) = 1.2−1.8, 200 °C, SV = 5.8 × 105 h−1), 83−
85% selectivity could be achieved at full conversion of alkyne
and diene. Characterization by in situ high energy X-ray
diffraction revealed that the Pd and S formed solid solution
where S atoms occupy the substitutional sites of Pd.
Consequently, the continuous Pd ensembles were well
separated, which was believed to account for the high
selectivity (Figure 8b). In spite of superior selectivity to
monoenes and negligible formation of oligomers, the Pd4S
catalyst required much higher temperature (200−250 °C) to

achieve high conversion than that for commercial PdAg
catalysts (60−80 °C), which compromised its efficiency.
The support can also effectively poison/cover Pd nano-

particles for isolation of Pd sites, especially when reducible
oxides, such as TiO2 and ZnO, are used as supports and
reduced at high temperatures. Wen and co-workers modified
the porous hollow SiO2 supported Pd catalysts with TiO2
through impregnation with tetrabutyl titanate.114 In the
semihydrogenation of acetylene under tail-end conditions
(C2H2/C2H4/H2 = 1/99/2, 40−60 °C), the selectivity to
ethylene was increased from 52% to 65% when Pd nano-
particles were properly decorated by TiO2. However, severe
covering of Pd induced by high temperature reduction or at
high Ti/Pd ratios led to significant decrease of the catalytic
activity. Kim and co-workers also modified the Pd/SiO2
catalyst with La/Ti/Nb by impregnation method.115 In the
hydrogenation of acetylene (60 °C, H2/C2H2 = 2), the
addition of La (La/Pd = 1) greatly improved the selectivity to
ethylene, especially when the catalysts were reduced at high
temperature (500 °C) (Figure 8c). When both of La and Ti
(Ti/Pd = 0.2) were added in a sequential manner, the
selectivity was further enhanced. Similar phenomenon was
observed when Nb was used as promoter. XPS combined with
H2 chemisorption and ethylene−TPD experiments showed
that strong metal−support interactions occurred upon high
temperature reduction. The partial covering of Pd nano-
particles by La2O3 as well as the charge transfer to Pd greatly
reduced the adsorption of ethylene as well as the coverage of
surface hydrides and thus led to high selectivity.
Besides reducible metal oxide, carbon materials can also

modulate the catalytic performance by covering or encapsulat-
ing Pd nanoparticles. Su and co-workers reported a core−shell
structured Pd@C/CNTs catalyst by pyrolysis of ionic liquid
coated Pd/CNTs at 700 °C under inert atmosphere.116

HRTEM images showed that the Pd nanoparticles were coated
by graphitic carbon with 1−4 layers (thickness <1.5 nm). In
the hydrogenation of acetylene (C2H2/C2H4/H2 = 0.5/20/3,
SV = 6 × 104 h−1, 150 °C), 70% selectivity to ethylene was
obtained at 93% conversion, and the selectivity to oligomers
was below 10%. By contrast, the selectivity to ethylene was
extremely low (−400%) and a great portion of green oil was
produced over uncoated Pd/CNTs. The carbon shell outside
Pd nanoparticles might reduce the accessible Pd ensembles,
which weaken the adsorption of ethylene and thus enhancing
the ethylene selectivity. Meanwhile, modification of electronic
property of Pd by carbon may also contribute to the selectivity
increase,91 although to a minor degree. In addition, the
possible contribution of subsurface carbide to the selectivity
was not discussed in those reports. One major concern is that
the selectivity increase is at the cost of activity. For example,
the reaction temperature to achieve >90% conversion was 150
°C for Pd@C/CNTs, whereas it was 30 °C for Pd/CNTs.

4.1.2.2. Pd Based Alloys/Intermetallics. Although the
selective poisoning/covering approach could greatly suppress
the side reactions of overhydrogenation, the atom utilization
efficiency was significantly lowered due to covering of the
surface metal atoms. Therefore, researchers resorted to
alternative route to achieve the “active site isolation” strategy,
namely, construction of alloys/intermetallics.96−98,117 The
intermetallics (also called intermetallic compounds, interme-
tallic alloys) is a type of metallic alloy that forms a solid-state
compound exhibiting defined stoichiometry and long-range-
ordered crystal structure (Figure 9). Taken Pd as an example,

Figure 8. Illustration of (a) Pd/TiO2 catalyst poisoned by diphenyl
sulfide, (b) “Pd site isolation” in Pd4S catalyst, and (c) La-Pd/SiO2
catalysts covered by La2Ox induced by high temperature reduction for
selective hydrogenation of acetylene. (a) Adapted with permission
from ref 142. Copyright 2011 Elsevier. (b) Adapted with permission
from ref 93. Copyright 2017 Elsevier. (c) Adapted with permission
from ref 115. Copyright 2014 Elsevier.
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Pd can form alloys with various metals such as Au, Ag, Cu, and
intermetallics with others (Zn, Ga, In, etc.). In these alloys/
intermetallics, the continuous Pd ensembles can be separated
or even totally isolated (i.e., single atom alloys, SAAs)
depending on the composition of the materials. Consequently,
the selectivity to alkenes in the hydrogenation of alkynes can
be improved to a large extent.
As a proof of the SAA concept, Sykes and co-workers

studied the selective hydrogenation of 1,3-butadiene on Pt/
Cu(111) model surface where Pt dispersed as single atoms.117

H2-TPD experiments showed that H2 was readily dissociated
on Pt/Cu(111) surface and the H atoms could migrate to Cu
sites. In the presence of H atom, the adsorption of butadiene
only produced butene, whereas in the absence of adsorbed H
atoms, butadiene desorbed readily without decomposition or
self-hydrogenation. These results suggested Pt−Cu SAA
catalyst should be efficient and selective for the selective
hydrogenation of alkynes. Accordingly, the authors prepared
Al2O3 supported PtCu bimetallic nanoparticles, where the Pt/
Cu ratios were kept at low level to ensure the isolation of Pt
atoms. As expected, Pt0.1Cu14/Al2O3 exhibited promising
catalytic performances in the hydrogenation of butadiene in
excess propene. Under reaction conditions of 120−160 °C,
1,3-butadiene/propylene/H2 = 2/20/16, SV = 12000 h−1,
>95% selectivity to butene could be obtained at full conversion
of butadiene, and only 0.5−1.2% propylene was hydrogenated.
In addition, the catalytic activity and selectivity could be well
maintained during 46 h of time-on-stream test.
On the basis of extensive works on bimetallic catalysts,30

Zhang and co-workers prepared SiO2 supported Pd-based
SAAs with a second metal (M = Au, Ag, Cu) by either two-step
reduction (for Au−Pd) or coimpregnation method (for Cu−
Pd and Ag−Pd).96−98 In the hydrogenation of acetylene in
excess ethylene (C2H2/C2H4/H2 = 1/20/20, SV = 60000 h−1),
the addition of the IB group metal to Pd greatly enhanced the
selectivity to ethylene, although the catalytic activity was lower
than Pd/SiO2. For example, 56.4% selectivity could be
obtained at 86% conversion of acetylene over AuPd0.01/SiO2
at reaction temperature of 160 °C.97 AgPd0.01/SiO2 showed
much better catalytic performance than AuPd0.01/SiO2, and
80% selectivity to ethylene was achieved at an acetylene
conversion of 93%.96 Impressively, the catalytic activity and
selectivity were further enhanced on CuPd0.006/SiO2, and 85%
selectivity was obtained at full conversion of acetylene.98

Microcalorimetry studies showed that both the initial
adsorption heat and uptake of C2H4 over Pd/SiO2 were
significantly decreased over the Pd SAA catalysts than the pure
Pd/SiO2, indicating the adsorption of C2H4 was greatly
weakened on isolated Pd sites. On the other hand, despite
the initial adsorption heat of H2 on the CuPd0.006/SiO2 SAA
catalyst was lower than that on Pd/SiO2, it was higher than

that on Cu/SiO2, implying the capability for dissociation of H2
of CuPd0.006/SiO2 was enhanced when compared with Cu/
SiO2. Taken together, the weakened adsorption of C2H4 and
the enhanced H2 dissociation ability of the Pd centered SAA
catalysts led to both of the high selectivity to ethylene and high
catalytic activity. As for the trend of catalytic performances of
CuPd0.006/SiO2 > AgPd0.01/SiO2 > AuPd0.01/SiO2 (Figure
10a), the higher selectivity was ascribed to the higher electron

density of Pd in CuPd0.006/SiO2 catalyst, which would repel the
nucleophilic CC bond and facilitate their desorption (Figure
10b). The enhanced activity was owing to the easier spillover
of hydride on Cu than on Au. However, during the 24 h run
stability test, gradual decrease of the catalytic activity was
observed over these Pd-based SAA catalysts. The underlying
reason needs to be addressed further by operando character-
izations. Similar results were also obtained by Bachiller-Baeza
and co-workers, who discovered that the incorporation of Cu
into Pd supported on graphite greatly improved the selectivity
in the partial hydrogenation of 1,3-butadiene.143

The preparation methods had profound impact on the
surface composition and structure of Pd based bimetallic
catalysts and consequently on the catalytic performances. For
example, Moon and co-workers reported that a large
proportion of Cu or Ag was deposited on the Al2O3 support
when the catalyst was prepared by impregnation method. By
contrast, selective deposition of Cu and Ag on the surface of
Pd could be achieved by surface redox method and thus led to
more effective isolation of the continuous Pd ensembles.118,119

In the selective hydrogenation of acetylene (0.95% acetylene in

Figure 9. Illustration of bimetallic alloys (left) and intermetallics
(right).

Figure 10. (a) Catalytic performance of SiO2 supported Cu−Pd, Ag−
Pd, and Au−Pd SAA catalysts in the hydrogenation of acetylene; (b)
DFT calculation results of electron states of isolated Pd atoms on
alloying into Au(111), Ag(111), and Cu(111) surfaces. Adapted with
permission from ref 98. Copyright 2017 American Chemical Society.
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ethylene), the selectivity to ethylene was higher over Pd−
Cu(Ag) catalysts made by surface redox method. A photo-
reduction method was also employed to prepare Ag−Pd/TiO2
catalysts.120 TiO2 is a well-known semiconductor, which
generates electrons upon irradiation by UV light and can
reduce metal ions bearing large oxidation potential, such as
Pd(II) and Ag(I). In the hydrogenation reactions (60 °C,
C2H2/C2H4/H2= 0.73/52.6/1.46, SV = 72000 mL g−1 h−1),
90.3% selectivity to ethylene was achieved at 57.4% conversion
of acetylene over Pd2Ag3/TiO2, whereas the selectivity was
−183% on Pd/TiO2. Notably, at the same Ag/Pd ratios, the
catalyst prepared by photoreduction method was much more
selective than that prepared by impregnation method,
demonstrating the more selective deposition of Ag on the
surface of Pd by the photoreduction method.
As aforementioned, in bi/multimetallic alloys, different

atoms are randomly distributed on the lattice positions (Figure
9), and the compositions are varied from one particle to
another, which leads to insufficient isolation of active metal
ensembles. In addition, the surface segregation and decon-
struction might occur in alloy catalysts during the reactions,
which will further degrade the isolation effect. On the contrary,
in intermetallics, the active metal atoms are exclusively
surrounded by the second metal atoms at proper compositions.
Moreover, the (covalent) interaction between each component
leads to high thermal stability and structural integrity under

reaction conditions, both of which make intermetallics be more
promising candidates for the selective hydrogenation catalysts.
Armbrüster and co-workers investigated the catalytic

performances of Pd−Ga intermetallics for the partial hydro-
genation of alkynes.94,121−123,144,145 In their initial work, they
prepared series of Pd−Ga intermetallics (Pd3Ga7, PdGa,
Pd2Ga) by melting corresponding amounts of elemental Pd
and Ga under inert atmosphere (Figure 11a,b).94,121 These
materials gave ∼80% selectivity to ethylene in the semi-
hydrogenation of acetylene (Figure 11 c) under reaction
conditions of 200 °C, C2H2/C2H4/H2 = 0.5/50/5, SV = 1.8−
2.4 × 104 mL g−1 h−1. In situ characterizations revealed that no
hydride formation, phase transition, or decomposition
occurred during the hydrogenation reaction, implying the
high stability of the catalysts. However, due to the extremely
low surface area of these samples, their intrinsic activity was
quite low. Effects to increase the surface area by partially
dissolution of Ga using ammonia solution failed because of the
deconstruction.145 Subsequently, the authors synthesized
supported nanoparticulate GaPd intermetallics either by
using Mg−Pd−Ga hydrotalcite as precursor121,123 or by
colloid method.122 Notably, when the size was decreased to
nanometer scale, the catalytic activity of these supported PdGa
intermetallics was enhanced by 4−5 orders of magnitude, while
the selectivity to alkenes was well maintained at 70−80%. For
example, the activity of the Pd2Ga/MgO/MgGa2O4 catalyst

Figure 11. Illustration of the crystal structure of PdGa (a) and Pd3Ga7 (b) intermetallics. In PdGa, each Pd atom (white spheres) is surrounded by
seven Ga atoms (black spheres), while in Pd3Ga7, each Pd atom (white spheres) is surrounded by eight Ga atoms (black spheres). (c) Catalytic
performances of different Pd−Ga intermetallics in the acetylene hydrogenation (dashed line is a guide to the eye). (a,b) Adapted with permission
from ref 94. Copyright 2008 Elsevier. (c) Adapted with permission from ref 121. Copyright 2010 American Chemical Society.
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was enhanced by a factor of more than 5700 compared to a
bulk Pd2Ga sample.123 And in the case of Al2O3 supported
GaPd2 and GaPd nanoparticles, the catalytic activity was
increased by a factor of 1300 and 35000, respectively.122

Su and co-workers also investigated the catalytic perform-
ances of Pd−Ga intermetallics in the semihydrogenation of
acetylene.124 CNTs supported Pd2Ga nanoparticles were
prepared via impregnation method. In the hydrogenation of
acetylene (200 °C, C2H2/C2H4/H2= 0.5/50/5, SV= 7.5 × 106

mL g−1 h−1), a moderate selectivity of 58.1% to ethylene was
obtained at 90% conversion of acetylene. However, the
selectivity of Pd2Ga/CNTs was much inferior to that of
Pd2Ga/MgO/MgGa2O4 as well as GaPd2/Al2O3 (70−
80%),122,123 which might arise from the inhomogeneous
composition between nanoparticles prepared by impregnation
method. It seems that in Ga-rich PdGa intermetallics (such as
Pd1Ga1 and Pd3Ga7, Figure 11), the Pd atom is well isolated by
surrounding Ga atoms. While in Pd-rich ones, continuous Pd
ensembles (e.g., Pd3 trimer) might still exist.146 Although DFT
calculations and scanning tunneling microscopy images
showed that ethylene can be adsorbed on these Pd3 trimers
via weak π-binding mode,146 experimental results, by contrast,
demonstrated that the Pd3 entities in Pd3In intermetallics were
indeed detrimental to the selectivity.126

Compared with PdGa, PdZn intermetallics were more active
and selective for acetylene hydrogenation. Zhang, Wang, and
co-workers prepared PdZn/ZnO catalysts by impregnation
method.95 In the hydrogenation reactions under conditions of
60 °C, C2H2/C2H4/H2 = 2/40/20, SV = 5.4 × 105 h−1, 90%
selectivity to ethylene was achieved at full conversion of
acetylene, which was unprecedented as the ethylene would be
reduced when the alkynes were totally consumed over most of
the catalysts reported. Impressively, the PdZn intermetallic
catalysts showed excellent catalytic activity, e.g., a TOF value
as high as 5.6 s−1 was obtained at steady state, which was,
although lower than that of the benchmark Pd/Al2O3, yet
much higher than most of the catalysts reported in the
literatures (usually TOF = 0.2−1.0 s−1). In addition, the high
catalytic performance could be well maintained during 20 h
time-on-stream test, whereas the catalytic activity gradually
decreased over Pd/Al2O3. Microcalorimetry tests revealed that
the initial adsorption heat of C2H4 on PdZn catalysts (90 kJ/
mol) was much lower than that on Pd/Al2O3 (169 kJ/mol)
(Figure 12a), indicating the weak adsorption of C2H4 on the
isolated Pd sites was responsible for the high selectivity. On the
contrary, the adsorption heat of C2H2 was only slightly
decreased from 235 kJ/mol on Pd/Al2O3 to 203 kJ/mol over
Pd single atoms. DFT calculations revealed that C2H4 can only

be adsorbed via a weak π-bond mode on Zn−Pd−Zn
ensembles, however, C2H2 can be adsorbed through a
moderate σ-mode (Figure 12b), in good agreement with
microcalorimetry measurement results. The distinct adsorption
modes between C2H2 and C2H4 might arise from their subtle
differences in electronic density and bond length. On the other
hand, DFT calculations also implied that the PdZn ensembles
might provide sites for the coupling of acetylene to form
oligomers, which was detrimental to both the selectivity and
stability. In this respect, the fabrication of supported Pd single
atoms without Pd−M (M refer to the second metal)
ensembles (e.g., supported Pd single atoms) might be helpful
to achieve 100% selectivity to alkenes in the partial
hydrogenation of alkynes.
Traditionally, intermetallics are prepared via high-temper-

ature melting method, which led to particles with large size and
low catalytic activity, and therefore the synthesis of small-sized
nanoparticles is desirable to improve the atom utilization
efficiency. On this ground, Zhou and co-workers employed
MOFs, a kind of materials with abundant pores and large
surface areas, to fabricate sub-2 nm PdZn intermetallic
nanoparticles.125 The support was prepared by pyrolysis of
ZIF-8, a kind of Zn-containing MOFs material, at 650 °C
under Ar atmosphere, by which the MOF was transformed into
N-doped carbon where Zn ions were coordinated to N atoms.
Pd was then loaded by impregnation method, followed by H2
reduction at 400 °C. By changing the loading, PdZn
nanoparticles with different sizes from 1.2 to 10 nm could be
obtained. In the hydrogenation reaction of acetylene under
conditions of C2H2/C2H4/H2 = 0.65/50/5, SV = 4.8 × 104

h−1, the small sized nanoparticles not only showed much
higher specific activity but also higher selectivity to ethylene.
For example, 80% selectivity could be obtained over PdZn-1.2
nm, whereas 50% over PdZn-10 nm. DFT calculations revealed
that over small PdZn nanoparticles, the barrier for desorption
of ethylene was much lower than that for hydrogenation and
thus led to higher selectivity. On the contrary, the energies
required for desorption and hydrogenation were similar on the
bigger ones. This conclusion is questionable, however, because
if Pd is well isolated by Zn in PdZn intermetallics, the
selectivity, rather than the catalytic activity should not be
depended on the size of particles. The deterioration of
selectivity with increase of the size of PdZn nanoparticles in
this work probably arose from the presence of continuous Pd
ensembles in bigger PdZn nanoparticles. Because the loading
of Pd in PdZn-10 nm was 12.2-fold higher than that in PdZn-
1.2 nm, PdZn intermetallic might be incompletely formed in
PdZn-10 nm when no extra Zn source was added, as evidenced

Figure 12.Microcalorimetry of acetylene or ethylene adsorption on PdZn and Pd/Al2O3 catalysts (a) and DFT modeling of acetylene and ethylene
adsorption on PdZn(100) or Pd(111) surfaces (b). Adapted with permission from ref 95. Copyright 2016 American Chemical Society.
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by the gradual upshift of the peak with an increase of the Pd
loading in R-space in XAFS spectra.
Apart from PdGa and PdZn, Pd−In intermetallic com-

pounds were also investigated in the semihydrogenation of
acetylene in excess ethylene.126 DFT calculations revealed that
in Pd3In intermetallics, which mainly expose the (111) surface
and Pd exists as trimers, the energy barrier for ethylene
hydrogenation and desorption was comparable (Figure 13).
On the contrary, in PdIn intermetallics, where each Pd atom
was isolated by four In atoms, the energy barrier for ethylene

desorption was much lower than that for hydrogenation,
suggesting PdIn should achieve high chemoselectivity to
ethylene in the semihydrogenation of acetylene. As expected,
under reaction conditions of C2H2/C2H4/H2 = 0.5/50/5, SV =
2.88 × 105 h−1, 92% selectivity to ethylene was obtained at
96% conversion of acetylene over PdIn/MgAl2O4, whereas
21% selectivity at full conversion over Pd3In/MgAl2O4. In
addition, DFT calculation revealed that the catalysis of PdIn
intermetallics was dependent on the plane exposed, with
PdIn(110) surface more selective than PdIn(111) due to the

Figure 13. Geometric structure of PdIn(110) and Pd3In(111) surface and their catalytic performance in the hydrogenation of acetylene. Adapted
with permission from ref 126. Copyright 2017 American Chemical Society.

Figure 14. (a) HAADF-STEM images of Pd1/graphene; (b) butenes selectivity as a function of conversion over different Pd catalysts; (c)
durability test on Pd1/graphene in the presence of 70% propene. Adapted with permission from ref 102. Copyright 2015 American Chemical
Society.
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complete isolation of Pd in the former case. Similar plane-
dependent catalysis was also found in PdGa and PdZn
intermetallics/alloys.146,147 Experimentally, efforts need to be
put toward the exposure of (110) surface by changing the
morphology of the intermetallic nanoparticles.
4.1.2.3. Supported Single-Atom Catalysts. The construc-

tion of alloys/intermetallics greatly improved the atom
utilization efficiency compared with the selective poisoning
approach. However, the prepared alloys/intermetallics are
either bulk materials (e.g., PdGa intermetallics made by
melting method) or nanoparticles with sizes larger than 2 nm,
where a great portion of active metal atoms are still buried in
the inner part of the alloy/intermetallic particles. On this
ground, the supported SACs where each and every active metal
atoms are exposed have been fabricated for the selective
hydrogenation of alkynes.
Pd single atoms supported on g-C3N4 or graphene were

studied for the hydrogenation of alkynes.79,102,148 Lu and co-
workers prepared Pd1/Graphene through ALD method
(Figure 14a).102 Under reaction conditions of 50 °C,
butadiene/propene/H2 = 1.9/70/4.7, SV = 3.3 × 104 mL
gcat

−1·h−1, 100% selectivity to butenes was achieved at 98%
conversion of butadiene (Figure 14b), of which 71% was the
more valuable 1-butene, and the proportion of propylene
hydrogenation was always below 0.1%. The high activity and
selectivity could be well maintained during a 100 h time-on-
stream stability test (Figure 14c). DFT calculation revealed
that butadiene adsorbed on the Pd single atoms in the mono-
π-bond rather than the di-π-bond manner,149 which not only
prevented the overhydrogenation of butene but also efficiently
suppressed the C−C coupling reaction as well as the cracking
of hydrocarbons because these reactions need continuous Pd
ensembles. It is noted that suitably spaced and homogeneously
composed functional groups on the graphene were the
prerequisite for the successful preparation of single-atom Pd
catalysts. Pd single atoms could only be obtained when the
phenolic group mainly existed on the graphene after annealing
at 1050 °C, whereas mixtures of Pd single atoms and
nanoparticles were formed when various oxygen-containing
groups coexisted with high density.
Similarly, Pd1/g-C3N4 was also fabricated by ALD technique

and exhibited promising selectivity in the semihydrogenation
of acetylene.148 For example, when the conversion was higher
than 80%, the selectivity over Pd nanoparticles decreased
abruptly to 35% at a conversion of 99%, however, the
selectivity was still higher than 83% on the Pd1/g-C3N4
catalyst. In addition, the Pd single atoms showed higher
stability than their particulate counterparts. During a 100 h
durability test, the conversion decreased from 87% to 35%, and
the selectivity reduced from 95% to 87% on the Pd
nanoparticles accompanied by the formation of noticeable
amount of green oil. On the contrary, the conversion was only
slightly declined from 54% to 46%, and the selectivity dropped
slightly from 96% to 92% on Pd1/g-C3N4 catalyst. The
deactivation of the single-atom catalyst, based on HAADF-
STEM images, was attributed to the sintering of a small
portion of Pd single atoms to Pd nanoparticle. The ALD
technique proves to be efficient for the preparation of well-
defined single-atom catalysts, however, the method demands
for expensive equipment and metal precursors and difficult to
be scaled up, and therefore it is highly desirable to develop
facile and low-cost synthetic methods for supported single-
atom catalysts.

Nanodiamond−graphene supported Pd single atoms
(denoted as Pd1/ND@G) were prepared by deposition−
precipitation method, and gave >90% selectivity at 100%
conversion of acetylene under reaction conditions of 180 °C,
C2H2/C2H4/H2= 1/20/10, SV = 60000 m Lg−1 h−1.103 XAFS
characterizations revealed that Pd atoms bonded strongly to
three C atoms in the defects of graphene, which were
responsible for the good durability. However, the TOF value of
Pd1/ND@G was calculated to be 0.064 s−1 (180 °C), which
was orders of magnitude lower than that of PdZn/ZnO (5.6
s−1, 60 °C)95 and Pd4S/CNFs (27 s−1, 200 °C).93 The low
catalytic activity, according to DFT calculations, might be
ascribed to the low mobility of atoms (e.g., C atoms)
coordinating to Pd atoms in nonreducible materials, which
made the activation of H2 and subsequent spillover of hydride
difficult to occur.69

Besides carbonaceous materials, metal oxide supported Pd
single atoms were also effective catalysts for the hydrogenation
of alkynes. ZnO supported Pd single-atom catalyst 0.01 wt %
Pd/ZnO was obtained by reducing the catalyst precursor at
lower temperatures (100 °C).132 In the hydrogenation of
acetylene in excess ethylene (80 °C, C2H2/C2H4/H2 = 2/40/
20, SV = 3.6 × 104 h−1), the selectivity to ethylene could reach
as high as 98% at a conversion of 80%, even better than the
PdZn/ZnO intermetallic catalyst.95 Ni(OH)2 supported Pd
single-atom catalysts also showed high selectivity in the partial
hydrogenation of acetylene.133 Under reaction conditions of
100 °C, C2H2/C2H4/H2 = 0.65/50/5, SV = 24000 mL g−1

h−1), 80% selectivity to ethylene could be achieved at 80%
conversion. However, further increasing the conversion led to
decrease of the selectivity. In a 12 h stability test, the selectivity
gradually decreased to 70%, indicating possible surface
reconstruction of the catalysts under reaction conditions,
which might be caused by reduction of the support.
Interestingly, the hydroxyl groups on the support significantly
influenced the catalytic activity in the hydrogenation reaction,
as catalysts with deficient hydroxyl groups on the support
exhibited inferior activity. The reason might be related to the
dissociation of H2, the rate-determining step of the reaction. It
was reported that over single atom catalysts, H2 generally
underwent heterolytic dissociation into H+/H− pairs at the
M−O (M = Pd, Pt, etc.) interface,66 of which H− bonds to
metal atoms, whereas H+ coordinates to O atom. The presence
of proton on the O atom could greatly reduce the barrier for
hydride spillover, thus the reaction rate could be accelerated to
a large degree.

4.1.2. Au Based Catalysts. The selective hydrogenation of
alkynes on Au based catalysts is generally ascribed to the
thermodynamic factor. DFT calculations revealed that on Au
catalysts, only the triple bonds can be adsorbed and activated,
whereas the CC bond is too weakly adsorbed to be
activated. Therefore, the preferential adsorption of CC bond
resulted in the selective hydrogenation of alkynes even in the
presence of excess alkenes.150 In addition, it is difficult for Au
to cleave H2.

151,152 As a consequence, quite low hydride
coverage on the Au surface also contributed to the suppression
of the overhydrogenation side-reactions.
Louris and co-workers studied series of supported Au

catalysts in the semihydrogenation of 1,3-butadiene. Under
reaction conditions of T > 170 °C, butadiene/propene/H2 =
0.3/30/20, GHSV = 20000 h−1, the selectivity to butene was
up to 100% at full conversion of butadiene.127 Neither the size
of gold nanoparticles (2−5 nm) nor the nature of the support
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had influences on the activity. On the contrary, the chemical
state of Au had a remarkable influence, that is, only metallic Au
gave the best catalytic activity, whereas positively or negatively
charged Au species were less active. To improve the catalytic
activity, the authors subsequently added trace of Pd to Au
catalysts. As expected, the catalytic activity of the Au−Pd alloys
was enhanced by 1 order of magnitude, while the selectivity
could be maintained at a high level.128 DRIFTS measurements
of adsorbed CO revealed that the Pd atoms were surrounded
by Au atoms, i.e., Au alloyed Pd single atoms were formed. The
isolated Pd atoms did not alter the adsorption behavior of the
unsaturated reactants, however, greatly enhanced the ability of
the catalyst to dissociate H2

153 and thus improved the catalytic
activity.
Mou and co-workers investigated the catalytic performances

of Au/SiO2 for the partial hydrogenation of acetylene under
conditions close to current industrial operations (C2H2/C2H4/
H2 = 0.80/16.0/83.2, SV = 92000 mL h−1 g−1), and obtained
94% conversion and 50−70% selectivity to ethylene.129

Similarly, the metallic Au nanoparticles were also found to
be more active than those slightly negatively or positively
charged gold species, in good agreement with the work of
Louris’ groups.127 Given the concerted catalysis in Au based
bimetallic catalysts, the authors also prepared Au−Ag/SiO2
catalysts for the selective hydrogenation of acetylene.130 Under
tail-end operation condition, the bimetallic Au−Ag/SiO2
catalyst showed superior activity and selectivity to Au/SiO2.
CNTs supported Au NPs were also evaluated in the partial

hydrogenation of butadiene.131 The CNTs were pretreated
either by boiling in concentrated acid (CNTs-o), or by NH3 at
600 °C after the acid treatment (CNT-i). In the hydrogenation
of butadiene (150 °C, butadiene/H2/N2 = 0.6/42.2/57.2, SV =
81000 mL h−1 g−1), 100% selectivity to butene was achieved at
80.4% conversion over Au/CNT-i, and no overhydrogenation
products were detected. The Au/CNT-i was 1 order of
magnitude more active than Au/CNT-o and was among the
most active Au catalysts reported in literatures. Kinetic studies
as well as H2-TPD experiments showed that the NH3
treatment greatly enhanced the ability of the catalyst to
dissociate H2, which was responsible for the high catalytic
activity of Au/CNT-i. It might be that the NH3 treatment
resulted in the doping of N in CNTs, which together with Au
nanoparticles formed Frustrated Lewis pairs and promoted the
dissociation of H2 via the heterolysis manner.81

With the development of SACs,37,38 supported Au SACs
were investigated for the selective hydrogenations. As
mentioned before, Au NPs generally showed far inferior
catalytic activity to Pd based catalysts because of their low
ability to dissociate H2.

128 However, when gold existed as
isolated cation Au3+, they showed comparable catalytic activity
to Pd catalysts.154−157 Xu and co-workers earlier reported
series of Au/ZrO2 catalysts for the hydrogenation of
butadiene.154,156 It was found that the catalytic activity had
remarkable correlation with the Au3+/Au0 ratio in the samples.
The catalysts containing exclusively Au3+ species showed the
highest activity (TOF = 0.41 s−1). With the decrease of Au3+/
Au0 ratio, the catalytic activity gradually decreased, and was
reduced by 14-fold (TOF = 0.03 s−1) when metallic Au
nanoparticles were exclusively present. Moreover, upon that
the metallic Au nanoparticles were leached by KCN solution,
the treated sample where cationic Au3+ were exclusively
present (0.08 wt %) showed much higher catalytic activity
(TOF = 0.42 s−1) than the untreated one. These results

suggested that metallic Au nanoparticles were just spectators in
catalysis, whereas the cationic Au3+ were the true active
species. It is noteworthy that the chemical state of Au also
affected the selectivity of the catalysts.156 Over Au3+/ZrO2, the
butadiene was hydrogenated to butene with 100% selectivity at
higher conversions (80−90%) of butadiene, and among the
butenes products, 60% was the more valuable 1-butene.
However, when metallic Au nanoparticles were present, not
only the overhydrogenation product butane was detected but
also the proportion of 1-butene decreased, implying different
catalytic mechanism of Au3+ and Au0 species for the reaction. It
is well-known that in homogeneous catalysis, Au(III), fulfilling
the dual role of soft, carbophilic Lewis acid and transition
metal, is able to activate both C−C multiple bonds and
hydrogen and catalyze the hydrogenation reaction of
alkenes.158,159 Therefore, the ZrO2 supported isolated Au3+

can be regarded as mimics of homogeneous Au(III)
complexes, where the cationic Au3+ activates both the triple
bond and hydrogen, while the ZrO2 serves as ligands of
Au(III). However, it is unknown whether Au(III) supported
on other oxides would be effective for the hydrogenation
reaction. Therefore, the role of the ZrO2 support the activation
manner of H2 and butadiene, and the nature of the active site
(i.e., whether Au(III) single atom or the Au−ZrO2 interface
site) deserves further investigations.
To answer these questions, Liu and co-workers investigated

the Au/ZrO2 in the hydrogenation of butadiene by DFT
calculations.155 The results showed that the cation Au3+

detected by Xu154 via ex situ XPS and H2 titration technique
was unstable during the hydrogenation reaction, and could be
reduced to Au(I) species where Au atom bonds to one OH
group and one lattice O atom in the ZrO2 support. The H2
molecule is dissociated on the Au−O bond in a heterolysis
manner, where the proton binds to the lattice O atom and the
hydride on Au atoms.77 When the nucleophilic butadiene
molecule approaches, the proton on the lattice O was first
added to the double bond followed by the hydride on Au
atom, and then the butene molecule was desorbed as a result of
the large exothermicity of the hydrogenation. The deep
hydrogenation of the butene was prohibited because of its
competitively unfavorable adsorption when compared with
butadiene. It is also emphasized that the ZrO2 behaved more
than the support of Au but also participated in the activation of
H2. In other words, it is the Au−O−Zr interface that acts as
the true active species in the catalysis.
Corma’s group also found that isolated Au(III) was much

more active and selective than metallic Au nanoparticles in the
selective hydrogenation of butadiene.157 They prepared MOFs
supported single site Au(III) catalysts IRMOF-3−SI−Au,
where Au(III) cations were coordinated to the Schiff base
groups in the support. In the semihydrogenation reaction, a
selectivity of 97% to butene was achieved over IRMOF-3−SI−
Au whereas 92% on Au/TiO2 containing metallic Au
nanoparticles. In addition, IRMOF-3−SI−Au (TOF = 540
h−1) was 1 order of magnitude more active than the latter
(TOF = 50.4 h−1). It was considered that the Au(III) has the
same d8 electronic structure as Pd(II), which rendered them
similar to catalytic performances of Pd(II) species in
hydrogenation reactions.170 In homogeneous catalysis, both
homogeneous Au(I) and Au(III) catalysts were reported to be
highly active for the hydrogenation reactions.158−160 However,
in the above-mentioned supported Au SACs, whether Au(I) or
Au(III) is the true active species might depend on the
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coordination environment (e.g., nature of the support) and the
reaction conditions.
Taken together, the supported Au SACs are indeed much

more efficient catalysts than the NPs counterparts for the
hydrogenation reactions and might adopt different activation
mechanism of the reactants from supported Au nanocatalysts.
For example, Au SACs are more like Lewis acid for the
activation of H2 rather than a transition metal,155 which,
together with the heteroatom in the ligand/support, form
Lewis acid−base pairs and activate H2 in the heterolysis
manner, thereby their ability to activate H2 is greatly improved.
4.1.3. Nonprecious Metal Catalysts. Concerns on the

scarcity and high cost of noble metals have driven the search
for nonprecious alternatives for the chemoselective hydro-
genation of alkynes.
Peŕez-Ramiŕez and co-workers investigated Cu−Al and Ni−

Al catalysts that were prepared by calcination and reduction of
their hydrotalcite precursors for the semihydrogenation of
propyne.134 For Cu−Al catalysts, the selectivity was strongly
dependent on the reaction temperature. When T ≥ 200 °C
(C3H4:H2:He = 2.5:7.5:90 and SV = 16800), full conversion of
propyne could be obtained, with up to 80% selectivity to
propylene, 20% selectivity to oligomers, and trace of propane.
When the temperature decreased, the selectivity to propylene
decreased at the expense of oligomers, e.g., the green oil could
account for 80−90% when T ≤ 150 °C. On the contrary, the
H2/C3H4 ratio in the feedstock had no appreciable effect on
the selectivity; in a broad H2/C3H4 ratio window of 2−10, the
selectivity to propylene could maintain at a moderate level

(45−50%). However, the Ni−Al catalyst behaved quite
differently from the Cu−Al catalysts. For the Ni−Al catalysts,
the H2/C3H4 ratio rather than the reaction temperature
determined the selectivity (Figure 15a). The best selectivity to
propylene (∼70%) was obtained only when H2/C3H4 = 3. A
large proportion of oligomers were produced at H2/C3H4 < 3,
whereas the deep hydrogenation products dominated at H2/
C3H4 > 3 (Figure 15b−d). The different behaviors of the two
catalysts were ascribed to their distinct intrinsic properties. Ni
is well-known to dissociate H2 readily even at low temper-
atures. Meanwhile, Ni can catalyze the cracking of C−C bond
to form carbides.161 Whether the hydrides or carbides
dominated on the surface/subsurface of Ni was dependent
on the H2/C3H4 ratios. At low H2/C3H4 ratios, subsurface
carbides formed and the overhydrogenation reaction was
suppressed. At high H2/C3H4 ratios, however, hydride was
predominant on the surface and saturated alkane became the
main product. On the contrary, Cu had low ability to dissociate
H2, and thereby required a higher temperature (e.g., >200 °C)
to overcome the barrier for cleaving H2, consequently, the
semihydrogenation rather than the C−C coupling of alkyne
was the preferred reaction pathway.
Considering that Cu based catalysts have merits of high

selectivity to alkenes in a broad window of H2/alkyne ratios,
and the only side reaction of oligomerization arises from the
low ability to dissociate H2, Peŕez-Ramiŕez’s group tried to
ameliorate the selectivity of Cu catalysts via addition of Ni.89

Ternary Cu−Ni−Fe catalysts were then prepared with the
coprecipitation method and evaluated in the semihydrogena-

Figure 15. (a) Illustration of the formation of hydrides and carbides under H2-rich and C3H4-rich conditions, respectively. Selectivity to C3H6 (b),
C3H8 (c), and oligomers (d) vs the H2:C3H4 ratio over copper (●) and nickel (○) catalysts in the hydrogenation of C3H4. (a) Adapted with
permission from ref 16. Copyright 2015 John Wiley and Sons. (b−d) Adapted with permission from ref 134. Copyright 2010 Elsevier.
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tion reactions of acetylene and propyne. Fe was chosen as the
structure modifier to promote the dispersion of Cu and Ni and
prohibit their segregation. As expected, the addition of trace Ni
boosted the selectivity to propylene from 70% on Cu3Fe
catalysts to 97% over Cu2.75Ni0.25Fe under reaction condition
of C3H4/H2/He = 2.5/7.5/90, T = 250 °C, SV= 16 800 cm3

g−1 h−1, and P = 1 bar. In addition, the catalytic activity was
greatly enhanced. Even under low reaction temperatures of 150
°C, full conversion of propyne was achieved on Cu2.75Ni0.25Fe,
whereas the Cu3Fe deactivated rapidly under the same
conditions. The improvement was ascribed to the facile
dissociation of H2 on Ni sites, which increased the coverage of
hydride on Cu sites and thus suppressed the oligomerization.
On the other hand, the trace amount of Ni might exist as tiny
assemblies, which did not change the adsorption behavior of
propylene. Noteworthy, the Cu2.75Ni0.25Fe inherited the merits
of high tolerance to H2/alkynes ratios, and the selectivity to
propylene was always >90% in a broad H2/alkynes range of 2−
6. By contrast, the industrial Pd catalysts can only be selective
in a narrow range of 1−2. The high tolerance to H2/alkynes is
highly desirable for the front-end hydrogenation because the
catalysts can accommodate the possible fluctuations in the feed
coming from the steam cracker. Similar catalytic performance
was obtained in the semihydrogenation of acetylene (250 °C,
C2H2/C2H4/H2 = 1/5.4/3); 80% selectivity to ethylene was
achieved at full conversion of acetylene, and <10% ethane and
<10% oligomers were produced owing to the less steric
hindrance of C2 for C−C coupling and overhydrogenation
reaction when compared with C3. The only drawback of the
catalysts is the higher operating temperature (250 °C)
compared with Pd based catalysts (<100 °C). However, the
higher chemoselectivity and lower price of the Cu2.75Ni0.25Fe
might offset their low catalytic activity.
Ni, when forming alloys/intermetallics with another metal,

can also be a promising catalyst for the selective hydrogenation
reaction. Studt and co-workers predicted that NiZn alloys can
serve as alternatives for the commercial AgPd catalysts in the
hydrogenation reaction of acetylene based on the consid-
eration that the stabilities of alkenes and alkynes on the
catalysts, rather than the activation energies for further
transformation, are the dominant parameters governing the
catalytic selectivity.100 Accordingly, they prepared MgAl2O4
spinel supported NiZn alloys, which as expected demonstrated
higher selectivity to ethylene than the state-of-the-art AgPd
catalysts at high acetylene conversion level.162 On the basis of
their work on Pd based SAA catalysts,96−98 Zhang and co-
workers also prepared nonprecious Ni−Ag SAA catalysts for
the partial hydrogenation of acetylene.135 Under reaction
conditions of C2H2/C2H4/H2 = 1/20/20, SV = 60000 h−1, full
conversion of acetylene could be obtained over Ni/SiO2, yet
the selectivity was rather poor (−1100%), whereas Ag/SiO2
was totally inactive for the reaction. The bimetallic AgNi/SiO2
catalysts showed obvious synergistic effect in the catalysis, e.g.,
31.4% selectivity to ethylene could be achieved at 90.4%
conversion over AgNi0.125/SiO2. Furthermore, the addition of
Ag to Ni effectively suppressed the side reaction of
methanation. The separation of continuous Ni ensembles by
Ag was believed to be responsible for the high selectivity.
Inspired by the great success of Pd based intermetallics for

the selective hydrogenation of alkynes,95,121,122,126 Armbrüster
and co-workers fabricated Al13Fe4 intermetallics by melting of
cleaned pieces of Fe and Al under inert atmosphere.136 In the
semihydrogenation of alkyne under reaction condition of 200

°C, C2H2/C2H4/H2 = 0.5/50/5, high selectivity of 81−84% to
ethylene was achieved at high acetylene conversion level
(80%). The only byproduct was C4 compound formed by C−
C coupling reaction, and higher hydrocarbons were not
detected. In addition, the high catalytic performance of Al13Fe4
catalyst was well preserved during the 160 h time-on-stream
test, with negligible amounts of coke being detected on the
spent catalysts by Raman and TPO measurements. Therefore,
the Al13Fe4 catalyst showed great potential for practical
application, as the selectivity was only slightly lower than
that of industrial benchmark catalyst (selectivity = 90%),
however, the price is much more attractive. Control experi-
ments revealed that either unsupported Fe powders, or 4 wt %
Fe/Al2O3, was totally inactive for the reaction even after high
temperature reduction, thus precluding the possible contribu-
tion of bulk Fe or Fe nanoparticles to the catalysis. In situ XPS
and XRD measurements showed that surface hydride and
carbide were not formed on the catalysts, demonstrating the
high structural stability of the Fe−Al intermetallics. DFT
calculations suggested that in Al13Fe4, Fe was isolated by Al,
which is similar to Pd2Ga intermetallics where Pd was isolated
with Ga atoms.94,121,123 The absence of continuous Fe sites
greatly decreased the adsorption strength of the unsaturated
reactants and thus avoided side reactions of deep hydro-
genation, cracking of C−C as well as the severe C−C coupling
that typically occurred on bulk and nanoparticles of Fe (e.g.,
the Fischer−Tropsch synthesis). The intermetallics of Al13Co4
showed similar catalytic performances to Al13Fe4, suggesting
construction of intermetallics is a powerful approach to the
efficient catalysts for selective hydrogenation reactions.
Although construction of alloys/intermetallics with a second

metal is effective strategies to improve the selectivity of Pd or
Ni based catalysts, the choice of the second metal deserves
careful consideration. For example, in the Ni−In bimetallic
catalysts for the semihydrogenation of acetylene, the In
ingredient played a role of “double edged sword”.137 At low
In/Ni ratios, In could separate the continuous Ni ensembles
and therefore increase the selectivity to ethylene and suppress
the formation of oligomers. However, with an increase of In/
Ni ratios, decrease of both the selectivity and durability was
observed. NH3−TPD experimental results showed that with an
increase of In/Ni ratios, the acidity of the catalyst became
strong. The In2O3 ingredient, which is Lewis acid intrinsically,
catalyzes the polymerization of acetylene/ethylene to form
green oil and coke at high In contents and therefore impairs
the selectivity to ethylene and aggravates the deactivation of
the catalyst.
CeO2, a well-known promoter, stabilizer, or cocatalyst for

reactions such as oxidation, water−gas shift, and combustion of
alkanes, can efficiently catalyze the partial hydrogenation of
alkynes solely. Peŕez-Ramiŕez and co-workers reported that
under reaction conditions of 250 °C, H2/alkyne = 30, 0.1 MPa,
high selectivity of 91% (81%) to propylene (ethylene) was
obtained at 96% (86%) propylene (acetylene) conversion.138

The only byproduct was green oil (<10%), and no deep
hydrogenation products were detected. In terms of the
selectivity, CeO2 was superior to most of the transition metal
catalysts developed so far for the target reaction, thus showing
great potential for industrial application. ICP-OES examination
showed that no transition metal (such as Pd, Ni, Pt, Au)
contained in CeO2, and when the metal was added on purpose
(e.g., 0.05 wt % Pd), the selectivity was decreased dramatically,
therefore precluding the possible contribution of transition
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metals to the catalysis. The catalytic performances were largely
dependent on the reduction degree of CeO2. When the
reaction was conducted at higher temperature (e.g., above 300
°C where CeO2 began to be reduced), or CeO2 was
prereduced by H2, both of the activity and selectivity decreased
remarkably, suggesting the oxygen vacancies were detrimental
to the reaction. Reaction mechanism investigation through
FTIR measurements and DFT calculations showed that H2 was
cleaved on immobile surface oxygen atoms forming two OH
groups, while the alkyne was adsorbed on Ce atom. The
isolation of Ce atom by four oxygen atoms prevented the C−C
coupling and overhydrogenation side reactions. Nevertheless,
Datye and co-workers proposed different catalytic mechanism
of CeO2 for the semihydrogenation reaction.76 They prepared
CeO2 doped with single Ni atoms, which showed much higher
catalytic activity in the hydrogenation reaction of acetylene
when compared with nondoped CeO2. On the basis of DFT
calculations, they believed that the Ce and O atoms
surrounding an oxygen vacancy formed frustrated Lewis pairs
(FLPs), which was responsible for the dissociation of H2 in a
heterolytic manner. The formed O−H and Ce−H species then
efficiently hydrogenated acetylene molecule to generate
ethylene. The Ni single atoms did not directly take part in
the hydrogenation reaction but assisted to create oxygen
vacancies under H2 atmosphere.
Partially reduced In2O3 was also found as an efficient catalyst

for the semihydrogenation of acetylene.139 Under reaction
conditions of 350 °C, H2/C2H2 = 30, 0.1 MPa, 85% selectivity
to ethylene could be achieved at full conversion of acetylene,
and the selectivity to ethane was below 5%. It was noted that
high H2/C2H2 ratio was prerequisite for the high selectivity, as
a great proportion of green oil was produced at low H2/C2H2
ratio. Even in the presence of excess ethylene, the high
selectivity could be well preserved, and there was no noticeable

deterioration of the catalytic performance during 100 h
stability test. DFT calculations revealed that the In3O5
ensembles surrounding the oxygen vacancies were the active
sites for the hydrogenation reaction.
Ding and co-workers reported that (110)γ-Al2O3 supported

CrOx catalyst was selective for the acetylene hydrogenation.
140

Under conditions of 140 °C, C2H2/C2H4 = 0.475/9.25, SV =
21660 h−1, 98.5% selectivity could be achieved at full
conversion (Figure 16a,b). The crystal facets of γ-Al2O3 had
profound effect on the catalytic activity. When CrOx was
loaded on a (110) facet, full conversion could be obtained,
while 20−40% on a (111) facet. It was believed that CrOx
supported on low-energy (110) facets was more reducible than
that on high-energy (111) surface, which was responsible for
the high catalytic performance. A heterolysis mechanism of H2
on the CrOx/(110)γ-Al2O3 was proposed, producing hydride
bonded to unsaturated Cr(III) cation and proton on lattice
oxygen anion, which species then hydrogenated the acetylene
in a sequential manner (Figure 16c).

4.2. Catalysts for Liquid-Phase Semihydrogenation
Reactions

The liquid-phase semihydrogenation of acetylenic compounds
is important transformations for the industrial production of
cis-alkenes, key building blocks for drugs, vitamins, fragrances,
and agrochemicals.12,20,163 Traditionally, these hydrogenation
reactions were conducted in semibatch reactors using Lindlar
catalysts (5 wt %Pd/CaCO3 modified by lead and sometimes
quinoline).20,22,261 The toxic nature of the catalyst as well as
the extremely low atom utilization efficiency of Pd (e.g., usually
1/10 of Pd atoms were available for the hydrogenation reaction)
has motivated researchers to develop more efficient alternatives
for the target reactions. Indeed, the “active site isolation”
strategy proved also effective for the liquid-phase hydro-

Figure 16. (a) Acetylene conversion and (b) selectivity to ethane in the hydrogenation reactions on CrOx/(110)γ-Al2O3 and CrOx/(111)γ-Al2O3
catalysts; (c) proposed mechanism of the hydrogenation of acetylene. Adapted with permission from ref 140. Copyright 2017 American Chemical
Society.
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genation of alkynes, such as selective poisoning with
thiolate,164,165 incorporation of p-block atoms into interstitial
sites of Pd,166,167 bimetallic and core@shell structure,168−175

and construction of single-atom catalysts.79,176 Because the
mechanism is similar for both gas-phase and liquid-phase
hydrogenations, more details are not repeated here. A
summary of the catalysts developed so far for the liquid-
phase selective hydrogenation of alkynes is presented in Table
2. In comparison with the gas-phase hydrogenations, liquid-
phase reactions proceed usually at milder conditions (low
temperature and H2 pressure), which allows for the more
extensive use of organic modifiers to the Pd catalysts.

4.3. Summary

In summary, the semihydrogenation of alkynes and dienes to
alkenes is of great significance in both academia and industry.
On the basis of the theoretical understanding of the adsorption
behaviors of alkyne/alkene and H2 on metal surfaces, many
strategies have been developed toward highly efficient and
selective catalysts, such as incorporation of interstitial atoms
into the lattice of Pd (e.g., Pd-intB),167 selective poisoning
surface sites by CO or sulfur (e.g., Pd4S),

93,112,166 and
utilization of metal oxides (e.g., CeO2, In2O3).

138−140 Among
others, the “active site isolation” strategy is proved to be the
most effective, by which all of the side reactions requiring
continuous metal ensembles (overhydrogenation, oligomeriza-
tion, and C−C cracking) can be effectively suppressed.94,101

The ultimate isolation of the metal ensembles is single atom
dispersion, and accordingly, various single-atom catalysts,
including those anchored on the support or alloyed with a
second metal, have been fabricated and shown promising
activity and far superior selectivity to their nanoparticulate
counterparts in the semihydrogenation reactions, either in gas
phase or liquid phase.79,96−98,102,117,126,148,155,174,176 Impres-
sively, for some metals with low ability to dissociate H2 in their

bulk or nanoparticulate form, their catalytic activity was
boosted when dispersed as single atoms (e.g., Au1/ZrO2, Ag1/
C3N4).

154,155,176 In addition, owing to the suppression of
coking and oligomerization, the durability of SACs was greatly
improved, thus showing great potential for practical
applications. However, before their industrial application to
replace the current industrial catalysts, some issues should be
addressed.
First, the catalytic activity of SACs should be further

enhanced. In the gas-phase semihydrogenation reactions of
alkynes, although a great many SACs have been developed, of
which only a few showed competitive catalytic activity with
benchmark Pd/Al2O3 catalysts, e.g., the PdZn/ZnO catalyst
developed by Zhang, Wang, and co-workers, gave comparable
TOF (5.3 s−1) value to Pd/Al2O3.

95 However, for most of the
others, the intrinsic activity was quite low (<0.1 s−1),102,148 and
also high reaction temperature (>100 °C) was required.103 It is
generally accepted that the dissociation of H2 is the rate-
determining step in the semihydrogenation reactions, there-
fore, the low intrinsic activity of SACs may arise from the high
H2 dissociation barrier on metal single atoms. That is, H2
readily dissociates on Pd nanoparticles following a homolysis
mechanism, whereas on single atoms H2 cleaves in a
heterolysis way. The energy barrier for heterolytic dissociation
and/or spillover might be higher, which leads to low coverage
of H species on the surface. It was reported that the heterolysis
of H2 was favored when the M−X bond (M = active metal
atom, e.g., Pd; X = heteroatoms coordinated to Pd, e.g., O)
was strongly polarized or if the X atom was highly
nucleophilic.83 In addition, the spillover of H species in
oxide supported SACs is accelerated with the assistance of the
second metal (in SAAs) or hydroxide group on the support (in
supported SACs). Therefore, rational selection of the second
metal and/or support, together with careful characterizations
of the catalysts by in situ or operando techniques would be

Table 2. Catalysts for the Liquid-Phase Hydrogenation of Alkynes

substrate catalyst T (°C) P (MPa) conv (%) selectivity (%) ref

phenylacetylene Ag/SiO2 100 10 30 100 177
phenylacetylene Au/TiO2 100 10 30 96 177
phenylacetylene Au@CeO2 25 3 99 99 178
phenylacetylene Au@CeO2/HT 120 3 99 >99 179
diphenylacetylene Pd−Pb NCs 25 0.1 96 96 21
1-decyne Pd−Pb NCs 25 0.1 100 99.4 21
18-carbon polyunsaturated fatty acids Pd/Al2O3-thiolate 30 0.6 >70 80−90 164
2-methyl-3-butyn-2-ol Pd3S/C3N4 30 0.1 100 166
1-phenyl-1-propyne Pd@MPSO/SiO2 30 0.1 99 98 165
phenylacetylene SiO2@CuFe2O4-Pd 0.1 98 98 168
phenylacetylene Pd/Cu2O 30 0.1 99 98 169
phenylacetylene Pd/N,O-carbon 25 0.1 99 97 180
phenylacetylene Pd@mpg-C3N4 30 0.1 100 94 181
3-hexyn-1-ol Pd-intB/C 30 0.3 98 167
1-octyne Pd@Ag/HAP 25 0.1 99 99 170
phenylacetylene Pd@Ag@CeO2-1.5 40 1.5 98 99 171
H2/1-pentyne4 Pd/ZnO 100 0.1 41 87 172
phenylacetylene Pd5Au5/ZnTi 45 0.1 100 92.5 173
1-hexyne PdAu-SAA/SiO2 25 0.5 100 85 174
phenylacetylene Pd0.18Cu15/Al2O3 25 0.69 90 94 175
1-hexyne [Pd]mpg-C3N4 70 0.5 90 79
1-hexyne AgTCM-mpg-CN 30 1 100 176
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helpful for the development of more efficient SACs for the
semihydrogenation of alkynes.
Second, when constructing SAAs/intermetallics, much

attention should be paid to the type of the second metal and
the composition/structure of the catalysts. It was reported that
the second metal not only isolated the active metal but also
participated into the reaction in some cases. For example, some
metals such as In and Ga, when existing as partially reduced
metal oxides, could serve as Lewis acid and catalyze side
reactions of oligomerization and coking;94,123,137,144 Zhang and
co-workers also reported that in PdZn/ZnO catalysts, the Pd−
Zn ensemble might act as the active sites for the coupling of
alkynes to form oligomers.95 In addition, it is not in any
intermetallics that the active metal (e.g., Pd) is totally isolated,
instead in some intermetallics (e.g., Pd3In), continuous Pd
sites still exist resulting in inferior selectivity.126 Even if Pd
exists exclusively as single atoms in the intermetallics, the
catalytic performance might also be influenced by the strain
and electronic effect induced by the structure of the catalysts,
e.g., core−shell structure.182
Third, most of the lab studies were conducted under low

pressure (0.1 MPa) and/or noncompetitive conditions (i.e.,
alkenes were absent in the feedgas). However, industrially, a
large excess of alkene is present in the feedstocks and the
hydrogenation is conducted under moderate pressures (1.5−
3.5 MPa). Generally, it is more challenging to achieve high
chemoselectivity under competitive and high pressure
operation conditions. Therefore, to develop selective catalysts
for industrial applications, the catalysts need to be evaluated
under mimic industrial operating conditions.
Fourth, in the liquid-phase semihydrogenation of acetylenic

compounds, much emphasis should be placed on the
regioselectivity and stereoselectivity of the catalysts. In the
hydrogenation of acetylenic compounds, series of stereo-
isomers (e.g., cis- and trans-alkenes) and regioisomers could be
produced simultaneously, of which the cis-alkenes are more
desirable in fragrances and agrochemicals industries. Therefore,
the isomerization side reactions of cis-alkenes should be
effectively suppressed. Some approaches, such as subtle
modification of the electronic structure of the catalyst, rational
selection of the support, can suppress the β-elimination step
which causes isomerization of olefins.

5. CHEMOSELECTIVE HYDROGENATION OF
α,β-UNSATURATED ALDEHYDES/KETONES OVER
SUPPORTED METAL NANOPARTICLES AND
SINGLE ATOMS

α,β-Unsaturated aldehydes/ketones represent another group of
challenging substrates for chemoselective hydrogenation
reactions, where both CO and CC groups coexist in
one molecule.183,184 The desired products are α,β-unsaturated
alcohols resulted from the preferential hydrogenation of CO
bond, which are widely employed in the manufacture of
perfumes, flavorings, and pharmaceuticals. However, the CC

is more sensitive and prone to reduce based on both
thermodynamic (the bond energy is 715 kJ/mol for CO
and 615 kJ/mol for CC) and kinetic considerations.
Therefore, the selective hydrogenation of the CO bond
while leaving the CC group intact in α,β-unsaturated
aldehydes/ketones remains a great challenge. Industrially,
metal hydrides (e.g., NaBH4) or Cu−Cr based catalysts are
employed in this transformation, which, however, suffered
from environmental issues.184 From the technical and
economic point of view, the chemoselective hydrogenation of
α,β-unsaturated aldehydes/ketones over supported metal
catalysts is a mild, efficient, and straightforward approach.
α,β-Unsaturated aldehydes/ketones can be adsorbed on the

catalysts via different patterns depending on the type of the
active metals and the size of the metal ensembles (Figure
17).47,185,186 For example, on an extensive Pt(111) surface,
either CC or CO bonds can be adsorbed via di-σ or π
mode, respectively. The CO bond can also be solely
adsorbed via the end-on mode. In addition, because CC and
CO groups are conjugated in one molecule, they can be
coadsorbed adopting the 1,4-di-σ modes. Among these
adsorption patterns, the CC di-σ mode and the 1,4-di-σ
mode both lead to the saturation of CC group, while the
CO η2(C,O) mode is prone to result in the decarbonylation
side reaction.52,187 The end-on mode, however, can facilitate
the preferential hydrogenation of CO bond and yield the
desired products.
As mentioned in section 4, the hydrogenation of the CC

bond occurs on continuous metal ensembles where the CC
bond is adsorbed via strong ethylidyne or di-σ mode (Figure
5), while the decarbonylation reaction also demands for
continuous or at least bridging metals sites.52,187 Therefore,
efficient separation or total isolation of the metal ensembles
(i.e., the “active site isolation” approach) should be effective to
inhibit the side reactions of overhydrogenation and decarbon-
ylation. On the other hand, in the target CO group, the C
end is positively charged, while the O end is electron-rich, and
thus positively charged centers in the catalysts (such as
Brønsted acid and Lewis acid) can promote the polarization
and activation of CO bond.188 Accordingly, various
strategies, such as selective poisoning,189−191 fabrication of
alloys,192,193 confinement of nanoparticles into porous
materials,194,195 and employment of reducible metal oxides as
support,196−198 have been developed with the aim of
preferential adsorption of the carbonyl group via the η1(O)
manner and simultaneously hindering the CC bond to
approach the metal surface. A summary of the catalysts
developed so far for the selective hydrogenation of α,β-
unsaturated aldehydes/ketones is presented in Table 3.

5.1. Selective Poisoning by Organic Modifiers

Selective poisoning by thiol or amine molecules is a common
and efficient strategy to reduce the metal ensembles and
modify the electronic structures of supported nanoparticles, by

Figure 17. Adsorption patterns of α,β-unsaturated aldehydes on metal nanoparticles and single atoms. Adapted with permission from ref 47.
Copyright 1995 Elsevier.
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Table 3. Catalysts for the Selective Hydrogenation of α,β-Unsaturated Aldehydes/Ketones

substrates catalysts T (°C) P (bar) conv (%) selectivity (%) ref

cinnamaldehyde Pt3Co-amines 25 1.5 100 95 189
citral Ru/AlO(OH)-ethylenediamine 70 20 100 81a 190
furfural Pd/Al2O3-thiol 190 1 70 199
cinnamaldehyde Pt/Al2O3-thiol 50 40 95 200
benzalacetone Au25(SC2H4Ph)18/Fe2O3 0 1 43 100 191
nitrobenzaldehyde Au99(SPh)42/CeO2 80 20 100 201
cinnamaldehyde Au-SPOs 60 40 >95 >99 202
cinnamaldehyde Pt/n-Al2O3−aspartic acid 30 10 99 91 203
crotonaldehyde PtSn@SiO2 41.1 66.7 204
cinnamaldehyde Pt/Al2O3@SiO2 27 30 >85a 205
furfural Fe(NiFe)O4−SiO2 90 20 94.3 ∼100 206
citral Ag@CeO2 150 15 99 96 194
citral Au@CeO2/HT 120 30 99 99 179
cinnamaldehyde Pt@UIO-66 80 40 98.7 91.7 207
cinnamaldehyde Pt/MIL-100@MIL-100 25 1 95 96 195
cinnamaldehyde MIL-101@Pt@MIL-101 25 30 98.5 99.8 208
crotonaldehyde Au@ZIF-8 80 5 13 93 209
furfural Pt/CeO2@UIO-66-NH2 80 10 99.3 >99 210
crotonaldehyde Au−In/SBA-15 120 20 94 75 192
crotonaldehyde Ag−In/SBA-15 140 20 99 87 193
crotonaldehyde Au−Ag/SBA-15 120 30 72.3 211
cinnamaldehyde Au−Ir/TiO2 100 20 83.4 212
cinnamaldehyde Pt−Co/RGO 40 20 94.6 89.5 213
cinnamaldehyde Pt/CoAl-MMO 70 20 93.1 75.9 214
cinnamaldehyde PtCo/MgCoAl-LDH 80 20 99a 215
citral PtSn/MgAl2O4 35 65 216
citral PtFe/C 70 1 90−95 217
citral PtSn/C 70 1 98 217
cinnamaldehyde Pt−Sn nanowires 25 1 ∼10 87 218
cinnamaldehyde Pt-FeOx/SiO2 150 10 95a 219
cinnamaldehyde Pt/Fe3O4 30 5 94.2 92.2 220
cinnamaldehyde RuFe/Al2O3 130 20 96.2 96.7 221
cinnamaldehyde Ni−Co 100 50 63 62 222
cinnamaldehyde Co−Al 150 1 50 60 223
furfural Ni−In 180 30 100 >99 224
cinnamaldehyde Au/Zn0.7Fe0.3Ox 140 10 75.4 88.5 196
crotonaldehyde Pt/ZnO 30 40 40 90 225
citral Cu/ZnAl 80 10 100 75 226
cinnamaldehyde Pt/ZnO-Cr 110 70 100 96 227
cinnamaldehyde Cu1Cr/SBA-15 150 1 11 50 228
ketoisophorone Pt/OMS-2 110 10 70 91 229
cinnamaldehyde Pt/OMS-2 110 10 96 80 229
5-hydroxymethyl-2-furaldehyde Ru(OH)x/ZrO2 120 15 100 >99 197
furfural Cu−Cr−Zn−Zr 170 20 96 100 230
crotonaldehyde Au/CeO2 100 10 88 87 231
cinnamaldehyde Cu/CeO2 100 10 30 72 232
cinnamaldehyde Pt/CeO2−ZrO2 60 10 95 94 233
citral Ru/GaOOH 120 13 55.3 96.8 234
citral 3 wt %Pt/60C-40TiO2 90 8.3 100 >90 235
furfural Ru/TiO2−C 40 40 100 97 236
crotonaldehyde Ir/Mo2C 100 20 80 >99 198
cinnamaldehyde Ir/MoOx 100 20 >99 93 237
furfural Ir/MoOx 100 20 98 99 237
furfural Pt/g-C3N4 100 50 >99 >99 238
furfural Pt/C−N 100 10 99 99 239
furfural Co@CPNs 180 30 99 99 240
cinnamaldehyde Pt3Fe/CNT 60 20 98.1 95.9 241
cinnamaldehyde Pt/CNS 60 10 87.5 90.5 242
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which the chemoselectivity can be greatly improved in
hydrogenation reactions.
Amines capped Pt3Co nanoparticles were studied in the

hydrogenation of α,β-unsaturated aldehydes.189 A selectivity as
high as 95% to cinnamyl alcohol was obtained at full
conversion in the hydrogenation of cinnamaldehyde at 25 °C
under 0.15 MPa H2. Moreover, the selectivity was well
preserved even when the reaction time was prolonged. DFT
calculations demonstrated that the amines could prevent the
adsorption of cinnamaldehyde in a “lying-down” mode,
thereby the CC was less likely to be saturated. The
promotional role of amines was related to the length of alkyl
chain, i.e., the longer, the better, indicating there must be van
der Waals interactions between the tail of modifier and the
substrates, which also assisted the “end-on” adsorption of the
reactant on the catalyst. Li’s group also discovered that the
employment of ethylenediamine as an additive to Ru/
AlO(OH) catalyst improved the chemoselectivity to unsatu-
rated alcohol in the hydrogenation reaction of citral.190

Similarly, thiol molecules were good modifiers of nano-
catalysts for the hydrogenation of α,β-unsaturated alde-
hydes.19,199,200 Specifically, the modifiers fulfilled two tasks in
the catalysis. First, the active site selection (Figure 18a). When
the thiols were exposed to metal surfaces, they tended to
occupy the terrace sites forming densely packed monolayers,
whereby the continuous metal sites were covered and the
noncontinuous corner/edge sites are left uncovered. This
“active site isolation” effect was demonstrated by CO-
adsorption FTIR measurements.199 Because of the reduced
assemblies of accessible metal atoms, the adsorption modes of
the reactant were limited, and consequently the selectivity was
improved. For example, in the hydrogenation of furfural in
fixed-bed reactor at 190 °C and 0.1 MPa H2, the selectivity to
furfural alcohol was below 5% over Pd/Al2O3 catalyst owing to
the side reactions of decarbonylation and hydrogenation of
CC bond resulting from the lying-down adsorption mode.
However, over octadecanethiol modified Pd/Al2O3, furfural
could only be adsorbed via the η1(O) pattern and the
selectivity was increased to above 70%. Second, recognition of

specially structured reactants (Figure 18b). For α,β-unsatu-
rated aldehydes containing long alkane/alkene chains, as the
alkane/alkene chains are flexible and thus the CC group can
reach the metal surface, the “active site selection” route is not
effective enough to achieve high chemoselectivity. In this case,
the authors chose thiol molecules with tail structure similar to
that of the substrate. The van der Waals interaction between
the substrates and the modifier favors the substrates being
adsorbed via a vertical rather than horizontal pattern, whereby
the hydrogenation of CC bond was prevented.200 For
example, in the hydrogenation of cinnamaldehyde over Pt/
Al2O3 under conditions of 50 °C and 4 MPa H2, only when 3-
phenylpropanethiol was used as the modifier could the
selectivity be enhanced to 95% from 25% because of the
similar length of the alkyl chain and the π−π stacking
interactions between cinnamaldehyde and 3-phenylpropane-
thiol. On the contrary, the employment of 2-phenylethanethiol
or 4-phenylbutanethiol with shorter or longer alkyl chain or
alkanethiol without phenyl group resulted in inferior chemo-
selectivity (e.g., 60%) to unsaturated alcohol. Thiol modified
Au nanocatalysts were also highly selective for the hydro-
genation of α,β-unsaturated aldehydes/ketones.191,201 For
example, in the hydrogenation of benzalacetone at 0 °C
under 0.1 MPa H2, Au25(SC2H4Ph)18/Fe2O3 gave 100%
selectivity to unsaturated alcohols with 43% conversion.191

Secondary phosphine oxides (SPOs) was also a good
selectivity regulator in the hydrogenation of α,β-unsaturated
aldehydes.202 Au−SPOs showed good catalytic activity and
selectivity for a broad scope of substrates with different
structure and functional groups (Figure 19c). DFT calculations
revealed that the Au−SPOs interfaces, which resemble the
homogeneous Shvo−Noyori catalysts as well as FLPs,72−75

enabled the heterolysis of H2 to H+ and H− species binding to
the O atom in SPOs and Au nanoparticles, respectively (Figure
19a,b).83 The ionic H+/H− pairs kinetically favored the
reduction of polar CO bond over CC bond via a
concerted addition mechanism that is similar to the transfer
hydrogenation.

Table 3. continued

substrates catalysts T (°C) P (bar) conv (%) selectivity (%) ref

cinnamaldehyde Pt/rGO 40 20 89.6 69.6 243
acrolein Pd1Ag800/SiO2 200 5 31 244
furfural Pt0.05

∧Au/SiO2 150 10 10 99 245
furfural Ni−N−C 140 14 99 98 246

aYield of the product.

Figure 18. Illustration of approaches for tuning the selectivity of nanocatalysts in hydrogenation of α,β-unsaturated aldehydes using organic
modifiers. (a) active site selection; (b) molecular recognition. Adapted with permission from ref 19. Copyright 2014 American Chemical Society.
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Aspartic acid was also employed to modify nonporous Al2O3
supported Pt catalyst Pt/n-Al2O3.

203 Under reaction con-
ditions of 30 °C and 1 MPa, 91% selectivity was obtained at
99% conversion, and the TOF reached 3746 h−1. In addition,
the catalyst could be reused for 5 times without noticeable
decay of the activity.
Although the modification of nanocatalysts with organic

molecules could improve the chemoselectivity in the hydro-
genation of α,β-unsaturated aldehydes/ketones, the catalytic
activity was usually greatly decreased due to the covering of the
metal active sites. In addition, these organic modifiers might
leach into the reaction system during reaction and thus led to
issues of contamination of the products.
5.2. Metal Nanoparticles Confined in Porous Materials

Confinement of metal nanoparticles in ordered or disordered
porous materials, such as zeolites, MOFs, and CNTs, is an
effective strategy to modulate the accessibility of the metal
nanoparticles to the reactants and consequently the chemo-
selectivity. Specifically, when the free diameter of the reactant
with two functional groups is larger than the size of the pore, it
is unlikely for the two functional groups to reach the active
metal simultaneously. Instead, only the terminal groups (e.g.,
the carbonyl group in α,β-unsaturated aldehydes/ketones) can
be selectively transformed.

Porous SiO2 materials were widely used to encapsulate
active metal nanoparticles. Taniya and co-workers fabricated
SiO2 encapsulated PtSn nanoparticles, which gave higher
selectivity (66.7%) to crotyl alcohol than SiO2 supported PtSn
nanoparticles (38.0% selectivity) at comparable conversion
level in the hydrogenation of crotonaldehyde.204 Similar results
were obtained by Zaera and co-workers who modified Pt/
Al2O3 catalyst with submonolayer of SiO2 through ALD
technique.205 When a half monolayer of SiO2 was deposited,
>85% yield of cinnamyl alcohol could be obtained in the
hydrogenation of cinnamaldehyde under reaction conditions of
27 °C and 3 MPa H2. Characterization by CO and pyridine
adsorption FTIR revealed that upon SiO2 deposition, the
bridging Pt sites were mainly covered, and strong Lewis/
Brønsted acidic sites were created at the SiO2−Al2O3
interfacial sites. Both factors suppressed the adsorption of
CC bond yet promoted the activation of CO bond and
contributed to the high chemoselectivity. The similar
selectivity enhancement was observed in the hydrogenation
of furfural to furfuryl alcohol over a Fe(NiFe)O4−SiO2
nanocomposite coated by porous SiO2.

206

Besides SiO2, CeO2 was also employed to encapsulate metal
nanoparticles. Core−shell structured Ag@CeO2 and Au@
CeO2 catalysts were fabricated by Kaneda and co-work-
ers.179,194 In the three-phase hydrogenation of unsaturated
aldehydes, Ag@CeO2 gave >99% selectivity to unsaturated
alcohols than Ag/CeO2 (86%) where Ag nanoparticles were
loaded on the surface of CeO2, manifesting the importance of
reduced Ag ensembles as well as the Ag−CeO2 interfacial sites
for the superior catalytic performances.194 Besides Ag@CeO2,
Au@CeO2, and Ir@CeO2 also provided high chemoselectivity
to the unsaturated alcohols, whereas the other metals
encapsulated by CeO2, such as Pt, Pd, Ru, and Rh, were
totally nonselective for the reaction. The metal specificity
might be related to the dissociation manner of H2, i.e., H2
underwent heterolysis at the Ag(Au, Ir)-interfaces, whereas
preferential homolysis on the surface of Pt(Pd, Ru, Rh)
nanoparticles. However, these reactions were performed under
harsh conditions of 150 °C and 1.5 MPa H2, indicating the low
atomic efficiency of the active metals owing to the covering of
CeO2.
Metal organic frameworks (MOFs) with regular pores and

high specific surface areas, were also used to encapsulate metal
nanoparticles. Huang et al. selected UIO-66, a kind of MOF
material, to encapsulate Pt nanoparticles.207 The UIO-66 itself
comprises tetrahedral and octahedral cages with free
dimensions of 7.5 and 12 Å, respectively, and access to these
cages is provided by narrow triangular windows with a free
diameter close to 6 Å, which would only allow α,β-unsaturated
aldehydes to contact with Pt nanoparticles in the end-on
manner. As expected, in the liquid-phase hydrogenation of
cinnamaldehyde under reaction conditions of 80 °C and 4
MPa H2, 91.7% selectivity to cinnamyl alcohol was achieved at
98.7% conversion over Pt@UIO-66. In addition, the catalyst
could be easily recovered and reused for 10 times without
decay in activity or selectivity, and TON value as high as 10900
was obtained. However, the mass transfer limited the catalytic
activity to some degree so that long reaction time was required
for the completion of the reaction (e.g., 44 h).
MIL-101 is also employed to fabricate core@shell structured

Pt/MOFs@MOFs composites, where the core was composed
of Pt nanoparticles with size of 3 nm supported on MIL-101,
and a separate MIL-101 shell was grown onto the core by

Figure 19. Comparison between heterolytic cleavage of dihydrogen at
the edges of Au nanoparticles supported on TiO2 (a) and at Au-SPOs
interfaces (b); (c) substrate scope of the hydrogenation of α,β-
unsaturated aldehydes catalyzed by Au-SPOs. Adapted with
permission from ref 202. Copyright 2014 American Chemical Society.
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liquid-phase epitaxy method (Figure 20a).195 In the hydro-
genation of cinnamaldehyde under reaction conditions of 25
°C and 0.1 MPa H2, 96% selectivity to cinnamal alcohol was
achieved at 95% conversion on Pt/MOFs@MOFs, whereas
only 55% selectivity was obtained over Pt/MOFs. However,
the thick shell (24−35 nm, Figure 20b) greatly hindered the
mass transfer, leading to a lowered activity (Figure 20c).
In addition to geometric modulation, electronic modification

was also proposed in such core@shell structured catalyst.
Tang’s group investigated the hydrogenation of cinnamalde-
hyde over sandwich structured MIL-101@Pt@MIL-101
catalyst.208 DFT calculation revealed that the metal nodes in
MIL-101, e.g., five-coordinated Fe and Cr trimers, could
adsorb the carbonyl group in cinnamaldehyde, and XPS
measurement showed that electrons could transfer from Pt
nanoparticles to MIL-101(Fe). It was proposed that the
carbonyl might be adsorbed on the metal nodes in MIL-101
and then was activated by the electrons from Pt tunneled
through MIL-101. Other core@shell structured catalysts, such
as Au@ZIF-8209 and Pt/CeO2@UIO-66-NH2,

210 also showed
promising chemoselectivity in the hydrogenation of α,β-
unsaturated aldehydes/ketones.
Above all, the confinement of metal nanoparticles in porous

materials indeed improved the chemoselectivity in the
hydrogenation of α,β-unsaturated aldehydes/ketones. How-
ever, owing to the limited mass transfer, the catalytic activity
was deteriorated to such a degree that harsh reaction condition
or extended time was required to acquire an acceptable
conversion level.

5.3. Bimetallic Nanocatalysts

Bimetallic nanoparticles usually exhibit superior catalytic
activity and selectivity to their monometallic counterparts

due to both geometric and electronic modifications.30,247 In
this respect, various bimetallic nanocatalysts have been
developed for the selective hydrogenation of α,β-unsaturated
aldehydes/ketones.
Fan and co-workers prepared SBA-15 supported mono-

metallic Au and bimetallic Au−In catalysts.192 In the
hydrogenation of crotonaldehyde to crotyl alcohol under
conditions of 120 °C and 2 MPa H2, 75% chemoselectivity at
94% conversion was achieved on Au−In/SBA-15 catalyst,
whereas only 55% selectivity on the Au/SBA-15. Bimetallic
Ag−In nanoparticles supported on SBA-15 were also fabricated
via a “two solvents’’ strategy, which gave 87% selectivity to
crotyl alcohol at 99% conversion in the hydrogenation of
crotonaldehyde under conditions of 140 °C and 2 MPa H2.

193

DFT calculations showed that on Ag(111) surface without
hydrogen adatoms (H), α,β-unsaturated aldehyde adsorbs in a
η1(O) mode via the terminal oxygen atom where the CC
bond tilts markedly.48,248 However, at high H coverages, the
CC can also be saturated. Therefore, the In component in
AgIn bimetallic nanoparticles might fulfill two roles. On one
hand, it reduces the coverage of hydride on Ag surface by
reducing the ensemble of Ag; on the other hand, it serves as a
Lewis acid and promotes the polarization of CO group and
thus facilitates its reduction.
Similarly, the Au−Ag/SBA-15 catalyst showed much higher

activity (TOF = 183.3 h−1) than either Au/SBA-15 (TOF =
31.2 h−1) or Ag/SBA-15 (TOF = 41.1 h−1) and enhanced
selectivity to unsaturated alcohols (from 55.3% on Au/SBA-15
to 72.3% over Au−Ag/SBA-15) in the hydrogenation reaction
of crotonaldehyde.211 The enhanced catalytic activity was
ascribed to the easier dissociation of H2 on bimetallic Au−Ag
nanoparticles, as revealed by kinetic studies that the apparent
activation energy on Au−Ag nanoparticles (32.9−58.8 kJ/mol)

Figure 20. (a) Illustration of the preparation of MNPs/MOFs@MOFs nanocomposites. (b) TEM images of Pt/MIL-100 and Pt/MIL-100@MIL-
100 prepared by two, four, and six assembly cycles, respectively. (c) Catalytic performances of Pt/MIL-100 and Pt/MIL-100@MIL-100 catalysts.
Adapted with permission from ref 195. Copyright 2016 John Wiley and Sons.
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was much lower than that on Au (71.5 kJ/mol) or Ag (67.9 kJ/
mol). Au−Ir bimetallic nanoparticles supported on TiO2 also
showed good catalytic performance in the hydrogenation of
cinnamaldehyde.212 Under reaction conditions of 100 °C and
2 MPa H2, the reaction rate was enhanced by 5-fold with the
addition of Ir, which as ascribed to the higher ability of Ir to
dissociate H2.
Pt−Co (Fe, Sn) based bimetallic catalysts were widely

investigated for the selective hydrogenation of α,β-unsaturated
aldehydes/ketones.213−220,249 On one hand, upon reduction at
high temperature, the Co (Fe, Sn) ingredient can formed alloys
with Pt, by which the ensemble of Pt is reduced. On the other
hand, the partially reduced CoOx (FeOx and SnOx), where the
metal cations are coordinatedly unsaturated, can act as a Lewis
acid and promote the preferential adsorption and polarization
of the carbonyl group. Both of them contribute to the
chemoselectivity. For example, in the hydrogenation of
cinnamaldehyde, Pt−Co/rGO (reduced graphene oxides)
afforded 89.5% selectivity at 94.6% conversion under reaction
conditions of 40 °C and 2 MPa H2.

213 When loaded on mixed
metal oxides derived from layered double hydroxides
precursors, Pt/MgCoAl-MMO catalyst gave 99% yield of
cinnamyl alcohol under conditions of 80 °C and 2 MPa H2.

215

In the hydrogenation of furfural to furfuryl alcohol, 87.4% yield
of furfuryl alcohol was obtained on Pt−Fe bimetallic
catalysts.250 Supported RuFe alloy nanoparticles also showed
high catalytic performance in the hydrogenation of cinnamal-
dehyde, and 96.7% selectivity to cinnamal alcohol was
obtained at 96.2% conversion under reaction conditions of
130 °C and 2 MPa H2.

221 CO adsorption FTIR measurements
revealed that charge transfer occurred from both the support
and Fe to Ru, which made Ru be negatively charged and thus
favored the adsorption of electrophilic carbonyl group. In
addition, the Fe cation could assist the activation of CO
bond, which also contributed to the high chemoselectivity. By
contrast, Pd−Fe catalysts preferred to reduce the CC rather
than CO bond, which was attributed to different percentage
of d-character.251

Ni-based alloy catalysts provide an alternative and less-
expensive route to the selective hydrogenation reac-
tions.222−224 Carbonaceous materials loaded Ni−Co alloy
catalysts gave 62% selectivity to unsaturated alcohols at 63%
conversion.222 In the hydrogenation of furfural under reaction
conditions of 180 °C and 3 MPa H2, >99% selectivity to
furfuryl alcohol could be obtained at full conversion over
bimetallic Ni−In alloy catalysts supported on amorphous
alumina.224

5.4. Monometallic Nanoparticles Supported on Reducible
Oxides

As aforementioned, some reducible oxides (such as Fe3O4,
CoOx, SnOx, and InOx) could form alloys with the active metal
when treated at high temperatures under reducing atmos-
phere,215,217,219,221,222,224 by which the metal ensembles could
be decreased and the chemoselectivity was improved.
However, for reducible oxides that cannot form alloys with
active metals (such as CeO2, TiO2), they can modify the
geometric and electronic structure of the active species through
SMSI (strong metal support interaction) effect or promote the
polarization of CO bond by coordinating to the O end.
Consequently, good to excellent chemoselectivity could still be
achieved.196,225,226

Urbano and co-workers prepared series of reducible oxide
(including Fe2O3, Fe3O4, ZrO2, ZnO, TiO2, and SnO2)
supported Pt nanocatalysts and investigated their catalytic
performance in the hydrogenation of crotonaldehyde.225

Among others, the Pt/ZnO gave the best catalytic perform-
ance, and 90% selectivity to crotyl alcohol was obtained at
about 40% conversion under conditions of 30 °C and 0.4 MPa.
XPS measurement showed the presence of Lewis acidic
ZnOxCly species, which could preferentially activate the
carbonyl group and might be responsible for the high
chemoselectivity. Under similar reaction conditions, Pt nano-
particles supported on ZrO2, TiO2, and Fe3O4, however, gave
the saturated butanal as the main product.
Besides ZnO, CrOx could also be a good promoter in the

hydrogenation reactions. It was reported that the addition of
Cr to Pt/ZnO increased the surface area of the support,
promoted the reduction of Pt, and thus greatly enhanced the
catalytic activity in the hydrogenation of cinnamaldehyde.227

Under conditions of 110 °C and 7 MPa H2, 96% selectivity to
cinnamyl alcohol was obtained at full conversion. Dragoi and
co-workers studied SBA-15 supported Cu−Cr bimetallic
catalysts in the three-phase hydrogenation of trans-cinnamal-
dehyde.228 Under conditions of 150 °C, 0.1 MPa H2, 50%
selectivity to cinnamyl alcohol could be obtained over CuCr/
SBA-15 with 11% conversion, whereas on Cu/SBA-15 and Cr/
SBA-15 catalysts, the conversion was negligible (<1.5%) and
the chemoselectivity was poor.
Manganese oxide octahedral molecular sieve (OMS-2)

supported Pt nanoparticles were investigated for the hydro-
genation of α,β-unsaturated aldehydes/ketones.229 In the
hydrogenation of ketoisophorone under conditions of 100
°C and 1 MPa H2, 91% selectivity to the unsaturated alcohol
was obtained at 70% conversion, and in the hydrogenation of
cinnamaldehyde, 80% selectivity to cinnamyl alcohol was
achieved at 96% conversion. However, when the OMS-2 itself
was employed as the catalyst, the CC group was
preferentially reduced in both cases, and the catalytic activity
was much lower than that of Pt/OMS-2.
Ru(OH)x/ZrO2 composites were reported to be highly

selective and efficient catalysts for the hydrogenation of 5-
hydroxymethyl-2-furaldehyde to 2,5-bis(hydroxymethyl)-
furans.197 The catalysts were prepared by impregnation of
ZrO2 with RuCl3 aqueous solution without post treatment.
XRD and HRTEM characterizations showed that Ru did not
incorporate into the lattice of ZrO2 but form Ru(OH)x
hydroxide on the surface of ZrO2. Under reaction conditions
of 120 °C and 1.5 MPa H2, >99% selectivity to CO
hydrogenation was achieved at nearly full conversion of the
substrate. It is known that, in ZrO2, the coordinatively
unsaturated Zr4+ and O2− act as Lewis acid and base,
respectively. When Ru was loaded, it should coordinate to
the O2− cations, which strengthened the Lewis acidity of
Ru(OH)x. Consequently, a great many Lewis acid−base pairs
existed in the Ru(OH)x/ZrO2 catalysts, which could not only
heterolytically split H2 into ionic H+ and H− species, but also
activate the carbonyl group, and consequently gave rise to high
activity and selectivity. The promotional effect of Zr and Zn in
the hydrogenation of furfural to furfural alcohol was also
observed over a Cu−Cr−Zn−Zr based catalyst.230

CeO2 is another kind of reducible oxide known for the facile
redox cycle of the cerium ion (Ce4+↔ Ce3+), where Ce3+ could
serve as Lewis acid sites. Fan’s group prepared CeO2 supported
Au nanoparticles, which gave 87% selectivity to crotyl alcohol
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at 88% conversion under reaction conditions of 100 °C and 1
MPa H2 in the hydrogenation of crotonaldehyde.231 CeO2
supported Cu nanoparticles also afforded high selectivity
(72%) in the liquid-phase hydrogenation of cinnamaldehyde
under conditions of 100 °C, 1 MPa H2.

232 CeO2 can also form
composites with another oxide, by which the concentration of
oxygen vacancies can be greatly improved. CeO2−ZrO2
composite supported Pt nanoparticles with sizes of 4.3−4.7
nm were investigated in the liquid-phase selective hydro-
genation of cinnamaldehyde under reaction conditions of 60
°C and 1 MPa H2.

233 Pt/CeO2 exhibited higher catalytic
activity than Pt/ZrO2, that is, 80% conversion was obtained
over Pt/CeO2 with TOF of 7567 h−1, whereas 59% conversion
on Pt/ZrO2 with TOF of 4505 h−1. However, 99% selectivity
was achieved on Pt/ZrO2, which was superior to that of Pt/
CeO2 (79%). Impressively, the catalytic performance was
greatly enhanced when Pt was supported on CeO2−ZrO2, i.e.,
95% conversion was achieved with TOF as high as 10423 h−1,
meanwhile, the chemoselectivity was maintained at a high level
(94%). The incorporation of ZrO2 into CeO2 enhanced the
redox behavior and the mobility/storage capacity of oxygen.
XPS showed that with an increase of Zr/Ce ratios, the binding
energy of Pt species presented a negative shift, while the CeIII/
(CeIII + CeIV) ratios increased initially and reached the
maximum at Zr/Ce = 1 and then decreased with a further
increase of Zr/Ce ratios. In addition, both of the amount and
strength of the Lewis acid steadily increased with an increase of
the Zr content. The chemoselectivity increased with an
increase of the amount and strength of the Lewis acid, and
the catalytic activity was the highest when the amount of
oxygen vacancies reached the maximum.
Ga2O3 is also a promising support for metal nanoparticles in

the selective hydrogenation reactions. Inoue and co-workers
prepared Ru nanoparticles supported on p-block metal oxides
(Ga2O3, In2O3, SnO2, SiO2, GeO2) and evaluated them in the
liquid-phase hydrogenation of citral.234 Under reaction
conditions of 120 °C and 1.3 MPa, both of the conversion
and chemoselectivity increased following the order of β-Ga2O3
> In2O3 > SnO2 > SiO2 > GeO2. In addition, among the
different polymorphic Ga2O3 investigated, GaOOH stood out
to give the best catalytic performance, and 96.8% selectivity
was obtained at 55.3% conversion.
TiO2 is well-known for the SMSI when treating the

supported metal nanoparticles at high temperature under
reducing conditions. Carbon xerogels−TiO2 composites were
used as supports of Pt nanoparticles, where the role of carbon
xerogels was to prevent the phase transformation of TiO2 from
anatase to rutile at high temperature.235 In the hydrogenation
of citral under conditions of 90 °C and 0.83 MPa H2, 3 wt %
Pt/60C−40TiO2 gave the best performance, and >90%
selectivity to unsaturated alcohols could be obtained at full
conversion. During the high temperature prereduction of the
catalyst, SMSI occurred where the partially reduced TiOx
species migrated onto Pt nanoparticles. Accordingly, the
assemblies of accessible Pt atoms were reduced, and thus the
adsorption of the CC group was suppressed. Similarly,
TiO2−C composite supported Ru nanoparticles afforded 97%
selectivity to furfuryl alcohol at full conversion in the
hydrogenation of furfural under reaction conditions of 40 °C
and 4 MPa H2.

236 Besides TiO2, Mo2C and MoOx (H-MoOx)
could also modify the supported metal nanoparticles by high
temperature reduction, and good to excellent catalytic

performances were obtained in the hydrogenation of α,β-
unsaturated aldehyde.198,237

5.5. Reaction Parameters Affecting the Selectivity

Besides the geometric and electronic structure of the active
sites, the reaction parameters (such as solvent, reaction
temperature) also had profound effect on the catalytic activity
and selectivity in the hydrogenation reactions.
The solvent was considered to play a critical role in

modulating the selectivity in the hydrogenation of furfural
catalyzed by g-C3N4 nanosheets (TECN) supported Pt
nanoparticles.238 A selectivity of >99% to furfuryl alcohol at
>99% conversion could only be achieved in strong polar
aqueous media. With the decrease of polarity of the solvent,
both the conversion and selectivity decreased. For example, the
conversion was 67.4% in ethanol solvent, while 8.3% in octane.
In addition, the selectivity to furfuryl alcohol was only 65.8% in
octane, and 34.2% furan was produced. The solvent was
considered to modulate the adsorption pattern of furfural on
the catalyst. That is, in polar solvent (e.g., H2O) the carbonyl
group might preferentially interact with the hydrophilic catalyst
in η1(O) manner and thus high selectivity to CO
hydrogenation was obtained, whereas in nonpolar solvent,
the aromatic furan ring might also interact with the catalyst
adopting a “lying down” adsorption mode, which facilitated the
decarbonylation reaction to yield furan. Furthermore, the
TECN support has abundant N atoms with high electron
density, which repel the nucleophilic CC group and thus
contribute to the selectivity. In agreement with this
mechanism, the Pt nanoparticles supported on N doped
carbon materials derived from bamboo shoots gave 99%
selectivity to furfuryl alcohol at 99% conversion under reaction
conditions of 100 °C and 1 MPa H2 in aqueous media.239

Similarly, Kyriakou and co-workers discovered that both
reaction temperature and solvent greatly affected the selectivity
in the hydrogenation of furfural over supported Pt nano-
particles.252 When the reaction was conducted at 70 °C, side
reactions such as decarbonylation and acetalization proceeded
readily, and a great portion of furan and acetal were produced,
whereas at 50 °C the selectivity to furfuryl alcohol could reach
as high as 99%. The employment of polar solvent (such as
methanol, ethanol) facilitated the formation of furfuryl alcohol,
whereas nonpolar ones (e.g., toluene) promoted the
production of furan, which was in good agreement of Mu’s
work.238 Under optimized reaction conditions, Pt nano-
particles supported on MgO, SiO2, Al2O3, and CeO2 all gave
90−99% chemoselectivity to furfuryl alcohol with 35−80%
conversion. Similar solvent effect was also observed in other
catalytic systems, such as fullerene supported Ru catalysts,253

and nitrogen-doped porous carbon (CPNs) supported Co
catalysts Co@CPNs.240

As a remarkable solvent effect was observed in the
hydrogenation of α,β-unsaturated aldehyde, i.e., both of the
reaction rate and the selectivity to unsaturated alcohols, were
greatly improved in polar solvent, e.g., H2O. Yang and co-
workers investigated the promotional role of water in the
hydrogenation of cinnamaldehyde catalyzed by CNTs
supported bimetallic Pt3Fe nanoparticles.241 In the hydro-
genation reaction under conditions of 60 °C and 2 MPa H2,
the highest specific reaction rate was achieved in H2O (1250
h−1), which was much higher than that (100−750 h−1) in
organic solvent, such as cyclohexane, ethyl acetate, and 2-
propanol. In addition, the selectivity to unsaturated alcohol as
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high as 95.9% could be obtained at 98.1% conversion, which
was also superior to those obtained in organic solvents. To
shed light on the promotional role of H2O, isotopic studies
employing D2O as solvent and H2 as hydrogen source were
carried out. It was found that without H2, only H−D exchange
between D2O and the hydroxide group in cinnamal alcohol
proceeded. Whereas in the presence of H2, either CC or
CO bond could be deuterated. In addition, HD and D2
species were detected during the reaction. Therefore, it was
proposed that water mediated and promoted the spillover
process of hydrogen atom. In addition, H2O also enhanced the
polarity of the catalyst surface, either in the H3O

+ or
dissociated OH−/H+ form, which facilitated the adsorption
of the polar carbonyl group in the end-on orientation and thus
improved the chemoselectivity.
When using carbonaceous materials as support of Pt

nanoparticles, the graphitic degree of the support was found
to have profound influence on the catalytic performance.242 In
the hydrogenation reaction of cinnamaldehyde over Pt/C
under reaction conditions of 60 °C and 1 MPa H2, with an
increase of the graphitic degree of the carbon nanosheets, the
conversion was enhanced from 14.4% to 87.5%, meanwhile the
selectivity to cinnamal alcohol significantly increased from
16.7% to 90.5%. Rong and co-workers obtained similar
results.243 They prepared Pt nanoparticles with size of 2.3−
2.5 nm supported on three carbonaceous materials, i.e.,
reduced graphene oxide (rGO), carbon nanotubes (CNTs),
and activated carbon (AC)). Among these catalysts, Pt/rGO
with the highest graphitic degree gave the best catalytic activity
and selectivity to unsaturated alcohol. For example, under
reaction conditions of 40 °C and 2 MPa H2, 69.6% selectivity
to cinnamyl alcohol was obtained at 89.6% conversion,
whereas the selectivity was 48.3% and 30.9% over Pt/CNTs
and Pt/AC, respectively. The higher graphitic degree of the
carbonaceous materials was considered to result in lower
oxidation state of Pt nanoparticles, which had stronger
adsorption to CO bond than to CC group and thus led
to higher chemoselectivity to α,β-unsaturated alcohols.254,255

5.6. Single-Atom Catalysts

The employment of single-atom catalysts (SACs) in the
selective hydrogenation reactions of α,β-unsaturated alde-
hydes/ketones has been relatively less explored. Meyer and co-
workers investigated Pd−Ag SAA catalyst for the hydro-
genation of acrolein in the fixed-bed continuous reactor244

Under reaction conditions of 200 °C and 0.5 MPa H2, Pd/
SiO2 was quite active for the reaction, yet the selectivity to
unsaturated alcohol was zero. By contrast, 37% selectivity to
allyl alcohol was achieved although the activity was low over
the Ag/SiO2. The Pd1Ag800/SiO2 SAA catalyst combined the
merits of monometallic Ag and Pd, affording 31% selectivity to
allyl alcohol and 2-fold enhancement in the activity. The
promotional role of Pd single atoms was ascribed to the
enhanced ability to dissociate H2 and the suppression of
adsorption of CC on single atoms. Xu and co-workers found
that in the hydrogenation of α,β-unsaturated carbonyl
compounds, the construction of Au−Pd SAA structure greatly
improved the catalytic activity.245 For example, in the
hydrogenation of furfural, the conversion was enhanced from
1% to 10% over Pt0.05

∧Au/SiO2 catalyst, and the selectivity to
furfuryl alcohol was above 99%. Kinetic studies showed that
the reaction order with respect to H2 decreased from 1.65 on
Au/SiO2 to 1.29 over Pt0.05

∧Au/SiO2, suggesting the ability of

the catalyst to cleave H2 was enhanced, which contributed to
the high catalytic activity.256 Recently, Ni−N−C SAC was
investigated for the hydrogenation of furfural to furfuryl
alcohol.246 The catalyst was prepared by pyrolysis of Ni(OAc)2
and cucurbit[6]uril at 800 °C under the atmosphere of H2−Ar
(10/90, v/v). Under reaction conditions of 140 °C and 1.4
MPa (200 psi) H2, a high selectivity of 98% to furfuryl alcohol
could be achieved at a furfural conversion of 99%. Although Ni
nanoparticles were observed in the catalysts, the metal single
atoms were probably the true active sites in such M−N−C
based catalysts.80

5.7. Summary

To summarize, the chemoselective hydrogenation of CO
bond in α,β-unsaturated aldehydes/ketones is an important
approach to producing unsaturated alcohols for pharmaceut-
icals and agrochemicals industry, yet it remains challenging
because the CC is more prone to be saturated. To tackle this
challenge, various methodologies, e.g., selective poisoning,
encapsulation by porous materials, and construction of
bimetallic nanoparticles have been developed.
Now, it has been accepted that bifunctional sites are

required for the catalysts, i.e., Lewis acid sites (e.g., transition
metal cations) for the activation of CO bond, and active
metal site (e.g., metal nanoparticles) for H2 dissociation
(preferentially in heterolysis manner because H+/H− kineti-
cally favor the hydrogenation of polar bond). In particular, the
adsorption of substrates in an end-on mode via the O atom on
the Lewis acid site is the prerequisite to achieve high
chemoselectivity. However, owing to the flexibility of the
CC−CO moiety, the CC bond is also able to get
access to the active metal sites in intimate proximity and be
saturated in nanocatalysts. To suppress the adsorption of C
C, the most efficient strategy is downsizing the active metal to
single atom dispersion, and thus SACs are expected to exhibit
superior chemoselectivity in the selective hydrogenation of
α,β-unsaturated aldehydes/ketones. However, to the best of
our knowledge, few SACs have been reported so far for this
type of reactions yet.244,246 It is therefore highly desired that
more efforts will be devoted to investigating the catalytic
performance of SACs in the selective hydrogenation of α,β-
unsaturated aldehydes/ketones in the near future. Besides, the
influence of the type and valence state of transition metal
cations as well as the solvent on the adsorption strength of the
carbonyl group also needs more investigations.

6. CHEMOSELECTIVE HYDROGENATION OF
FUNCTIONALIZED NITROARENES OVER
SUPPORTED METAL NANOPARTICLES AND
SINGLE ATOMS

Aromatic amines are key building blocks for fine chemicals
(such as agrochemicals, dyes, pigments, and pharmaceuticals)
and bulk chemicals (e.g., polymers). Generally, they are
produced by reduction of the corresponding nitroarenes.257,258

However, anilines used in life science applications are usually
structurally decorated with diverse functional groups on the
benzene ring, such as alkene, alkynes, amino, halogen,
aldehydes, ketones, nitriles, esters, and amides. Therefore,
the selective reduction of the −NO2 groups while retaining the
other reducible groups is a highly desirable yet rather difficult
task. In particular, the substrate of nitrostyrene is considered to
be the most challenging because the −CC is extremely
sensitive and thus more prone to reduce than −NO2.

259
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Therefore, the chemoselective reduction of nitrostyrene is
often regarded as a probe reaction to benchmark the selective
performance of the investigated catalysts. On this ground, we
summarize mainly the recent advances in the chemoselective
hydrogenation of nitrostyrenes catalyzed by supported metal
catalysts in this section.
Before referring to the catalysts, it would be better to

understand the adsorption behavior of nitrostyrenes containing
−CC and −NO2 groups (Figure 21), as the adsorption
modes as well as adsorption strength of the two functional
groups will determine the selectivity to a large extent.

The adsorption of the −CC is structure sensitive.23 As
described in section 4, with the size decrease of the metal
assemblies, the −CC group is adsorbed in the mode of
ethylidyne on 3-fold assemblies, di-σ mode on 2-fold, and π-
bonded mode on isolated single atoms, with the adsorption
strength ethylidyne > di-σ mode > π- mode. By contrast, the
adsorption of the −NO2 group is not dependent on the
structure of the catalyst, because − NO2 has an end-on
geometry and the monodentate rather than bidentate
adsorption mode is always preferred on the catalyst. For the
electronic property, the −CC group is electron-rich, whereas
the −NO2 is electron-deficient, and thus nucleophilic sites on
the catalyst will favor the adsorption of −NO2 while repelling
the −CC group, and vice versa. Therefore, to achieve high
chemoselectivity to vinylamine in the hydrogenation of
nitroarenes, the geometric and electronic structure of the
active sites should be engineered to facilitate the preferential
adsorption of −NO2 group. When the −NO2 group is
preferentially adsorbed, it can be transformed through direct
route or condensation route depending on the catalyst and the
reaction conditions (Scheme 1).260 In the direct route, the
−NO2 is reduced sequentially to nitroso, hydroxylamine, and
finally amine, whereas in the condensation route, the
intermediates of nitroso and hydroxylamine can couple to
azoxy compound catalyzed by a base, which is further reduced
to azo, hydrazo and finally aniline.
Traditionally, high selectivity to vinylaniline could be

achieved by stoichiometric reduction of the nitrostyrene
using sodium hydrosulfite, iron, tin, or zinc in ammonium
hydroxide, however, this process produces stoichiometric
waste and thus raises serious environmental concerns.257 At
present, this old and environmentally unfriendly method has
been prohibited, and the chemoselective hydrogenation
approaches are being explored. Catalyst is the key to the
chemoselective hydrogenation, and the exploration of chemo-
selective catalysts can be dated back to 1952 when the famous
Lindlar catalyst was reported.22 Since then, a variety of noble
metal catalysts modified by inorganic/organic compounds have
been developed, such as Pt/C−H3PO2−VO(acac)2, Pt/
CaCO3−Pb-FeCl2-nBu4NCl, Rh/C−Fe(OAc)2, Pt/CNTs−

ionic liquid,261 and Pt/TiO2−thiols.262 In spite of high
efficiency for enhancing chemoselectivity, this modification
method suffers from the low catalytic activity based on total
metal atom utilization efficiency owing to the covering of active
metals by the additives. For example, the catalytic activity of
Pt/TiO2−thiols was significantly suppressed by 85−96% due
to the poison by the sulfur-containing organic compounds.262

In addition, the soluble additive not only led to environmental
issues but also made the catalysts not be intrinsically
heterogeneous. On this ground, great efforts have been
devoted to developing highly selective and efficient nano-
catalysts without soluble inorganic/organic compounds. A
summary of the catalysts developed so far for the selective
hydrogenation of functionalized nitroarenes (mainly nitro-
styrene) is presented in Table 4.
6.1. Noble Metal Based Catalysts

Efforts to develop efficient and selective catalysts for the
hydrogenation of functionalized nitroarenes, especially nitro-
styrenes, have been going on for decades. However, it is not
until 2006 that a breakthrough was made by Corma and co-
workers.263 They employed TiO2 or Fe2O3 supported Au
nanoparticles (3.5−4.0 nm) as catalysts, which afforded
excellent chemoselectivity for the hydrogenation of a broad
scope of nitroarenes with different functional groups.
Especially for 3-nitrostyrene, the selectivity to 3-vinylaniline
reached 96% at a high conversion of 98%.263 For comparison,
the TiO2 supported bimetallic Au−Pt, Au−Pd and mono-
metallic Pt/C, Pd/C gave quite low selectivity (<3%).
Theoretical calculations show that the −NO2 adsorb weakly
on the Au(111) and Au(001) terraces, and that although a
stronger adsorption occurs on low-coordinated atoms in Au
nanoparticles, this adsorption is not selective,57 suggesting Au
nanoparticles alone cannot be responsible for the high

Figure 21. Possible adsorption patterns of 3-nitrostyrene on catalysts
with different geometric structures. Adapted with permission from ref
277. Copyright 2016 The Royal Society of Chemistry (RSC).

Scheme 1. Reaction Pathways of Hydrogenation of
Nitroarenes to Anilinesa

a(a) Direct route; (b) condensation route. Reproduced with
permission from ref 260. Copyright 2006 The American Association
for the Advancement of Science.
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selectivity in Au/TiO2. On the contrary, the reducible supports
(e.g., TiO2, Fe2O3) played a critical role in governing the
selectivity. FTIR measurements showed that the adsorption of
the −NO2 group was favored on TiO2 or at the Au−TiO2
interface, which was, however, not observed on inert support
(e.g., SiO2). Kinetic experiments showed that when fed
separately, both the −CC in styrene and the −NO2 in
nitrobenzene could be reduced on Au/TiO2. However, when
styrene and nitrobenzene was co-fed, the reduction of styrene
was significantly suppressed, which was consistent with FTIR
measurement results. Both of the results demonstrated that the
preferential adsorption of the −NO2 group on the TiO2
support (or at the metal−TiO2 interfaces) resulted in excellent
chemoselectivity. It was noteworthy that the TiO2 support (or
the metal−TiO2 interface) could also prohibit the formation of
explosive hydroxylamine intermediate.264 The unique capa-

bility of Au/TiO2 to preferentially reduce the −NO2 group was
also demonstrated in the hydrogenation reaction of α,β-
unsaturated nitrocompounds, where the −NO2 and −CC
were conjugated.298 It was found that for substrates with
different structures, the −NO2 was always preferentially
hydrogenated over the Au/TiO2, and the desired products of
oximes were obtained with excellent yields.
Inasmuch as the unique property of TiO2 to preferentially

adsorb the −NO2 group, one might suppose that TiO2
supported VIII−X group metals such as Pt, Ru, and Ni should
also have high selectivity similar to Au/TiO2. However, these
metals failed to give high selectivity when supported on
TiO2.

264 The reason might be that although TiO2 can
preferentially adsorb the −NO2 group, yet the Pt, Ru, and
Ni metals, which are quite different from Au, also have strong
and nonselective interactions with both −NO2 and −CC

Table 4. Nanocatalysts and SACs for the Hydrogenation of Nitroarenes

catalyst T (°C) P (bar) conv (%) selectivity (%) TOF (h−1) ref

Au/TiO2 120 9 98.5 95.9 173 263
Au/Fe2O3 130 12 95.2 95.1 26 263
Pt/TiO2 40 3 95.1 93.1 60 264
Au−Pt/TiO2 80 8 94.5 93.4 550 265
Au−Ni/SiO2 50 3 90.8 93.0 17.9 266
Pt/SiO2 rt 10 90 70 73 267
Au/TiO2 90 10 99 99 279 268
Au/Al2O3 160 30 100 89 6410 269
Ag/Al2O3 160 30 100 96 ∼510 270
Au/MgAl HT 50 20 100 98a 93 271
Au/ZnAl-HT 90 10 100 >99 76 272
Au-BP(DR) 100 0.5 96 94.8 1013 273
Ag@CeO2 110 6 98 99 4.85 60
Pt@MFI 80 10 100 80 274
Pt/ZnO 75 10 97 744 275
PtZn/HPS 75 10 97 100 1020 276
RhIn/SiO2 75 1 99 91 26.1 277
Pt−Bi/TiO2 85 20 100 96 ∼170 278
Ru−Mo/SiO2 30 3 97 98 9.7 279
PtSn/MoOx 30 1 >60 93 338 280
Pd/CeO2

c 80 5 93.3 99.9 44059 281
Au/Sn-TiO2 70 13 99 99.3 319 58
Pt/Sn-TiO2 45 2 98.5 97.4 1802 58
Pt1/FeOx 80 10 88.8 91.1 11064 282
Pt1/FeOx 40 3 96.5 98.6 1514 283
Na−Pt/FeOx 40 3 95.1 97.5 1083 284
Ni/TiO2 120 15 93.0 90.2 15 264
Ni−Sn 150 30 100 87 0.9 285
LaCuSi 120 30 95b 95b ∼900 286
Ni/ACOX 40 3 97.9 97.1 2.5 287
Ni@C-650 140 5 >99 95.3 12.4 288
Co3O4@C 110 50 91b 91b 289
Fe2O3@C 120 50 96 97 290
Co@C 120 7 95 93 8.2 291
CoNi@C 120 7 >95 >97 450 292
CoOx@NCNTs 110 30 98 98 2 293
Co/C−N 100 10 99 97 2.2 294
Co@C−N 110 30 53 88.7 295
Co−N−C 80 30 99a,b 99a,b 35.9 296
Co−Nx/C 110 3.5 100 97 393 297

aAzo was the product. bYield. cThe substrate is 4-nitrophenol.
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groups. An effective solution to this problem might be
weakening the interaction of Pt with the reactant, at least the
−CC group therein. It has been established that the
reduction of −NO2 was structure insensitive, whereas the
hydrogenation of −CC was structure sensitive, thus it is
rationalized that the adsorption of −CC on Pt will be greatly
weakened with the decrease of the size of Pt. On the basis of
this recognition, Corma et al. developed an effective approach
to transform nonselective supported VIII−X group metal
nanoparticles to chemoselective catalysts by reducing the size
or the exposed domains of the nanoparticles.264,299 They first
demonstrated this strategy by decreasing the size of Pt
supported on Al2O3. It was found that when the size was
decreased from a broad spectrum of 1−3 nm in 5 wt % Pt/
Al2O3 to that narrowly centered at 1.5 nm in 0.2 wt % Pt/
Al2O3, the selectivity to 3-vinylaniline increased from 0.6% to
60.2% at a high conversion level of 95%. To further decrease
the size of Pt, they resorted to carbon supports with large
surface area and abundant micropores, and in that case the
selectivity was greatly enhanced to 90.5% at a 3-nitrostyrene
conversion of 95.1% over 0.2 wt %Pt/C. In addition, the
reaction could be conducted under conditions of 40 °C, 0.3
MPa H2, which was milder than that of Au/TiO2 (120 °C, 0.9
MPa H2), indicating higher intrinsic catalytic activity for 0.2 wt
% Pt/C. However, the 0.2 wt % Pt/C catalyst was not perfect,
as a noticeable amount (25%) of explosive hydroxylamine
accumulated at low conversion levels, which is dangerous for
industrial application. By contrast, TiO2 is the optimum
support to avoid the production of hydroxylamine, as
demonstrated by Au/TiO2. Accordingly, TiO2 supported Pt
nanoparticles were synthesized by impregnation method.
Nevertheless, the 0.2 wt % Pt/TiO2 catalyst was nonselective
because Pt nanoparticles with large size (>5 nm) were formed
on TiO2 phase boundaries. Then the authors tried to decrease
the assemblies of accessible Pt atoms by the decoration of
TiOx induced by the strong metal support interaction (SMSI),
which strategy should reach the same goal as the decrease of
the size of Pt, and this time they succeeded. When the 0.2 wt %
Pt/TiO2 was reduced at higher temperature of 450 °C, it was

clearly observed in HRTEM images that the Pt nanoparticles
(particularly the terrace sites) were partially covered by TiOx,
which was also confirmed by CO adsorbed FTIR measure-
ments. In the hydrogenation reaction of 3-nitrostyrene, the
selectivity to 3-vinylaniline increased to 93.1% at a high
conversion of 95.1%. More importantly, this strategy could be
extended to other metals in VIII−X group, such as Ru and Ni.
High selectivity of 90.2% and 96.3% could be achieved on Ni/
TiO2 and Ru/TiO2 reduced at 450 °C at conversions of 93.0%
and 95.1%, respectively. For other substrates with functional
groups of −CHO, −CN, and −I, excellent yields of the
corresponding products could be obtained over these catalysts.
Having established effective methodologies to achieve high

chemoselectivity in the hydrogenation reaction of 3-nitro-
styrene, Corma and co-workers tackled the challenge of low
intrinsic activity of Au/TiO2 and Pt/TiO2 catalysts.

152,265 As
aforementioned, although 1.5 wt % Au/TiO2 showed excellent
chemoselectivity, the activity was too low for practical
applications (TOF = 173 h−1), and thus the reactions need
to be performed at harsh conditions (120 °C, 0.9 MPa H2).

263

Although the 0.2 wt % Pt/TiO2 could be selective under mild
conditions (40 °C, 0.3 MPa H2),

264,299 the TOF value was
only 60 h−1 and the attempt to increase the reaction rate by
increasing the temperature failed because the selectivity
decreased at high temperature. In this regard, they aimed to
enhance the catalytic activity of Au/TiO2 because their high
selectivity could be maintained at high temperature. On the
basis of the H2−D2 exchange experiment, they discovered that
the cleavage of H2 was the rate-determining step in the
hydrogenation reaction over gold.265 Accordingly, they added
trace amount of Pt into Au/TiO2 with the purpose of
promoting the H2 cleavage without affecting the selectivity
(Figure 22a). The results showed that the TOF value of the
1.5% Au@0.01% Pt/TiO2 reached 550 h−1, which was much
higher than that of 0.2% Pt/TiO2 and 1.5 wt % Au/TiO2, and
the selectivity was maintained at high level (>93.4%) (Figure
22b).299 Although the distribution of Pt on the catalysts was
difficult to be characterized by spectroscopic or microscopic
techniques, it was supposed that Pt might exist as tiny clusters

Figure 22. (a) Illustration of hydrogenation of 3-nitrostyrene over Au−Pt/TiO2 catalyst; (b) catalytic performances of Au/TiO2, Pt/TiO2, and
bimetallic AuPt/TiO2 catalysts; (c) illustration of H2 dissociation over isolated Pd atoms in Cu surface. (a) Reproduced with permission from ref
265. Copyright 2009 Elsevier. (c) Reproduced with permission from ref 153. Copyright 2012 The American Association for the Advancement of
Science.
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or single atoms. These atomic dispersion of Pt species is
reminiscent of Cu alloyed Pd single atoms,153 where hydrogen
molecules can be readily dissociated on Pd single atom and
then flow to nearby Cu atoms by spillover (Figure 22c).
Zhang, Wang, and co-workers adopted similar methodology to
improve the catalytic activity of Au/SiO2 by forming AuNi
alloys based on their works on Au based bimetallic
catalysts.30,266 The monometallic Au/SiO2 and Ni/SiO2
catalysts were either not active enough or nonselective for
the hydrogenation of 3-nitrostyrene, however, the bimetallic
AuNi catalysts combined the merits of Au/SiO2 and Ni/
SiO2.

266 In particular, the AuNi3/SiO2 showed the best
catalytic performances, e.g., a selectivity of 93.0% was achieved
at a conversion of 90.8%, and the TOF value was 21.9 h−1,
which was 4-fold higher than that of Au/SiO2 (5.5 h−1) under
mild reaction conditions of 50 °C, 0.3 MPa H2. Notably, SiO2
supported Au nanoparticles (3.7 nm) here showed extremely
high selectivity (99.6%) to 3-vinylamine, which was quite
different from other reports where Au/SiO2 was non-
selective.269 The reason might be the employment of APTES
((3-aminopropyl)triethoxysilane) grafted rather than pristine
SiO2 as the support, by which small sized Au nanoparticles
could be obtained.300 Meanwhile, the surface acidic/basic
property of SiO2 might be modified by the basic amine residue
(APTES). It was also reported that in the hydrogenation of
nitrostyrenes, the reduction of CC was significantly
inhibited by the presence of amines (e.g., triethylamine).261

Similarly, when fibrous nanosilica was modified by poly-
ethylenimine, the supported Pt nanoparticles (1.1 nm) and
pseudosingle atom showed high selectivity (70%) to 3-
vinylaniline at 90% conversion 3-nitrostyrene.267 These results
suggested that proper surface acidity/basicity of the support
also had profound contribution to the chemoselectivity of the
catalyst.269,270

Xiao and co-workers made attempts to improve the catalytic
activity of Au/TiO2 by deliberately placing the Au nano-
particles at the edge/corner sites rather than on the terraces of
TiO2.

268 The edge/corner sites are full of coordinatively
unsaturated Ti3+ sites (i.e., oxygen vacancies), and thereby the
electronic structure of Au nanoparticles was modified by the
charge transfer from Ti3+ to Au.301 In the hydrogenation
reaction of 3-nitrostyrene under conditions of 90 °C, 1 MPa
H2, 4.5 h, high selectivity of 99% to 3-vinylamine was obtained
at a conversion of 99%, and the TOF value reached 279 h−1,
much higher than that (173 h−1) reported by Corma.263

Kinetic studies revealed that when Au nanoparticles located on
the terrace of TiO2, the activation of − NO2 was the rate-
determining step, whereas the dissociation or diffusion of H2
became critical when Au was placed at the corner/edge of
TiO2. Meanwhile, the apparent activation energy was
significantly reduced from 40 to 26 kJ mol−1. In agreement
with kinetic studies, FTIR measurements also revealed that the
defect-rich catalyst had strong adsorption to −NO2 group,
which might be responsible for the high intrinsic activity.
As aforementioned, in the hydrogenation of 3-nitrostyrene

catalyzed by Au/TiO2 (the size of Au was 3.5−4.0 nm), Corma
et al. found that the catalysis was not dependent on the size of
Au nanoparticles, and the reducible TiO2 support was
indispensable for the selectivity.57,263 However, other groups
had distinct discoveries that some nonreducible oxides such as
Al2O3,

269,270 MgAl-HT,271 and ZnAl-HT272,302 supported Au
nanoparticles could also perform well, and the selectivity was
otherwise sensitive to the size of Au. For example, for the γ-

Al2O3 supported Au catalysts,269 with the decrease of the size
of Au nanoparticles from 30 to 2.5 nm, the selectivity to 3-
vinylaniline increased from 6% to 89%. In addition, the
intrinsic activity of Au/Al2O3 (TOF = 6410 h−1) was much
higher than that of Au/TiO2 (TOF = 1440 h−1), although the
selectivity was still lower than the latter (∼95%). Similarly, γ-
Al2O3 supported Ag nanoparticles also exhibited size-depend-
ent catalytic performance.270 When the size of Ag was in the
range of 0.7−1.1 nm, the selectivity to 3-nitrostyrene was in
the range of 88−96%. However, the selectivity decreased to
73% as the size of Ag nanoparticles increased to 3.4 nm and
dramatically to zero when the size was further increased to 25
nm. In situ FTIR measurement results showed that the Al2O3
support, similar to TiO2, could preferentially adsorb the −NO2
group due to the acidic/basic pairs in γ-Al2O3.

57 The OH/D2
isotope exchange experiment showed that molecular H2 could
heterolytically cleaved to ionic H+/H− pairs, which could
preferentially transfer to the polar −NO2 bond, leading to
excellent chemoselectivity.
Au nanoparticles supported on Mg4Al−HT also demon-

strated a size-dependent catalytic performance in the hydro-
genative coupling of 3-nitrostyrene to produce azo com-
pounds.271 When the Au loading decreased from 0.53 wt % to
0.11% (accompanied by the decrease of the size of Au), the
selectivity was improved from 73% to 98%. Zhang, Liu, and co-
workers developed ZnAl-HT supported Au catalysts (Au size:
1.7 nm) (Figure 23, top), which were highly selective for the
preferential hydrogenation of −NO2 group.272 Interestingly,
they are totally inactive for the hydrogenation of the −CC
bond in 3-nitrostyrene even when the reaction time was
extensively prolonged. This behavior was in sharp contrast with
other catalytic systems, where the hydrogenation of −CC
group was unavoidable when the −NO2 group was completely
converted.152 The composition of the HT support played an
important role in the catalysis.302 When the support was
MgAl−HT or CoAl−HT, high chemoselectivity could be
obtained with negligible hydrogenation of the −CC bond.
By contrast, overhydrogenation occurred on Au/NiAl−HT
(Figure 23, bottom). CO-adsorbed FTIR measurements
showed that in the Au/NiAl−HT, the Ni (II) could be
reduced to metallic Ni, which was responsible for the
hydrogenation of −CC bond. On the other hand, the
residual sulfur which was introduced as the ligand of Au might
also contribute to the high selectivity. As sulfur is one type of
Lewis base, they, together with Au (Lewis acid) could form
frustrated Lewis Pairs (FLPs), which would facilitate the
heterolysis of H2 to ionic H+/H−202,303 and consequently
promote the hydrogenation of polar −NO2 group according to
Atsushi Satsuma et al.269

Size-dependent catalysis was also observed in organic
polymers supported Au catalysts. For instance, boronate self-
assemblies supported Au nanoparticles (2.7 nm) afforded a
high selectivity of 94.8% at 96% conversion of 4-nitrostyrene
under reaction conditions of 100 °C, 0.5 MPa H2 and 22 h,
while larger Au nanoparticles with size of 5.5 nm gave much
lower selectivity (72.7%) and activity (conversion 33%).273

FTIR measurements revealed that the boronate support,
prepared by condensation reaction of benzene-1,4-diboronic
acid and pentaerythritol, had strong and preferential
adsorption of −NO2 group, which led to high chemoselectivity.
However, the support was not stable enough that the catalytic
activity decreased significantly (conversion 63%) in the second
run.
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Inspired by the great success of employing small sized
nanoparticles to achieve high chemoselectivity, other strategies
to decrease the assemble size of metal nanoparticles, such as

construction of core−shell structures,60 forming alloys/
intermetallics,277 have been explored to construct chemo-
selective catalysts for the hydrogenation of nitrostyrenes. For
example, core−shell structured Ag@CeO2 nanocomposite
exhibited >99% selectivity to 3-vinylaniline at a conversion of
98% under conditions of 110 °C and 0.6 MPa H2 (Figure
24a,b).60 However, the intrinsic activity of the catalyst was not
high enough, which might arise from the low ability of IB
group metals to dissociate H2. The shell of the Ag@CeO2
catalyst was assembled with spherical CeO2 nanoparticles of
3−5 nm in diameter so that the spaces left between them allow
for the core Ag NPs accessible to reactants (Figure 24a). The
decoration of Ag NPs by CeO2 not only decreased the size of
exposed domains but also created a great many Ag−Ce
interfaces which can heterolytically cleave H2 (Figure 24c).
The heterolysis of H2 to ionic H+/H− was believed to play a
vital role for the chemoselectivity, as they usually preferentially
transferred to polar −NO2 group rather than to nonpolar
−CC group. This core@shell strategy was also demon-
strated in the Pt@MFI catalyst, which afforded 80% selectivity
to 4-vinylaniline at full conversion of the substrate in the
hydrogenation of 4-nitrostyrene under conditions of 80 °C and
1 MPa H2.

274 On the contrary, the selectivity was zero on the
nonencapsulated Pt/ZSM-5.
Construction of bimetallic alloys was another effective route

to achieving high chemoselectivity in the target reaction. Kiwi-
Minsker and co-workers prepared ZnO supported Pt nano-
particle with size of 2.5 nm.275,276 Under a reaction condition
of 70 °C and 1 MPa H2, a 97% selectivity to 3-vinylaniline was
obtained at full conversion of the substrate, and a TOF value as
high as 744 h−1 was achieved. H2-TPR, XRD together with
XPS characterization results suggested the formation of PtZn
alloys, whereby the exposed domains of Pt should be reduced
via the separation of Zn and thus inhibit the structure sensitive
hydrogenation of −CC group. Similar to PtZn, PtBi
bimetallic nanoparticles also showed 96% selectivity at full
conversion under reaction condition of 85 °C and 2 MPa H2 in
the hydrogenation of 3-nitrostyrene.278 XPS characterization
indicated PtBi intermetallics might be formed, and the surface

Figure 23. (top) HAADF−STEM and HRTEM images of the Au25/
MgAl−HT-300 (a1, a2), Au25/ZnAl−HT-300 (b1, b2), and Au25/
NiAl−HT-300 (c1, c2) catalysts. (bottom) The distributions of the
products with reaction time for the hydrogenation of 3-nitrostyrene
over the three catalysts in the presence of H2. Reproduced with
permission from ref 272. Copyright 2018 Elsevier.

Figure 24. (a) HRTEM image and illustration of the single AgNPs@CeO2 nanocomposite; (b) the catalytic performance of AgNPs@CeO2 in the
hydrogenation of 3-nitrostyrene; (c) illustration of H2 dissociation over Ag/HT (c1) and AgNPs@CeO2 (c2). On Ag/HT, H2 undergoes
heterolysis at Ag-support interface and homolysis on Ag nanoparticles. However, H2 dissociates exclusively in the manner of heterolytic cleavage at
the Ag-CeO2 interface over AgNPs@CeO2 catalyst. Reproduced with permission from ref 60. Copyright 2011 John Wiley and Sons.
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of PtBi nanoparticles was rich of Bi. However, severe
segregation of Bi on the surfaces was observed after the
reaction, which led to deterioration of the activity, e.g., in the
second run, the conversion decreased dramatically to 32.4%
with a slight decrease of selectivity (93.2%).
Besides Pt, Rh based alloys and/or intermetallics also

demonstrated improved chemoselectivity in the hydrogenation
of nitrostyrene. Series of Rh-M (M = Bi, Fe, Ga, Ge, In, Ni, Pb,
Sb, Sn, or Zn) alloys and/or intermetallics were screened by
Komatsu and co-workers (Figure 25a,b).277 Under reaction

conditions of 0.5 h, 75 °C and 0.1 MPa, Rh/SiO2 gave the
highest conversion, yet the main product was 4-ethyl-
nitrobenzene. Although the bimetallic Rh-M/SiO2 showed
inferior catalytic activity, the selectivity to 4-vinylamine was
greatly improved. Among them, the RhIn/SiO2 catalyst gave

the highest selectivity (97%) to 4-aminostyrene at a conversion
of 30%, followed by RhSn/SiO2, which afforded a selectivity of
∼95% with a conversion of ∼40%. DFT calculation revealed
that on extensive Rh terrace, the adsorption of −CC was
greatly favored by forming multiple coordination (Figure 25c).
However, in RhIn ordered alloys, the Rh atoms were concave
because of the larger atom radius of In than Rh, as well as the
upshift of In atoms from the original plane resulted from the
surface relaxation. Therefore, the steric hindrance provided by
convex In atoms, together with the reduced assemblies of Rh
by forming alloys, greatly suppressed the adsorption of −CC
bond (Figure 25d). However, the adsorption of −NO2 through
an end-on geometry was not affected by the change of the
structure of catalysts.
Tomishige and co-workers found that when Ru/SiO2 was

modified by Re, Mo, or W, both activity and selectivity could
be significantly improved.279 In the hydrogenation of 3-
nitrostyrene under conditions of 40 °C, 0.3 MPa H2, 2 h, Ru/
SiO2 gave a trace conversion of 2.8% and a selectivity of 73.4%
to 3-vinylamine. However, the conversion was enhanced to
15.3% and the selectivity was increased to 99.5% over the
bimetallic Ru−MoOx/SiO2 catalyst. Similar promotional effect
was also observed on Ru−WOx/SiO2 and Ru−ReOx/SiO2.
When the reaction time was prolonged to 8 h, a high selectivity
of 98% could be obtained at a conversion of 97%.
Characterizations by TEM-EDX, H2-TPR, and CO adsorption
FTIR techniques revealed that metallic Ru nanoparticles were
partially covered by MoOx species, thereby the assemblies of
Ru atoms should be reduced to some degree. Kinetic studies
revealed that when Ru was modified with MoOx, the reaction
order with respect to 3-nitrostyrene concentration decreased
from 0.8 to 0.1, indicating a strong adsorption and saturation
coverage of the substrate on the catalyst surface. However, the
reaction order with respect to H2 pressure increased from 0.6
to 0.9, suggesting the dissolution or diffusion of H2 was the
rate-limiting step. The authors believed that H2 might undergo
heterolytic cleavage to ionic H+/H− pairs at the Ru−MoOx
interfaces, by which the polar −NO2 group was readily
hydrogenated. MoOx supported Pt−Sn bimetallic nano-

Figure 25. (a) HRTEM image and (b) illustration of RhIn
intermetallics. The adsorption patterns of 4-nitrostyrene on
Rh(111) (c) and RhIn(110) (d) surface. On Rh(111) surface,
nitrostyrene can be adsorbed via “end-on” and “lying-down” patterns,
whereas on RhIn(110) surface, the “lying-down” pattern is greatly
prohibited. Adapted with permission from ref 277. Copyright 2016
The Royal Society of Chemistry (RSC).

Figure 26. Adsorption patterns of 4-nitrophenol on PN−CeO2 supported Pd clusters (a) and Pd nanoparticles (b); 4-nitrophenol adsorbs not only
on CeO2, but also on Pd nanoparticles. (c) Co-relationships between the concentration of oxygen vacancies (i.e., Ce(III)) of the catalysts and the
TOF/selectivity. Adapted with permission from ref 281. Copyright 2016 American Chemical Society.
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particles also demonstrated high selectivity to vinylaniline in
the hydrogenation of nitrostyrene under conditions of 30 °C
and 0.1 MPa.280 For example, 90% and 80% selectivity to 4-
vinylaniline and 3-vinylaniline could be achieved at full
conversion of the substrates, respectively. CO-TPD experiment
revealed that with the introduction of Sn, the high temperature
desorption peaks corresponding to CO adsorbed on bridging
and 3-fold Pt sites decreased greatly, suggesting the continuous
Pt ensembles were efficiently separated, which contributed to
the high chemoselectivity.
The chemoselective catalysts for the hydrogenation of

nitroarenes mentioned above generally employ reducible
metal oxide as support (such as TiO2, Fe2O3, ZnO,
CeO2),

60,263,275 therefore, their critical role in catalysis
deserved investigation. Qu and co-workers prepared porous
CeO2 nanorods (PN−CeO2) supported Pd clusters (<1 nm),
which exhibited high catalytic activity (TOF = 44059 h−1) for
the hydrogenation of 4-nitrophenol.281 FTIR measurements
showed that the PN−CeO2 with the higher concentration
(30.8%) of oxygen vacancies had stronger adsorption of −NO2
than nonporous CeO2 nanorods and CeO2 nanoparticles with
lower oxygen vacancies portions of 15.7% and 9.3%,
respectively. DFT calculation also indicated that the adsorption
energy of nitro group on PN−CeO2 was 6.6-fold higher than
that on ideal (111) surface of CeO2 without oxygen vacancies.
Upon calcination under air, the concentration of oxygen
vacancies in the catalyst decreased from 27.4% to 17.5%, while
the reaction rate was reduced from 10900 to 7908 h−1.
Interestingly, the decreasing degree of the reaction rate
(reduced by 1.4-fold) was in line with that of the oxygen
vacancy concentration (decreased by 1.6-fold). These results
demonstrated that the oxygen vacancies in CeO2 served as the
adsorption sites for the −NO2 group (Figure 26a), and its
concentration determined the reduction rate of −NO2 (Figure
26c). On the other hand, the high dispersion of Pd clusters,
which prohibited the coadsorption of several nitro groups and
thus avoided possible side reactions of condensation of the
intermediates (Figure 26b), was also an important factor for
the high selectivity.
Similarly, Xiao’s group also demonstrated that the oxygen

vacancies in reducible metal oxides could preferentially adsorb
the −NO2 group in the hydrogenation of fuctionalized

nitroarenes. They modified TiO2 by doping of atomically
dispersed Sn (Ti/Sn = 123, atomic ratio), and then deposited
Au, Pt, Ru, and Ni on it by a deposition−precipitation (D−P)
method (Figure 27a).58 In the hydrogenation of 3-nitrostyrene,
the doping of Sn significantly improved both the activity and
selectivity. For example, Au/TiO2 gave a selectivity to 3-
vinylaniline of 93.9% at a conversion of 18.9% under the
reaction conditions of 80 °C and 1.3 MPa H2, whereas the Au/
Sn−TiO2-123 catalyst afforded 99.3% selectivity and 99.0%
conversion. For other catalysts, such as Pt/Sn−TiO2-123, Ru/
Sn−TiO2-123, and Ni/Sn−TiO2-123, the selectivity was also
greatly improved from 50.0−66.6% to 90.1−98.4%, along with
the enhancement of activity (Figure 27b). It was found that
upon treatment of the Sn−TiO2-123 support with H2 at 100
°C, oxygen vacancies were created, which then disappeared
when the nitroarene was adsorbed. Meanwhile, FTIR measure-
ment results showed that the −NO2 could be strongly
adsorbed on H2-treated Au/Sn−TiO2-123, whereas no
adsorption band of −CC on the catalyst was found. These
results demonstrated that the oxygen vacancies in the support
acted as active sites to adsorb the −NO2 group (Figure 27c),
which was in good agreement with that of Qu’s group.281

Thus, reducible oxides are the preferred choice of supports for
the selective hydrogenation of nitroarenes because oxygen
vacancies could be easily created on these metal oxides,
especially at the metal−support interfacial sites.304
The driving force for the adsorption of −NO2 group on

oxygen vacancies arises from redox interaction. The oxygen
vacancies, created by removal of one O atom while two
electrons left, have high reduction potential so that they can
even reduce CO2 and H2O to C and H2 at high temperature,
respectively.305 Meanwhile, the −NO2 is a weak oxidizer,
therefore the oxygen vacancy is able to abstract one O atom in
−NO2 to yield −NO group, while the O atom filled in the
vacancy is removed subsequently by H species dissociated on
metal nanoparticles to generate H2O, that is so-called reverse
Mars−van Krevelen mechanism.306 For the adsorption mode,
the O atom in the −NO2 group can interact with the metal
cations (e.g., Ce(III)) nearby the oxygen vacancies in a
perpendicular manner (i.e., end-on) based on DFT calcu-
lations.281 Furthermore, in the −NO hydrogenation steps in
the catalytic circle, the metal cations neighboring to the oxygen

Figure 27. Illustration of (a) single site Sn promoted Au(Pt, Ru, Ni)/TiO2 catalysts, and (c) adsorption pattern of nitrobenzene on oxygen
vacancies sites of Sn-TiO2 support. (b) catalytic performances of Au(Pt, Ru, Ni)/TiO2 in the hydrogenation of 3-nitrostyrene. Adapted with
permission from ref 58. Copyright 2018 Springer Nature.
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vacancies might act as Lewis acid to polarize the −NO bond
by binding to the O end (i.e., −NO···CeIII), which facilitates
the hydride addition to this group and thus improves the
chemoselectivity.
Taken together, some guidelines could be drawn for the

design of efficient catalysts in the selective hydrogenation of
nitroarenes. In these catalysts, oxygen vacancies (or interface
sites) on the support fulfill the role of preferential adsorption
of the −NO2 group, whereas the small metal nanoparticles (or
interface sites) are responsible for the dissociation of H2 and
may also contribute to the adsorption of −NO2 and/or −C
C. In particular, the metal atoms in intimate contact with the
support (i.e., interfacial sites) can contribute to both of the
adsorption of −NO2 and cleavage of H2. Accordingly, it can be
rationally deduced that if the nanoparticles are downsized to
single atom dispersion (i.e., single-atom catalysts, SACs), the
interfacial sites would reach the maximum on one hand, and on
the other hand only one type of active sites would be present.
As such, the adsorption of CC bond would be completely
suppressed, and both high activity and chemoselectivity to the
−NO2 hydrogenation would be achieved.

Motivated by the above hypothesis, Wang and co-workers
explored Pt1/FeOx SAC for the chemoselective hydrogenation
of nitroarenes.282 At mild reaction conditions of 40 °C and 0.3
MPa H2, the Pt1/FeOx SAC afforded a 98.6% selectivity to 3-
vinylaniline at a high conversion of 96.5% (Figure 28c), which
was the best among Pt based catalysts. Thanks to the high
utilization efficiency of Pt atom, the TOF value reached as high
as 11064 h−1, which was 20-fold and 36.9-fold higher than that
of the 1.5% Au@0.01% Pt/TiO2 (TOF = 550 h−1)265 and Pt/
Sn−TiO2-123 (TOF = 300 h−1),58 respectively. H2-TPR
experiment showed that when treated with H2, not only the
Pt(IV) in the catalyst precursor was reduced to Ptδ+(0 < δ <
1), but also the Fe(III) in the support was reduced to Fe(II),
indicating the formation of oxygen vacancies. Interestingly,
with a decrease of Pt loading (accompanied by the decrease of
the size of Pt), the oxidation state of Pt, the molar ratio of
reduced Fe species (Fe3+ to Fe2+) to Pt species (Pt4+ to Ptδ+),
and the selectivity to 3-vinylaniline all increased, and
maximized at a Pt loading of 0.08 wt % (Figure 28b), where
Pt existed as single atoms. These results suggested the
maximization of oxygen vacancies, the slightly positive
oxidation state of Pt, together with the single atom dispersion

Figure 28. (a) HAADF−STEM images of 0.08% Pt/FeOx−R200 SAC; the correlation between TOF/selectivity and the oxidation state (white-line
intensity) of 0.08% Pt/FeOx−R200 SAC. (c) Substrate scope of the hydrogenation of functionalized nitroarenes. (b) Reproduced with permission
from ref 44. Copyright 2018 Oxford University Press. (a,c) Reproduced with permission from ref 282. Copyright 2014 Springer Nature.
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of Pt in the 0.08 wt %Pt/FeOx catalyst contributed to the high
activity and selectivity. DFT calculation results showed the Pt
single atoms occupied the Fe position in the support and
coordinated to neighboring O atoms (Figure 28a).39 These
interfacial O atoms could be readily removed upon treatment
by H2, and the created oxygen vacancies then served as the
adsorption sites for −NO2 group. The employment of FeOx as
support was proved to be indispensable for the high selectivity,
as inferior chemoselectivity was obtained over 0.08 wt % Pt/
SiO2 (46.9%) and 0.08 wt % Pt/Al2O3 (27.8%) in spite of
small size of Pt (<1 nm). The 0.08 wt % Pt/FeOx SAC also
exhibited excellent catalytic performances in CO2-expanded
liquids, a type of solvent that is more environmentally benign
than the traditional organic solvents.283 For example, in CO2-
expanded toluene, a high selectivity of 96% was achieved at a
conversion of 97.8%, while the amount of toluene could be
reduced by 90%.
One major concern for the SACs is the extremely low

density of the active sites (the Pt loading in the above example
was only 0.08 wt %), which will undermine its potential for
practical applications. It is therefore highly desired yet a great
challenge to prepare a practically high loading SAC.
Considering that alkali metals (e.g., Na) can promote the
dispersion of Pt and meanwhile modify the electronic property
of the metal, Wang and co-workers prepared alkali-metal
promoted high-loading Pt/FeOx (5 wt % Na−2.16 wt % Pt/
FeOx) and investigated their performances for the nitroarene
reduction.284 In the hydrogenation reaction of 3-nitrostyrene, a
high selectivity of 97.5% to 3-vinylaniline was obtained at a
conversion of 95.1%. Although the TOF value (1083 h−1) was
slightly lower than that of 0.08 wt % Pt/FeOx (1514 h−1 at 40
°C),282 the mass activity was enhanced by more than 20 times,
which was attractive for practical application. Characterization
results by Mössbauer spectroscopy and XAFS techniques
showed that NaFeO2 species formed on the surface of FeOx,
which species directly interacted with Pt by forming Pt−O−
Na−O−Fe like species, and thereby a great many positively
charged Ptδ+ (0 < δ < 1) single atoms were formed. The
authors also found the NaFeO2 species could strengthen the
adsorption of −NO2 when compared with FeOx, suggesting
the more basic support will be favorable to the adsorption of
acidic −NO2 group. The dissociation of H2 on the Ptδ+ single
atoms, however, was not studied. It can be supposed that they
may follow a heterolysis mechanism similar to that of Pd/TiO2
SAC.66 In that work, through kinetic isotope effect experiment
and nuclear magnetic resonance measurements, Zheng and co-
workers demonstrated that H2 was heterolytically cleaved at
the Pd−O interfaces, forming Pd−Hδ− and O−Hδ+ species.
Above all, the modulation of the size of metal ensembles has

been proved effective to tune the selectivity of the catalysts in
the chemoselective hydrogenation of nitrostyrenes. Besides,
the electronic structure of the active sites also had great
influence on the catalytic performances. In the hydrogenation
of nitrostyrenes, the −NO2 group was electron-deficient,
whereas the −CC group was electron-rich. Accordingly, a
proper density of electron on the catalytic sites should favor
the adsorption of the −NO2 rather than the −CC group.
For example, in TiOx decorated Au, Pt, Ru, and Ni
nanocatalysts developed by Corma’s group,264,299 the
electronic structure of these metal nanoparticles might have
been modified by TiOx because charge transfer generally
occurred simultaneously with SMSI. Analogously, in Pt based
alloys/intermetallics, Pt sites should have high electron density

due to charge transfer.276,277 These electron-rich Pt sites have
stronger affinity to electron-deficient −NO2 group than did
−CC group and thus led to high selectivity. However, when
there is too high electron density on the active sites, the
catalytic performances will be quite different. Zheng’s group
reported that when the Pt nanowires were modified by
ethylenediamine, interfacial electron transfer from N atoms to
Pt occurred.307 The electron-rich Pt atoms favored the
adsorption of electron-deficient −NO2 group, however, the
reaction could not complete but stop at the N-hydroxylanilines
stages because electron-rich Pt promoted the desorption of the
intermediate N-hydroxylanilines, which is also electron-rich.
Baiker and co-workers also observed that acidic reaction media
facilitated the reduction of −CC group, whereas basic
solvent (e.g., triethylamine) significantly facilitated the
reduction of −NO2, yet the products were N-hydroxylani-
lines.261

6.2. Non-noble Metal Catalysts

Despite of the high activity and selectivity being achieved with
the noble metal catalysts, the high price as well as the scarcity
of the noble metals have prompted the intensive research on
non-noble metal catalysts for the chemoselective hydro-
genation of functionalized nitroarenes.
Nickel appears as the first choice thanks to its excellent

activity for hydrogen dissociation. Corma and co-workers
found that when the terraces of Ni nanoparticles were
decorated by TiOx induced by high temperature reduction
(450 °C), highly selective Ni/TiO2 catalysts could be
obtained.264 In the hydrogenation of 3-nitrostyrene under
reaction conditions of 120 °C, 1.5 MPa H2, 3 h, the selectivity
to 3-vinylamine could reach 90.2% at a high conversion of
93.0% (TOF = 26 h−1), whereas under otherwise identical
conditions, the unmodified Ni catalyst only gave a selectivity of
55.3%. Shimazu et al. also made effective catalysts for the
hydrogenation of nitrostyrene by alloying Ni with Sn.285 Under
reaction conditions of 110 °C and 3 MPa H2, 99% selectivity
to vinylaniline could be achieved. The authors proposed that
the high chemoselectivity arose from the electrostatic
interaction between Sn and −NO2 group because Sn in the
catalyst was electropositive, whereas O atoms in −NO2 group
were electronegative. However, the possible contribution of
the weakened adsorption of −CC on decreased assemblies
of Ni atoms separated by Sn could not be excluded.
Hosono and co-workers investigated LaCu0.67Si1.33 inter-

metallic electride compounds for the selective hydrogenation
of nitroarenes.286 The LaCu0.67Si1.33 sample was featured with
high electron density and low work function, which impart to
them superior ability to donate electron to the adsorbed
molecules, e.g., H2. In the H2−D2 exchange reaction, the
activation energy was only 14.8 kJ/mol, which was much lower
than those (36.2−64.1 kJ/mol) on supported Au, Ag, and Cu
catalysts. Accordingly, high catalytic activity (TOF= 5084 h−1)
was obtained in the hydrogenation of nitroarenes under
condition of 120 °C and 3 MPa H2. In addition, the high
electron density of LaCu0.67Si1.33 also facilitated the preferential
adsorption of electron-deficient −NO2 group when other
reducible functional groups (e.g., vinyl) were simultaneously
present, leading to a high chemoselectivity to 4-vinylaniline
(>95%).
In addition to alloying, the engineering of the support

surface can also alter the selectivity of Ni nanoparticles. Wang
and co-workers pretreated activated carbon with nitric acid in
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an attempt to create oxygen-containing functional groups and
then supported Ni species with this surface-modified carbon.
The resultant catalyst gave rise to high catalytic activity and
chemoselectivity in the hydrogenation of functionalized
nitroarenes and α,β-unsaturated nitroarenes.287 For example,
a high selectivity of 97.1% to 3-vinylamine could be obtained at
3-nitrostyrene conversion of 97.9%. Good to excellent yields
(71−95%) of the desired oximes could also be obtained via
hydrogenation of α,β-unsaturated nitroarenes. Notably, the
hydrogenation reaction of nitroarenes was conducted under
conditions of 40 °C and 0.3 MPa H2, which was much milder
than those reported in the literatures.263,264,272 The large
number of oxygen-containing groups on the acid-treated
carbon support not only promoted the high dispersion of Ni
precursors on the support and thus small sized Ni nano-
particles (average size: 5.5 ± 0.8 nm) were formed, but also
facilitated the preferential adsorption of −NO2. Both of the
factors contributed to the high chemoselectivity.
Similarly, the porous graphitic carbon encapsulated Ni

nanoparticles (Ni@C) also gave promising chemoselectivity in
the hydrogenation of funtionalized nitroarenes. The Ni@C
based catalysts were prepared via thermolysis of Ni-containing
MOF composed of NiCl2 and p-benzenedicarboxylic acid at
650 °C under N2 atmosphere.288 In the hydrogenation of 3-
nitrostyrene under reaction conditions of 140 °C and 0.5 MPa
H2, a high selectivity of 95.3% to 3-vinylamine could be
achieved at full conversion, and TOF value was 12.5 h−1. TEM
measurement revealed that most of the Ni nanoparticles were
partially covered by graphitic carbon layers. When the carbon
layers were burned off, the obtained catalysts showed inferior
catalytic activity (conversion 40.8%) and selectivity (88.7%),
suggesting the critical role of the carbon layers, which might
reduce the ensembles of Ni and led to high chemoselectivity.
Corma and co-workers also prepared carbon encapsulated Ni

nanoparticles by coating Ni(OH)2 with glucose, followed by
pyrolysis at 600 °C under Ar tmosphere.292 The Ni
nanoparticles with sizes of tens to hundreds of nanometers
were also covered by graphitic carbon layers, however, a lower
selectivity to 3-vinylamine of 80% was obtained under reaction
conditions of 120 °C and 0.7 MPa H2, which might arise from
the larger size of Ni nanoparticles or assemblies of accessible
Ni atoms.
In 2013, Beller and co-workers reported a kind of N-doped

carbon supported Co3O4 or Fe2O3 nanoparticles, i.e., Co(Fe)−
N−C based catalysts, which demonstrated excellent catalytic
selectivity in the hydrogenation of a variety of functionalized
nitroarenes.289,290 For example, for the most challenging
substrate 3-nitrostyrene, the yield of the desired product 3-
aminostyrene reached above 90% over both Co3O4−N/C and
Fe2O3−N/C. Furthermore, other substrates with various
functional groups, such as amino, halogen, aldehydes, ketones,
nitriles, esters, amides, and alkynes, were well tolerated (Figure
29c). Although the M−N−C (M = Fe, Co, Ni, etc.) based
catalysts had been extensively investigated in electrochemical
reactions earlier,308−311 e.g., the oxygen reduction reaction
(ORR), it was not until Beller and co-workers explored their
catalysis in chemoselective hydrogenation reactions that these
materials have attracted great research interest for green
synthesis of fine chemicals.312−320 In spite of excellent catalytic
performances, the true active species of these materials have
been in great debates, both in electrochemical reactions and
fine chemical synthesis. M−N−C based catalysts were
generally prepared by pyrolysis of mixtures of metal, nitrogen,
and carbon precursors at high temperature (600−1000 °C)
under inert atmosphere. Owing to the complicated trans-
formations at high temperature, various species coexist in these
materials,321 such as metallic nanoparticles, metal oxide, metal
carbide, and nitride,322 and atomically dispersed M−N−C

Figure 29. HAADF-STEM images of Co3O4−N/C catalyst (a) and Fe2O3−N/C catalysts (b); (c) substrate scope of hydrogenation of nitroarenes
over Fe2O3−N/C catalysts. (a) Adapted with permission from ref 289. Copyright 2013 Springer Nature. (b,c) Adapted with permission from ref
290. Copyright 2013 The American Association for the Advancement of Science.
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species that can only be observed under HAADF−STEM with
atomic resolution.323,324 Depending on the choice of the
precursors and preparation methods, different species have
been claimed to be responsible for the catalysis. Beller and co-
workers claimed that Co3O4 nanoparticles with size of 20−80
nm and even hundreds of nanometers partially shielded by
graphitic carbon layers in Co3O4−N/C catalyst (Figure
29a),289 or FeNx species in Fe2O3−N/C catalysts (Figure
29b),290 contributed to the overall catalytic activity in the
hydrogenation reactions, respectively. They found that the
choice of ligands of cobalt, and the pyrolysis temperature had
great influence on the catalytic activity. For instance, only
when phen (phen = 1,10-phenanthroline) was the ligand of
cobalt and when the pyrolysis was conducted at 800 °C could
the catalyst show the best performance. However, the origin of
the impacts of ligands and pyrolysis temperature on catalysis
was not investigated. Therefore, unambiguous identification of
the genuine active sites in the as-prepared M−N−C catalysts is
highly desired for the rational design of less expensive
chemoselective catalysts.
Corma’s group also studied the catalytic performances of

Co−N−C based catalysts for the chemoselective hydro-
genation of 3-nitrostyrene. They prepared the Co@C catalysts
by reduction of Co−EDTA (Ethylenediaminetetraacetic acid)
complexes using H2 at 450 °C.291 The as-prepared catalyst
afforded a high selectivity to 3-aminostyrene of 93% at 95%
conversion under reaction conditions of 120 °C, 0.7 MPa H2.
According to XPS measurement, most of the Co species in the
fresh Co@C catalyst had zero chemical state. When the Co@C
was oxidized under air at 250−450 °C, both the activity and
selectivity declined. However, when the oxidized sample was
again reduced by H2, the catalytic performance was totally
recovered, indicating the metallic Co nanoparticles were the
active sites. The possible contribution of N-containing species
to the catalysis was also investigated. When the Co@C was
treated by dilute acid to remove the cobalt nanoparticles, the
obtained material was totally inactive. Accordingly, the authors
claimed that the doping of nitrogen into the carbon matrix
contributed little to the catalytic activity.
Corma et al. also employed glucose instead of EDTA as the

carbon source to prepare Co@C and bimetallic CoNi@C
catalysts. Co3O4 nanoparticles were first synthesized, which
were then subjected to hydrothermal treatment in glucose
solution followed by pyrolysis of the obtained complex at 600
°C under Ar or N2 atmosphere.292 The as-prepared catalyst
Co@C-glucose showed even higher catalytic activity than the
Co@C-EDTA,291 thus precluding the contribution of surface
N specie in the Co@C-EDTA. In the CoNi@C catalyst
because of the high ability of Ni to dissociate H2, the catalytic
activity was enhanced by 4-fold compared with the
monometallic counterpart Co@C, meanwhile the selectivity
to 3-aminostyrene was well preserved (>97%). The origin of
the high chemoselectivity of Co@C catalyst was studied by
diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) technique. The measurement results showed that
the valence state of cobalt had great influence on the
adsorption mode of the substrate molecules, that is, the
−NO2 group preferentially adsorbed on metallic cobalt
nanoparticles, whereas the −CC adsorbed strongly on
cobalt oxide. Consequently, the preferential adsorption of
−NO2 over −CC group on metallic Co nanoparticles led to
the high chemoselectivity of Co@C. It is surprising that
although the metallic Co nanoparticles in Co@C had large size

of 20−150 nm, they did not adsorb the −CC group at all,
which was quite different from other metals, such as Pt, Ru,
and Ni.264 It might result from the decoration of the graphitic
carbon layer, which reduced the domains of accessible Co
atoms.
Wang and co-workers had different views with Corma. They

found that in the Co−N−C based catalysts, the metallic cobalt,
the graphitic carbon layer, and the doped nitrogen species
played concerted roles in the hydrogenation of nitroarenes.293

The catalysts were made by thermal condensation of mixtures
of D-glucosamine hydrochloride, melamine, and Co(NO3)2·
6H2O at 900 °C under N2 atmosphere. In the hydrogenation
of 3-nitrostyrene performed at 110 °C and 3 MPa H2, a high
selectivity of 98% to 3-vinylamine was achieved at a conversion
of 98%. The metallic Co was totally shielded by carbon shells,
whereas the CoOx nanoparticles was only partially covered by
the carbon layers. When the catalyst was treated by acid, the
conversion and selectivity was only slightly decreased,
indicating the remaining metallic cobalt nanoparticles
protected by carbon shells was more efficient than the CoOx
in catalysis. The N species in the carbon layer was also found
to be indispensable for the catalysis, because catalysts without
N-doping showed worse catalytic activity. DFT calculations
revealed that the graphitic carbon layers, activated by both of
the inner metallic Co nanoparticles and N-doping, served as
the active sites for H2 dissociation. The activation of H2 on this
type of core@shell structured catalysts might follow the
electron tunneling mechanism,325,326 where the electron from
the metal could tunnel through the carbon shell with no more
than three layers.325

Li and co-workers had similar viewpoint to Wang’s, that the
Co nanoparticles, together with the N-doping played vital roles
in the hydrogenation of nitroarenes.294 However, Gascon and
co-workers claimed that both the Co/CoOx nanoparticles and
the CoNx species invisible in TEM images contributed to the
catalysis.295 They prepared Co−N−C based catalysts by
pyrolysis of ZIF-67 at 600−900 °C under Ar atmosphere. In
the hydrogenation of 3-nitrostyrene, a selectivity of 88.7% to 3-
vinylamine could be obtained at a conversion level of 53%
under reaction conditions of 110 °C, 3 MPa, 1 h. When the as-
made samples were treated with dilute HCl solution, the
conversion of nitrobenzene decreased from 99% to 62% with
the loading of cobalt from 37.4 wt % to 13.6 wt %, implying the
Co based nanoparticles indeed took part in the catalysis.
Characterization of the acid-treated materials by energy-
dispersive X-ray spectroscopy (EDS) technique revealed that
in some cloudy-like area, although Co nanoparticles were
absent, cobalt-containing species were detected, which were
ascribed to atomically dispersed Co−Nx species. SCN−

poisoning experiments revealed that upon the addition of
KSCN, the TON value decreased from 53 to 33, indicating the
Co−Nx species also contributed to the catalytic activity.
Notably, during the acid leaching experiment, when aqua regia
was employed instead of dilute HCl, the treated sample was
totally inactive. The reason might be that aqua regia was
strongly oxidative, which might also destroy the Co−Nx
species confined in the carbon matrix besides Co based
nanoparticles.
The argument over the true active species in M−N−C (M =

Fe, Co, Ni, etc.) based catalysts has never stopped. Zhang,
Wang, and co-workers, based on extensive characterizations
and control experimental results, demonstrated that in Co−
N−C based catalysts, the CoOx nanoparticles were just
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spectators, whereas the atomically dispersed Co−Nx moieties
observed by Subångström-resolution high-angle annular dark-
field scanning transmission electron microscopy (HAADF-
STEM) technique, were the true active sites.324 Subsequently,
they prepared a self-supported Co−N−C material where the
cobalt exclusively existed as single atoms (Figure 30a,b), which
showed excellent catalytic performances in the hydrogenative
coupling of functionalized nitroarenes to produce azo
compounds (Figure 30d).296 For the challenging substrate 3-
nitrostyrene, the yield of the desirable product reached as high
as 99%. It is noted that the reaction was conducted at 80 °C
and 3 MPa H2, where the temperature was much lower than
that of the aforementioned Co−N−C based works (usually
above 110 °C).289,291 Characterization of the spent catalysts by
HAADF−STEM as well as the XAFS techniques showed that
cobalt was still dispersed as single atoms without sintering to
clusters or nanoparticles, thus demonstrating unambiguously
that the Co single atoms were the true active sites. The stability

of the cobalt single atoms against aggregation was impressive,
which might arise from their strong coordination with the
pyridinic N in the carbon support. Therefore it is not
surprising that in their later work, Ni−N−C single-atom
catalysts with Ni loading of 7.5 wt % could even tolerate to
harsh reaction conditions of 245 °C, 6 MPa H2 in aqueous
media without sintering.80 By virtue of DFT calculation and
XAFS technique, the structure of the Co−N−C moieties was
identified to be CoN4C8−2O2, where the Co(II) center atom
coordinated with four pyridinic N atoms in the equatorial
graphitic layer, while bonded weakly with two oxygen
molecules in the polar direction (Figure 30c). The pyrolysis
temperature had great influence on the catalytic activity, and
the materials pyrolyzed at 700 °C showed the best catalytic
activity. The reason, according to their another work of Fe−
N−C single-atom catalysts, might be the formation of various
M−N−C moieties with different structures and proportions at
different temperatures.327 On the basis of characterization

Figure 30. (a) Synthesis of Co−N−C SAC; (b) HAADF-STEM images of Co−N−C catalyst; (c) comparison between the K-edge XANES
experimental spectrum of Co−N−C (solid red line) and the theoretical spectrum (black dotted line) calculated with the inset structure; (d)
Substrate scope of the hydrogenation reaction. Reproduced with permission from ref 296. Copyright 2016 The Royal Society of Chemistry (RSC).
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results of Mössbauer spectroscopy technique and selective
poisoning experiments, four different Fe−N−C structures, i.e.,
medium spin Fe−N4, medium spin Fe−N5, low spin and high
spin Fe−N6, were identified. Particularly, the medium-spin
Fe−N5 species mainly formed at 700 °C showed much higher
intrinsic catalytic activity (TOF = 5350 h−1) than low-spin
Fe−N4 (TOF = 533 h−1) and high-spin Fe−N6 (TOF = 160
h−1) species, which were dominantly formed at 600 and 800
°C, respectively. The origin of the high chemoselectivity of
Co−N−C catalyst, on the basis of control experiment and
ATR−FTIR measurements, was ascribed to the preferential
adsorption of −NO2.
That the CoNx species was the true active site for the

selective hydrogenation of nitroarenes was subsequently
demonstrated by Zhang and co-workers.297 They prepared
the catalysts by pyrolysis of cobalt phthalocyanine supported
on SiO2 at 800 °C under N2, followed by treatment with HF or
NaOH. NaOH can only remove the SiO2 support, whereas HF
can dissolve both the SiO2 and Co-containing nanoparticles.
Under the reaction conditions of 110 °C and 0.35 MPa H2, the
HF treated sample showed almost identical catalytic activity to
that treated with NaOH, suggesting the Co-containing
nanoparticles were just spectators in catalysis, whereas the
CoNx species, which were not visible under traditional TEM,
were the true active species. Even under mild reaction
conditions of 40 °C and 0.1 MPa H2, the HF treated sample
could afford complete conversion of the substrate, although
longer time was required, and the chemoselectivity to 3-
aminestyrene could be as high as 97%. The reaction
mechanism was also studied by kinetic experiments, and a
direct reaction pathway was proposed, which was in contrast
with that of Wang, Zhang, and co-workers, where the reaction
followed a condensation route because of the presence of
NaOH.296 Unfortunately, the structure of the CoNx species
was not given.
In the above-mentioned Co−N−C based catalysts, two

types of active species exist, one is the carbon decorated
metallic Co nanoparticles and the other is the atomically
dispersed Co−N−C moieties.289,291,296,297 Which species is
dominating the catalysis will be dependent on the preparation
methods of the catalysts as well as the reaction conditions.
For Co-containing nanoparticles, two factors govern their

chemoselectivity in the hydrogenation of nitrostyrenes. One is
their chemical state. As demonstrated by Corma et al., the
CoOx species have strong adsorption to −CC group,
whereas only metallic Co nanoparticles can preferentially
adsorb −NO2.

291,292 As a thin layer of CoOx tends to form on
metallic Co when exposed to air, only when the CoOx species
were reduced could the catalysts exhibit high chemoselectivity.
The other factor is the size of Co nanoparticles. Co-based
nanoparticles obtained via high temperature pyrolysis generally
have large size of tens to hundreds of nanometers, which favors
the adsorption of the −CC group. Therefore only when
these nanoparticles were partially or totally covered by
graphitic carbon layers can the hydrogenation of −CC
group was effectively suppressed. However, the decoration by
carbon layers decreases their intrinsic activity, and thus the
reactions need to be carried out under relatively high
temperature and hydrogen pressure (e.g., temperature ≥110
°C).
By contrast, the atomically dispersed Co−N−C species are

not sensitive to air and/or moisture, therefore they can be
handled under ambient conditions.296 In addition, the

activation of H2 on these single sites might follow a heterolysis
rather than homolysis mechanism. Beller et al. found that the
basic N species in the carbon matrix played a vital role in the
heterolytic dissociation of H2 into a hydride and a proton.84

Zhang, Wang, and co-workers also demonstrated by DFT
calculations that over the atomically dispersed Ni−N−C
catalysts, H2 underwent heterolysis to H+ and H−.80 The Ni−
N−C was believed to play a role similar to the frustrated Lewis
pairs (FLP), which is well-known in homogeneous cataly-
sis.72−75 Therefore, the heterolytic dissociation of H2, together
with the high atom utilization of cobalt, furnished the catalysts
with high catalytic activity and selectivity so that the reaction
could be conducted under mild conditions (e.g., 40 °C and 1
atm H2). However, the structure of Co−N−C species is greatly
dependent on the metal precursor employed and the pyrolysis
temperature. Generally, only transition metal complexes with
N-containing aryl or macrocyclic ligands can generate highly
efficient M−N−C catalysts because of the formation of
graphitic carbon layers wherein the M−N−C moieties are
imbedded.309,328 The temperature also had great impact on the
structure of M−N−C. For example, Zhang, Wang, and co-
workers discovered that various structured Fe−N−C moieties
could be formed at 600−800 °C, of which the Fe−N5 species
with the highest catalytic activity was mainly generated at 700
°C.327 In addition, in all of the Fe−N−C species, the Fe−N5
species only accounts for a small proportion (∼28%), leaving
large room for the preparation of more active M−N−C based
catalysts with homogeneous composition and structure on an
atomic level (e.g., exclusively Fe−N5 structure).

6.3. Summary

For the chemoselective hydrogenation of nitroarenes, hetero-
geneous catalysts from supported metal nanoparticles to single
atoms have been developed so far. On the basis of the
understanding of the reaction mechanism, some guidelines can
be drawn for the design and development of efficient and
selective catalysts.
First, the “geometric” modulation. As the hydrogenation of

vinyl and nitro groups require different metal ensembles, i.e.,
the reduction of CC bond is structure sensitive, whereas that
of −NO2 group is insensitive, decreasing the assemble of
accessible metal atoms is able to suppress the hydrogenation of
CC while not affecting the −NO2 group. Accordingly, many
strategies have been developed to decrease the ensembles of
metal nanoparticles, such as selective poisoning by organic
surfactants, forming alloys, and partially covering the metal
nanoparticles through SMSI. These methodologies moderately
or even greatly improved the selectivity, however, the catalytic
activity was more or less lost due to the low atom utilization
efficiency. Among others, the construction of single-atom
catalysts, where the metal ensembles are downsized to the
lowest limit, prevents the reduction of vinyl group to the most
extent, and thus shows superior selectivity to their nanoparticle
counterparts.
Second, the “electronic” modification. The CC and −NO2

groups have different electron density, i.e., −CC is electron-
rich whereas the −NO2 is electron-deficient. Therefore,
nucleophilic sites on the catalysts should strongly adsorb
−NO2 while repelling the CC group. Accordingly, method-
ologies to fabricate catalysts with high electron density, such as
the employment of reducible metal oxide rich of oxygen
vacancies as the support and the modification of the support
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with organic amines, have been developed to achieve high
selectivity for −NO2 adsorption.
Third, the heterolytic dissociation of H2. In this reaction

pathway, H2 is cleaved to ionic H+/H− pairs, which prefer to
reduce the polar −NO2 rather than the nonpolar CC group.
The heterolysis of H2 is considered to occur on the metal−
support interfacial sites that are maximized in SACs, thus
rendering SACs with excellent chemoselectivity.
On the basis of the above analysis, SACs are more promising

for the hydrogenation of functionalize nitroarenes than their
nanoparticle counterparts. In fact, regarding the true active
species, the nanocatalysts (e.g., partially covered by reducible
oxide) share some similarities with SACs, i.e., in both cases the
metal−support interfaces serve as the active species for the
activation of both nitroarenes and hydrogen. However, subtle
differences still exist in terms of coordination environment and
electronic structures in the two catalytic systems. In SACs, the
metal single atoms are exclusively surrounded by heteroatoms
in the support, whereas in nanocatalysts, the metal atoms at the
interface are still partially coordinated to the subsurface atoms
within the nanoparticles, which might render interfacial atoms
with higher electron density and consequently enhance the
intrinsic catalytic activity. In this sense, by modulating the
coordination environment and electronic structure of single
atoms, both highly active and chemoselective SACs can be
expected.

7. CONCLUSIONS AND PERSPECTIVES
In summary, the selective hydrogenation reactions are
important transformations for both petrochemical and fine
chemical industries, yet when two or multireducible functional
groups coexist, the chemoselective reduction of the target one
remains challenging. Typical reactions include the semi-
hydrogenation of alkynes/dienes to monoenes, chemoselective
hydrogenation of α,β-unsaturated aldehydes/ketones to
unsaturated alcohols, and substituted nitroarenes to anilines.
The common characteristics of the three types of reactions lie
in that the chemoselectivity arises from the preferential
adsorption of the desired group to the undesired one. In
other words, the adsorption mode of the multifunctional group
substrates (e.g., substituted nitroarenes or α,β-unsaturated
aldehydes/ketones) or of the product (e.g., monoenes in the
semihydrogenation of alkynes/dienes) dictates the chemo-
selectivity; only when the substrate adsorbs via an end-on
mode or when the product adsorbs via a weak π-bonding mode
on the active sites can a high chemoselectivity be obtained.
Therefore, engineering the geometric configuration of the
active sites so that it interacts with the reactant or product via
the desired manner has become the most important strategy to
accomplish the chemoselective hydrogenation. On the basis of
experimental and theoretical studies, isolated active sites can
perfectly meet the requirement for end-on adsorption of the
multifunctional group substrates and π-bonding adsorption of
monoenes. Toward the isolation of active sites, various
approaches have been developed, including adsorption/
grafting of N/S-containing organic molecules on the metal
surface, partial covering of active metal surface by metal oxides
either via doping or through SMSI, confinement of active
metal NPs in micro- or mesopores of the supports, formation
of bimetallic alloys or intermetallics or core@shell structures
with a relatively inert metal (IB and IIB) or nonmetal element
(B, C, S, etc.), and construction of SACs on reducible oxides
or inert metals (SAAs) (Figure 1). All these approaches have

been proved effective for the enhancement of chemoselectivity
by virtue of isolation of active sites. By comparison of these
approaches (Tables 1−4), one can see that SACs and
intermetallics appear as the most promising as both of them
provide a completely isolated environment of active sites.
Moreover, in terms of atom utilization efficiency, SACs are
more desirable because each and every catalytically active
metal atoms are exposed and accessible to reactants, which is
of particular importance for expensive noble metal catalysts.
Although exciting and encouraging advances have been

made in the chemoselective hydrogenation reactions using the
“active site isolation” strategy, some challenges are yet to be
addressed in both fundamental studies and practical
applications:
1. Achieving both high activity and chemoselectivity: For

most of the approaches toward the “active site isolation”, a
high chemoselectivity is often accompanied with a certain loss
of activity, the so-called “seesaw effect”, which is particularly
remarkable when the isolation of active metal atoms is
accomplished by means of adsorption of organic modifiers or
doping/encapsulation of inorganic oxides on the surface of
metal NPs. In fact, even by forming alloys or intermetallics
with the second metal, the enhancement of chemoselectivity is
also, in many cases, at the cost of activity loss. The underlying
reason is that the change of geometric structure is concomitant
with the alteration of electronic structure, and the chemical
bonding of the active metal with the modifier (organic or
inorganic, or the second inert metal) will not only weaken the
adsorption of the product molecules but also simultaneously
weaken the adsorption of reactant molecules (e.g., H2) based
on the scaling relationship.42,329 Therefore, to achieve high
chemoselectivity without compromising the activity, one needs
to develop novel strategies to break the limit of scaling
relationship. One promising approach toward this direction is
to construct single-atom catalysts with tunable coordination
environment.327,330 On one hand, the single-atom dispersion
meets the “site isolation” requirement for high chemo-
selectivity; on the other hand, the coordination environment
is tuned for electronic modification of the active site so that it
can effectively activate the reactant molecules. The other
effective approach is to fabricate the bifunctional catalysts
where hydrogen activation and hydrogenation reaction occur
at different sites. Both the single-atom alloy (SAA) catalysts
and the reducible oxide supported single atoms belong to this
approach.
2. Catalyst durability: Catalyst durability is even more

important than activity for the practical applications. For
liquid-phase hydrogenation reactions which are normally
operated under mild conditions, the catalyst durability appears
not a serious problem. Nevertheless, the catalysts modified
with organic surfactants may take the risk of leaching of
organic modifier in the liquid phase, which will destroy the
isolation of active metal and eventually loss of chemo-
selectivity. Compared to the liquid-phase reactions, greater
challenges are posed in the gas-phase hydrogenation reactions.
For example, in the semihydrogenation of acetylene, most of
the reported work only provided a short-term stability test
(<100 h) and even in this case a declining tread in both activity
and chemoselectivity is often observed. However, the industrial
operations require at least a several-month stability. Consid-
ering that the phase segregation is ubiquitous in bimetallic
alloys and the isolated single atoms tend to aggregate under
reducing atmosphere, the stability of both SACs and SAAs
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need to be carefully investigated for a long-term operation.
Toward this goal, operando studies are required to provide a
molecular understanding of the dynamics of the active site
structure, and modifiers to stabilize and maintain the isolated
site structure need to be developed in addition to the existing
stabilizing effect by the support or the alloy structures.
3. Mechanism understanding: While it has been well

accepted that the geometric effect, in particular the site
isolation, predominates the chemoselectivity, the role of the
spacer/isolator, including the support, the second metal, or the
organic/inorganic modifiers should not be limited to the
geometry modulator. Instead, it also functions as the electronic
modifier. In this respect, the support or the second metal or
the other modifiers should be chosen toward both isolating the
active metal atoms and positively tuning the electronic
properties of the active metal for activating H2 molecules.
This relies on both theoretical studies of different metal/
modifier combinations for electronic interactions and atomic/
molecular characterizations of the catalyst structure and
interaction with the reactants with advanced operando
technologies. On the other hand, reaction kinetics need to
be investigated for a more comprehensive understanding of the
reaction mechanism. In fact, the chemoselective hydrogenation
of one group over the other groups is not only dependent on
the active site structure but also on hydrogen coverage.93,134 At
a relatively high hydrogen coverage, deep hydrogenation of all
the reducible groups can also occur. Therefore, it is important
to make it clear how the active site structure influence the
hydrogen coverage as well as the reaction rate, and how these
can be tuned by operating parameters in addition to the
catalyst itself.
Lastly, the fundamental principles drawn from the hydro-

genation reactions may also be applicable for other reactions.
For example, coking is the main problem for dehydrogenation
of alkanes to produce alkenes industrially.331 While SACs are
known to effectively prohibit the formation of coke in
semihydrogenation of acetylene, they might also be efficient
catalysts for dehydrogenation reactions. Very recent reports
have approved this deduction.182,332−334
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Effective hydrodeoxygenation of biomass-derived oxygenates into
unsaturated hydrocarbons by MoO3 using low H2 pressures. Energy
Environ. Sci. 2013, 6, 1732−1738.
(307) Chen, G.; Xu, C.; Huang, X.; Ye, J.; Gu, L.; Li, G.; Tang, Z.;
Wu, B.; Yang, H.; Zhao, Z.; et al. Interfacial electronic effects control
the reaction selectivity of platinum catalysts. Nat. Mater. 2016, 15,
564−569.
(308) Liang, Y.; Li, Y.; Wang, H.; Zhou, J.; Wang, J.; Regier, T.; Dai,
H. Co3O4 nanocrystals on graphene as a synergistic catalyst for
oxygen reduction reaction. Nat. Mater. 2011, 10, 780−786.
(309) Wu, G.; More, K. L.; Johnston, C. M.; Zelenay, P. High-
performance electrocatalysts for oxygen reduction derived from
polyaniline, iron, and cobalt. Science 2011, 332, 443−447.
(310) Ramaswamy, N.; Tylus, U.; Jia, Q.; Mukerjee, S. Activity
descriptor identification for oxygen reduction on nonprecious
electrocatalysts: linking surface science to coordination chemistry. J.
Am. Chem. Soc. 2013, 135, 15443−15449.
(311) Chung, H. T.; Won, J. H.; Zelenay, P. Active and stable
carbon nanotube/nanoparticle composite electrocatalyst for oxygen
reduction. Nat. Commun. 2013, 4, 1922.
(312) Banerjee, D.; Jagadeesh, R. V.; Junge, K.; Pohl, M. M.; Radnik,
J.; Bruckner, A.; Beller, M. Convenient and mild epoxidation of
alkenes using heterogeneous cobalt oxide catalysts. Angew. Chem., Int.
Ed. 2014, 53, 4359−4363.
(313) Stemmler, T.; Westerhaus, F. A.; Surkus, A.-E.; Pohl, M.-M.;
Junge, K.; Beller, M. General and selective reductive amination of
carbonyl compounds using a core−shell structured Co3O4/NGr@C
catalyst. Green Chem. 2014, 16, 4535−4540.
(314) Jagadeesh, R. V.; Junge, H.; Beller, M. Green synthesis of
nitriles using non-noble metal oxides-based nanocatalysts. Nat.
Commun. 2014, 5, 4123.

(315) Stemmler, T.; Surkus, A. E.; Pohl, M. M.; Junge, K.; Beller, M.
Iron-catalyzed synthesis of secondary amines: on the way to green
reductive aminations. ChemSusChem 2014, 7, 3012−3016.
(316) Jagadeesh, R. V.; Natte, K.; Junge, H.; Beller, M. Nitrogen-
Doped Graphene-Activated Iron-Oxide-Based Nanocatalysts for
Selective Transfer Hydrogenation of Nitroarenes. ACS Catal. 2015,
5, 1526−1529.
(317) Chen, F.; Surkus, A. E.; He, L.; Pohl, M. M.; Radnik, J.; Topf,
C.; Junge, K.; Beller, M. Selective Catalytic Hydrogenation of
Heteroarenes with N-Graphene-Modified Cobalt Nanoparticles
(Co3O4-Co/NGr@α-Al2O3). J. Am. Chem. Soc. 2015, 137, 11718−
11724.
(318) Chen, F.; Kreyenschulte, C.; Radnik, J.; Lund, H.; Surkus, A.-
E.; Junge, K.; Beller, M. Selective Semihydrogenation of Alkynes with
N-Graphitic-Modified Cobalt Nanoparticles Supported on Silica. ACS
Catal. 2017, 7, 1526−1532.
(319) Chen, F.; Topf, C.; Radnik, J.; Kreyenschulte, C.; Lund, H.;
Schneider, M.; Surkus, A. E.; He, L.; Junge, K.; Beller, M. Stable and
Inert Cobalt Catalysts for Highly Selective and Practical Hydro-
genation of C≡N and C = O Bonds. J. Am. Chem. Soc. 2016, 138,
8781−8788.
(320) He, L.; Weniger, F.; Neumann, H.; Beller, M. Synthesis,
Characterization, and Application of Metal Nanoparticles Supported
on Nitrogen-Doped Carbon: Catalysis beyond Electrochemistry.
Angew. Chem., Int. Ed. 2016, 55, 12582−12594.
(321) Kramm, U. I.; Herranz, J.; Larouche, N.; Arruda, T. M.;
Lefevre, M.; Jaouen, F.; Bogdanoff, P.; Fiechter, S.; Abs-Wurmbach,
I.; Mukerjee, S.; et al. Structure of the catalytic sites in Fe/N/C-
catalysts for O2-reduction in PEM fuel cells. Phys. Chem. Chem. Phys.
2012, 14, 11673−11688.
(322) Wang, J.; Wang, G.; Miao, S.; Jiang, X.; Li, J.; Bao, X.
Synthesis of Fe/Fe3C nanoparticles encapsulated in nitrogen-doped
carbon with single-source molecular precursor for the oxygen
reduction reaction. Carbon 2014, 75, 381−389.
(323) Zitolo, A.; Goellner, V.; Armel, V.; Sougrati, M. T.; Mineva,
T.; Stievano, L.; Fonda, E.; Jaouen, F. Identification of catalytic sites
for oxygen reduction in iron- and nitrogen-doped graphene materials.
Nat. Mater. 2015, 14, 937−942.
(324) Zhang, L.; Wang, A.; Wang, W.; Huang, Y.; Liu, X.; Miao, S.;
Liu, J.; Zhang, T. Co−N−C Catalyst for C−C Coupling Reactions:
On the Catalytic Performance and Active Sites. ACS Catal. 2015, 5,
6563−6572.
(325) Deng, D.; Yu, L.; Chen, X.; Wang, G.; Jin, L.; Pan, X.; Deng,
J.; Sun, G.; Bao, X. Iron encapsulated within pod-like carbon
nanotubes for oxygen reduction reaction. Angew. Chem., Int. Ed. 2013,
52, 371−375.
(326) Fu, T.; Wang, M.; Cai, W.; Cui, Y.; Gao, F.; Peng, L.; Chen,
W.; Ding, W. Acid-Resistant Catalysis without Use of Noble Metals:
Carbon Nitride with Underlying Nickel. ACS Catal. 2014, 4, 2536−
2543.
(327) Liu, W.; Zhang, L.; Liu, X.; Liu, X.; Yang, X.; Miao, S.; Wang,
W.; Wang, A.; Zhang, T. Discriminating Catalytically Active FeNx
Species of Atomically Dispersed Fe-N-C Catalyst for Selective
Oxidation of the C-H Bond. J. Am. Chem. Soc. 2017, 139, 10790−
10798.
(328) Proietti, E.; Jaouen, F.; Lefevre, M.; Larouche, N.; Tian, J.;
Herranz, J.; Dodelet, J. P. Iron-based cathode catalyst with enhanced
power density in polymer electrolyte membrane fuel cells. Nat.
Commun. 2011, 2, 416.
(329) Nørskov, J. K.; Bligaard, T.; Logadottir, A.; Bahn, S.; Hansen,
L. B.; Bollinger, M.; Bengaard, H.; Hammer, B.; Sljivancanin, Z.;
Mavrikakis, M.; et al. Universality in Heterogeneous Catalysis. J.
Catal. 2002, 209, 275−278.
(330) Darby, M. T.; Stamatakis, M.; Michaelides, A.; Sykes, E. C. H.
Lonely Atoms with Special Gifts: Breaking Linear Scaling Relation-
ships in Heterogeneous Catalysis with Single-Atom Alloys. J. Phys.
Chem. Lett. 2018, 9, 5636−5646.
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