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ABSTRACT: Ligand utilization is a necessary and powerful technique for the colloidal
synthesis of nanoparticles (NPs) with controllable sizes and regulated morphologies. For
catalysis applications, it is commonly believed that surface ligands on metal NPs block
the active catalytic sites and reduce the catalytic activity. Nevertheless, since 2010, an
increasing number of research groups have demonstrated the unexpected beneﬁts of
ligands that improve catalytic activity and/or selectivity. These beneﬁts can be ascribed
to the construction of an inorganic−organic interface, through which a series of factors,
such as steric, electronic, and solubility eﬀects, can be utilized to produce favorable
changes to the interfacial environment. Considering the tremendous number of
developments in this emerging research ﬁeld, it is necessary to compile a comprehensive
and systematic overview of recent advances. In this Review, we summarize the critical
impacts of ligands on heterogeneous nanocatalysis. First, we introduce the vital roles of
ligands in colloid syntheses for controllable sizes and regulated shapes. Second, the
detrimental eﬀects of ligands for nanocatalysis are described on the basis of traditional
views. Third, a series of strategies for ligand removal are reviewed and compared. Fourth, on the basis of research that has been
conducted in the past decade, the three main beneﬁcial ligand eﬀects (steric, electronic, and solubility) on heterogeneous
nanocatalysis are classiﬁed and discussed. For each eﬀect, the possible corresponding beneﬁcial mechanism is presented, and typical
examples are provided. Recent advances regarding density functional theory (DFT) calculations and the regulation of ligand surface
coverage have been dedicated to explaining the ligand-promotion mechanism in nanocatalysis and searching for optimal
nanocatalysts. Fifth, the stabilities of cutting-edge ligand-capped nanocatalysts before and after catalytic reactions are discussed.
Finally, we highlight the remaining challenges and propose future perspectives. Although much progress has been achieved, the
impacts of ligands on the catalytic activities of nanocatalysts are multifaceted and still debatable. We hope this Review will deepen
readers’ understanding of the actual impacts ligands have on heterogeneous catalysis.
KEYWORDS: ligand, colloidal synthesis, ligand removal, heterogeneous catalysis, oxygen reduction reaction, CO2 reduction

1. INTRODUCTION

During the past several decades, the rapid development of
solution-based colloidal synthesis has largely facilitated the
controlled synthesis of nanocatalysts.8 The selective binding of
organic ligands (also called capping agents) on the surface
enables us to precisely control NP size, shape and composition
(i.e., surface structure).9 However, the presence of such ligands
is traditionally believed to hinder the catalytic active sites and
therefore lower the activity.9,10 To solve this problem, diﬀerent
strategies have been developed to gently remove ligands from
synthesized NPs without altering the surface environments of
the NPs.

Catalysis plays an important role in chemical reactions. Through
the use of catalysts, chemical reactions that are not selective can
become selective and those that originally need a high
temperature or high pressure can be performed at a lower
temperature or lower pressure.1 Compared with homogeneous
catalysts, heterogeneous catalysts can be applied in continuous
process operation, which enables the large-scale production of
industrial chemicals. In industry, approximately 80% of
chemicals are produced by catalytic reactions.2 Heterogeneous
catalysis accounts for approximately 80 to 90% of these
reactions.3 A large proportion of industrial catalysts are highly
dispersed small nanoparticles (NPs, less than 25 nm).4 These
NPs usually show much better catalytic activities than their
corresponding bulk materials because of their signiﬁcantly
enhanced surface/volume ratio as well as their unique surface
microenvironments (composition and electronic structure).5−7
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Figure 1. Representative ligands commonly used in colloidal synthesis.

It is interesting to note that increasing functional groups have
recently been used to demonstrate the beneﬁcial roles of surface
ligands in improving the activity or selectivity of nanocatalysts.
The question of whether ligands should be removed has
subsequently emerged. In fact, the presence of ligands on metal
surfaces introduces additional complexities to this metal−
organic system, including the steric eﬀect between ligands and
reactants, electron transfer through the metal−organic interface,
and the uncertain coverage density of ligands. It is thus essential
to provide a comprehensive and systematic summary of the
detrimental and beneﬁcial impacts of ligands on heterogeneous
nanocatalysis, possibly accelerating the development of nanoparticle-based catalysis.
In the past several years, there has been a rapid increase in the
number of publications on the impacts that ligands have on
heterogeneous nanocatalysis,11 and there have also been some
reviews published on the impacts of ligands.9,12−14 However, a
review that comprehensively and systematically introduces the
ligand fates from synthesis to catalysis (ligand binding, ligand
prohibiting, ligand removal, ligand promoting, the promoting
mechanism, ligand coverage and ligand stability) is lacking; such
a comprehensive review is very important for the exploitation of
cost-eﬀective and highly eﬃcient heterogeneous nanocatalysts.
In this Review, we systematically summarize the important
progress that has occurred in the past 10 years regarding the
critical roles of ligands from synthesis to catalysis. This Review
starts from a discussion of the important roles of ligands in
colloidal synthesis, which is a useful and powerful method for
engineering nanocrystals of diﬀerent shapes and sizes for
multiple catalytic applications. From a traditional perspective,
the capping of the surface ligands blocks the catalytic active sites
on the colloidally synthesized nanocatalysts. The removal of
ligands would therefore beneﬁt catalysis, and only surfacecleaned catalysts can be used to reveal the nature of this
enhanced catalytic activity. Thus, various strategies of ligand
removal are presented and compared. More recent research
results have reported that appropriate modiﬁcations by ligands
on nanoparticle-based catalysts can dramatically improve the
activity/selectivity of speciﬁc catalytic reactions. On the basis of
these reports, three beneﬁcial ligand eﬀects (steric, electronic,
and solubility) on heterogeneous nanocatalysis are highlighted.
Furthermore, recent advances regarding density functional

theory (DFT) calculations and the regulation of ligand surface
coverage have been dedicated to explaining the ligandpromotion mechanism in nanocatalysis and searching for
optimal nanocatalysts. Finally, the stability of ligand-promoted
nanocatalysts before and after catalytic reactions is carefully
discussed; this stability is very important for potential industrial
applications in the future. We believe this Review can provide
important insights into the major challenges in this research ﬁeld
and present inspiring perspectives for future research.

2. THE VITAL ROLES OF LIGANDS IN COLLOIDAL
SYNTHESIS
As mentioned above, engineering NPs of diﬀerent sizes or
shapes is very important for determining the interrelation
between the surface properties and catalytic activities of NPs.
Colloidal synthesis (or a wet-chemical route) is a very powerful
technology that is used to prepare NPs of diﬀerent sizes or
shapes.11,15 The ligands play a central role in this synthesis; they
can bond strongly to the NP surfaces, inhibiting overgrowth and
aggregation of metal NPs.16 More importantly, the facetselective adsorption of ligands on NPs can be used to synthesize
NPs with diﬀerent shapes and speciﬁc exposed facets.8
Diﬀerent kinds of ligands have been reported to play key roles
in the colloidal synthesis of faceted NPs. Figure 1 shows some
typical examples of ligands that have been employed in colloidal
synthesis. These ligands include amines, thiols, sodium acetate,
triphenylphosphine (TPP), trioctylphosphine (TOP), poly(vinylpyrrolidone) (PVP), poly(vinyl alcohol) (PVA), and
cetyltrimethylammonium bromide (CTAB). In addition, other
ligands, such as oleic acid (OA), N-heterocyclic carbine (NHC),
polyallylamine (PAA), polyethylenimine (PEI), ascorbic acid
(AA), dioctadecyldimethylammonium chloride (DODAC),
deoxyribonucleic acid (DNA), pluronic polyol F127, and ionic
liquid (IL), are also widely used.
2.1. The Formation of the Metal−Ligand Interface.
Colloidal synthesis is a process in which solid-phase metal NPs
evolve from liquid-phase soluble metal precursor(s). Application of a reducing agent is necessary to reduce the metal
precursor in a solvent containing one or more ligands at a
suitable temperature. The widely accepted generation process
can be divided into the two steps of nucleation and growth.17 (1)
Nucleation refers to the generation of nuclei (assembled atoms
6021
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Figure 2. Schematic diagram of the synthetic formation process of Au NPs by using the sodium citrate ligand. Reproduced with permission from ref 21.
Copyright 2010 American Chemical Society.

Figure 3. Stabilization of colloidal-synthesized NPs by electrostatic (a) or steric eﬀects (b).

method by adopting X-ray absorption near edge spectroscopy
(XANES) and small-angle X-ray scattering (SAXS) analysis to
provide operando information (Figure 2).21 It was demonstrated that the synthetic process could be further divided into
four steps: (1) nucleation, (2) growth by aggregation, (3) slow
further growth, and (4) fast ﬁnal growth. In each step, the
sodium citrate ligand played a critical role in promoting and/or
protecting Au NP formation by developing metal−ligand
interfaces.
Noting that the synthetic process of solid metal NP formation
from liquid metal precursors is very important and complicated,
various research groups have reviewed the details regarding
colloidal synthesis.22−25 However, if we consider only the ﬁnal
product (namely, ligand-capped NPs) and combine diﬀerent
physical characterization methods, we can understand how the
ligand is coordinated on the surfaces of the metal NPs.
Generally, the ligands mentioned above are coordinated on
the metal NP surfaces by ligating atoms (such as N, O, P, S, etc.)
in the ligands based on the existence of lone pairs in these atoms.
The coordination bond can form when the empty orbitals of the

or nanoclusters) from the reduction and/or decomposition of a
metal precursor. In this step, the most critical factor that
determines the nucleated structure is the initial reaction rate,
which can be inﬂuenced by the reducible capacity of the metal
precursor, the capping ability of the ligand, the reducing ability
of the reducing agent, and the temperature.18 (2) The growth
step refers to the process of further growth on the nuclei, which
evolve into nanocrystals with diﬀerent sizes and shapes through
atomic deposition or oriented addition. In this step, the size and
shape of the generated NPs can be varied, depending on the
diﬀerent growth processes (thermodynamic control and/or
kinetic control).19 A representative example in colloidal
synthesis is the synthesis of Au NPs by sodium citrate ligands.20
In the system, the sodium citrate ligand also acts as the reducing
agent, which simpliﬁes the explanation of the synthetic process
mechanism. Although this is a relatively simple and widely
studied colloidal-synthesis system, the underlying mechanism is
still complicated and requires new insights based on in situ
characterizations. Kraehnert and co-workers studied the
formation mechanism of Au NPs with the sodium citrate
6022
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Figure 4. Schematic illustration of the critical roles of ligands in regulating NP size.

combination of electrostatic and steric stabilization. Some ionic
ligands with long chains, such as CTAB and some long chain ILs,
usually provide stabilization by the combination of both
electrostatic and steric stabilizations. Ionic ligands with long
chains featuring polar head groups produce a double electric
layer on the NP surfaces, and the tail groups of these ligands are
hydrophobic, inducing steric crowding between the NPs.
2.3. The Roles of Ligands in Regulating the Size of NPs.
As mentioned above, colloidal synthesis requires the application
of metal precursors, capping ligands, reducing agents, solvents,
and an appropriate temperature. One can tailor the size of
synthesized NPs by varying the concentration and type of metal
precursor, capping ligand, and reducing agent and by regulating
the temperature. The inﬂuences of these components are
slightly complicated. Here, we use a relatively simple and
common example to explain the ability of ligands to regulate NP
size. In many cases, ligands can also be used as reducing
agents.29−31 A reducing agent with strong reducing power tends
to generate smaller NPs.32,33 Therefore, the greater the amount
of ligand (reducing agent) used, the smaller the produced
particle size (Figure 4). For instance, Frens obtained
homogeneous Au NPs of diﬀerent sizes by maintaining a
constant amount of chloroauric acid but changing the amount of
added sodium citrate.34 The results showed that an increase in
the amount of sodium citrate ligand produced Au NPs with
smaller sizes. A similar phenomenon was also observed in the
PVP-synthesized Pd system.35,36 It is worth noting that a larger
amount of added ligand means larger amounts of ligand
coverage on the NP surfaces (Figure 4). In the following section,
we will discuss the detrimental eﬀects that ligands have on
nanocatalysis. Ligand modiﬁcation usually occupies the catalytic
active sites and lowers the reaction rate. Therefore, a higher
ligand surface coverage ligands usually lowers the catalytic
reaction rate (but not the selectivity) more evidently. This
phenomenon has been veriﬁed in multiple reports, which will be
discussed in detail in the coverage section.
2.4. The Roles of Ligands in Regulating NP Shape.
Ligands can also be utilized to regulate the shape of nanocrystals,
although their roles are still under debate. It is generally accepted
that the formation of the ﬁnal NP shapes depends on two

metal elements accept the lone pairs of these ligating atoms. In
some cases, coordination bonds can also form when the metal
elements donate the d orbital electrons to the atoms in the
ligands, especially when the atoms in the ligands are electron
deﬁcient, such as those in boron (B).26,27 Although it is widely
believed that the metal−ligand interface can be formed by this
coordination bond, it would be useful to understand the
variation among the types of metal NPs, the dimensional
conﬁgurations of the ligands, the electron-donating abilities of
the ligands, and the hydrophobic properties of the ligands; such
an understanding could be used to promote the complexity of
the metal−ligand interface, which in turn would lead to diverse
catalytic activities in nanocatalysis.
2.2. The Mechanism of Ligands in Stabilizing NPs.
Colloidal-synthesized NPs usually have very high surface
energies due to the high NP surface area. One important
purpose of ligand utilization in colloidal synthesis is to stabilize
the NPs in solvent, starting from aggregation, to lower the
surface energy by passivation. There are three functions that
ligands perform in preventing NP aggregation.28 (1) Electrostatic stabilization. Generally, double electric layers form
between solid metal NPs and solvents when some ionic ligands
(such as carboxylates, ﬂuorides, and polyoxoanions) are
adsorbed onto NP surfaces (Figure 3a). The corresponding
electrostatic repulsive forces can prevent the NPs from
aggregating. This stabilization is easily inﬂuenced by the
conditions (such as concentration, temperature, and pH) and
is frequently adopted by ionic ligands, such as sodium citrate,
ascorbic acid, sodium sulﬁde, and tertiary butyl ammonium. (2)
Steric stabilization. A protective layer forms between the NPs
and solvent when some long-chain ligands or structurally
complicated ligands are adsorbed onto the NP surfaces (Figure
3b). Ligand adsorption limits the free movement of the NPs in
solvent based on these steric repulsions. The NP stability is
dependent on the thickness of the protective layer, which can be
regulated by controlling the chain length and the type of ligand;
commonly used surfactants and polymers primarily stabilize
NPs through this type of stabilization. The stabilization enabled
by polymers is usually weaker than that enabled by heteroatomcapped surfactants due to the long surfactant chains.28 (3) A
6023
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Figure 5. (a) Transmission electron microscopy (TEM) images show the crystallinity regulation of Pd NPs, induced by interchanging ligands with
varied binding forces (OAm and TOP). (b−d) A detailed understanding of the NP crystallinity regulation, as visualized by Molecular Dynamics
simulations. (b) An initial amorphous Pd NP of 5 nm (blue represents the atoms at the 1 nm-thick surface layer; red represents the inner atoms). (c) A
crystallized Pd NP. (d) A Pd NP, converted back to the amorphous state upon conﬁnement by surface tension. Reproduced with permission from ref
45. Copyright 2011 American Chemical Society.

Figure 6. (a) Schematic diagram of diﬀerent ligand utilization to synthesize PtRu NPs with regulable morphologies. TEM images of (b) PtRu
nanowires, (c) PtRu nanorods, and (d) PtRu nanocubes. Reproduced with permission from ref 62. Copyright 2018 American Chemical Society.
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Figure 7. Schematic illustration of the catalytic reduction of 4-nitrophenol to 4-aminophenol by ligand-modiﬁed metal NPs. Only the exposed surface
metal atoms can catalyze the reaction.

factors: thermodynamics and kinetics.37 From a thermodynamic
perspective, the most favored NP shape can be obtained by
minimizing its total surface energy. Without ligand assistance,
the most stable shape with the lowest surface energy is the
traditional Wulﬀ polyhedron.38−40 However, the introduction of
a ligand changes the surface energies of the planes in a
nanocrystal. It is generally believed that the ligand can be
selectively adsorbed onto diﬀerent planes of the metal to
decrease the surface energies, thereby selectively promoting or
inhibiting the growth of speciﬁc crystal planes and controlling
the shape of the nanocrystals.41 For instance, it has been
reported that the ligands of PVP and halide ions (such as Cl−,
Br−) bond more strongly on the {100} facets of Ag NPs, leading
to the formation of Ag cubes.42 In contrast, citrate ligands bond
more strongly on the {111} facets of Ag NPs, promoting the
formation of Ag octahedrons.43 From a kinetic perspective, in
addition to decreasing the planar surface energies, ligand
capping on speciﬁc planes can create a barrier for atomic
deposition.18 The changes in the deposition rates on diﬀerent
planes alter the formation of thermodynamically stable planes
and produces abnormal shapes.44 Generally, thermodynamic
and kinetic processes always coexist in colloidal synthesis. The
growth of a nanocrystal, as driven by thermodynamics or
kinetics, depends on the experimental conditions.
Although the theory regarding the roles of ligands in colloidal
synthesis is still being developed, direct experimental evidence
regarding ligand-regulated shapes shows that the crystallinity of
Pd NPs can be modulated by utilization of ligands with diﬀerent
binding strengths.45,46 As shown in Figure 5a, Pd NPs prepared
in the presence of weak ligands such as oleylamine (OAm)
exhibited polyhedral morphologies and polycrystalline structures. When OAm was exchanged with a stronger binding ligand,
such as TOP, the NPs became spherical, and the corresponding
crystallinity signiﬁcantly decreased. Moreover, the Pd NPs
reconverted back to a polycrystalline nature when the ligand was
replaced with OAm. A detailed understanding of the NP

crystallinity regulation by diﬀerent ligands was determined on
the basis of Molecular Dynamics simulations (Figure 5b−d).
Alloys with well-deﬁned morphologies, such as nanocubes,47,48 nanoframes,49,50 nanowires,51,52 nanodendrites,53,54
mesoporous nanospheres,55,56 nanocages57,58 and nanosheets,59,60 can also be successfully synthesized with the
assistance of various ligands through colloidal synthesis.
Huang and co-workers successfully controlled the morphologies
of PtNi nanocrystals by regulating the added ratio of OAm to
OA.61 Icosahedral PtNi nanocrystals were obtained at low
OAm-to-OA ratios, while PtNi prismatic dodecahedrons were
obtained at high OAm-to-OA ratios. Nanocrystals with the latter
shape were converted to open PtNi frameworks by acid etching,
showing a good oxygen reduction reaction (ORR) performance.
Dong and co-workers adopted a solvothermal method for
synthesizing a series of PtRu NPs with regulable morphologies
(nanowires, nanorods and nanocubes) and systematically
investigated the morphology-directing eﬀects of various
ligands.62 As shown in Figure 6, the incorporation of the
dimethyldioctadecyl ammonium chloride (DDAC) ligand
produced PtRu nanowires. The incorporation of the hexadecyldimethylbenzyl ammonium chloride (HDBAC) ligand produced PtRu nanorods, and the incorporation of the CTAB
ligand produced PtRu nanocubes. It was discovered that the
PtRu nanowires with mainly {111} exposed facets exhibited the
best catalytic activities and stabilities in the methanol oxidation
reaction (MOR). Considering that there have been some
reviews published on the use of ligands to synthesize NPs
(monometallic or polymetallic) with diﬀerent morphologies,13,18,63−65 only one example is featured herein.

3. THE DETRIMENTAL EFFECTS OF LIGANDS ON
NANOCATALYSIS
Although ligands are necessary and important for preventing NP
aggregation and regulating NP size and shape during synthesis,
they are usually considered unfavorable for catalysis applica6025
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tions.66 The detrimental eﬀects of ligands for nanocatalysis can
be divided into two categories. (1) The modiﬁcation of ligands
on the NP surface passivates the NP surface and renders the
surface inactive. (2) The surface modiﬁed by ligands usually has
a complex three-dimensional spatial structure, which blocks
reagent access due to ligand steric hindering.67,68 In this case,
only the exposed surface metal atoms can catalyze the reaction.69
A schematic illustration of the detrimental eﬀects of ligands on
nanocatalysis is shown in Figure 7.
Examples of these eﬀects can be easily found in literature. It
has been reported that PVP-capped Pd NPs show no catalytic
enantioselectivity for the hydrogenation of acetophenone
because the PVP ligand prevents the adsorption of the chiral
modiﬁer onto the Pd NP surface. However, enantioselectivity
can be obtained for surface-cleaned Pd NPs after PVP removal
by KBH4 treatment or hot-water reﬂux.70 It has also been
suggested that the high concentration of polymer ligands on the
Pd NP surface largely decreases the catalytic activity, and a low
concentration of polymer ligands with less compact and more
extended chain conformations increase this activity. The
addition of more opened polymers on the surfaces of the Pd
NPs provided more active sites and enhanced the catalytic
activity.71,72 A similar result was also observed for polymerprotected Ir NPs.73 A picture designed by Donoeva et al.
describes the real state of the ligands on an untreated catalytic
surface. As shown in Figure 8, the PVP ligand covers the surfaces

Review

adsorbed electrolyte anions, in situ-generated adsorbates and
contaminants had high inhibiting eﬀects on the electrocatalysis
of noble metals.78 Mechanistically, electrochemical impedance
measurements demonstrated that organic ligand capping on
NPs also lowered the charge (electron) transfer between the
reagents and the NPs, therefore decreasing the current density.79
The above examples clearly show that ligands very seriously
hinder nanocatalysis. More importantly, the poisoning eﬀect
from the capping ligands may have a stronger impact than the
previously reported shape or strain eﬀect.80−82 Therefore, in any
further studies regarding shaped or strain-controlled nanocatalysis, it is very important to thoroughly remove the capping
ligands to reﬂect the true intrinsic and reliable eﬀects.83

4. THE REMOVAL OF LIGANDS
Considering the fact that ligands are detrimental for nanocatalysis, various strategies have been developed to gently
remove ligands without altering the NP morphology and size,
with the goal of reﬂecting the intrinsic activities of catalysts. In
addition, surface-cleaned catalysts provide ideal models for
revealing the impacts of other essential catalytic parameters,
such as the composition, strain, and high-index facets. It is
therefore necessary to establish eﬃcient approaches for
removing ligands from metal nanocrystals. Although ligands
can be removed by a simple thermal annealing method, heat
treatment often leads to changes to the NP morphologies or
irreversible NP agglomeration. It is thus important to exploit
other methods to mildly remove ligands without altering NP
morphologies. Several methods are discussed in this Review,
including improved thermal annealing, ultraviolet-ozone
(UVO) treatment, ligand exchange, and electrochemical
strategies.
4.1. Improved Thermal Annealing. Thermal annealing is
commonly applied to remove ligands because it can
decompose/desorb the ligands at appropriate temperatures.
For example, as a soft template agent, a triblock copolymer
(F127) is usually removed by a high-temperature treatment after
the synthesis of mesoporous materials.84,85 However, in the case
of ligand-capped NPs, high-temperature treatment results in the
agglomeration or sintering of NPs, lowering the catalytic activity.
Coutanceau et al. even reported that thermal annealing of
polyethylene glycol−dodecylether decorated Pt NPs at a
temperature as low as 200 °C caused sintering problems.86
Therefore, improved thermal annealing approaches should be
developed to avoid morphological changes during hightemperature treatment.
Nikles and co-workers discovered that OAm can be removed
from surface Pt NPs by heat treatment in air, at a temperature of
185 °C for 5 h, without causing the aggregation and oxidation of
Pt particles.87 Murray and co-workers reported that a fast
thermal annealing of supported NPs (at 700 °C for 30 s) in air
removed various ligands (OAm, OA, and TOP) without altering
the NP morphology and size (Figure 9a).88 Fourier transform
infrared spectroscopy (FTIR) technology (Figure 9b) and a
catalytic CO oxidation probe reaction (Figure 9c) were used to
demonstrate the successful removal of the above three ligands.
This approach is simple and widely applicable for obtaining
uniformly supported NPs with a clean surface.
It is worth noting that with the stabilizing eﬀects of speciﬁc
supports, the annealing temperature can be increased to a higher
value without changing the NP morphology. For example, hightemperature thermal annealing (350 °C) was adopted to remove
surface ligands (such as dodecanethiol) from NPs supported by

Figure 8. Schematic diagram of TiO2-supported, untreated PVPcapped Au NPs. Reproduced with permission from ref 74. Copyright
2018 Wiley-VCH.

of the Au NPs and the TiO2 support.74 These PVPs prevented
the reactants from contacting the catalytic sites, thus reducing
the catalytic performance.
The detrimental eﬀects of ligands on nanocatalysis are more
prominent in electrocatalysts. For example, the electrochemical
surface area of PVP-capped PtNi nanocrystals was much smaller
than that of the bare catalyst;75 this can be ascribed to the PVP
blocking eﬀect, which hinders the contact between the reactants
and the catalyst surface. We also discovered that surface-cleaned
Au NPs showed excellent ORR activity in alkaline media,
whereas thiol-capped Au NPs displayed no ORR activity.76 Shao
and co-workers investigated the impact of electrolyte ions and
Naﬁon ionomers on the ORR activities of Pt NPs and Pd NPs.77
It was discovered that the Naﬁon ionomer had a signiﬁcant
poisoning eﬀect on the ORR activity. It was also reported that
6026
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Figure 9. (a) Schematic illustration of the removal of ligands (OAm, OA and TOP) from supported Pd NPs through a rapid thermal annealing
approach. The TEM images indicate that the sizes and morphologies of the Pd NPs did not change before and after the rapid thermal annealing
approach. (b) FTIR spectra of Pd NPs treated at diﬀerent temperatures for diﬀerent amounts of time. The insets show representative TEM images
obtained after the diﬀerent treatments: (d) 300 °C, 600 s; (e) 500 °C, 60 s; and (f) 700 °C, 30 s. (c) Catalytic CO oxidation of Pd/CeO2 catalysts,
either untreated or annealed at 300, 500, or 700 °C for diﬀerent amounts of time, as indicated. Reproduced with permission from ref 88. Copyright
2015 American Chemical Society.

Figure 10. Schematic illustration of UVO application to remove the PVP ligand from the supported Au NPs. Reproduced with permission from ref
104. Copyright 2019, American Chemical Society.

Au clusters at temperatures as high as 500 °C.92 The small sizes
of the Au clusters largely improved the catalytic performance for
the hydrogenation of 3-nitrostyrene. In another example,
incorporation of hierarchically porous carbon nanosheets as
the support also contributed to the stabilization of Au clusters at
high temperatures and the complete, simultaneous removal of
the thiol ligand.93

mesoporous materials. Because of the conﬁnement eﬀect of the
mesoporous materials, the sizes and shapes of the NPs remained
unchanged.89−91 In addition, the strong interaction between
NPs and supports also helped to stabilize the NPs. For instance,
Zhang and co-workers discovered the strong interaction
between ZnAl-hydrotalcite and thiol-capped Au clusters that
enabled successful ligand removal without altering the size of the
6027
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Figure 11. (a) Schematic diagram of the ligand exchange approach for initial ligand removal from noble metal nanocrystals. The initial long-chain
ligands (such as oleylamine) can be exchanged with short-chain ligands (such as DEA), which can then be removed by an acid (such as acetic acid).
Reproduced with permission from ref 114. Copyright 2017 Wiley-VCH. (b) Illustration of ligand removal by Meerwein’s reagent. (c) Linear sweep
voltammograms (LSVs) of WSe2 materials before (dashed black line) and after treatment with Meerwein’s reagent (solid blue line). The inset presents
the same LSV curves corrected by electrochemical surface area. Reproduced with permission from ref 118. Copyright 2017 American Chemical
Society.

4.2. Ultraviolet-Ozone (UVO) Treatment. UVO treatment is an eﬀective strategy for removing various contaminants
from solid surfaces.94 This strategy utilizes a combination of
ultraviolet (UV) light and ozone, which can be used to oxidize
carbon-containing organics into carbon dioxide. As early as
2005, Kawai and co-workers investigated the decomposition
process of DODAC ligands on Au NPs during UVO
treatment.95 The ultraviolet−visible (UV−vis) spectra implied
that the Au NPs did not move or aggregate through UVO
treatment of the monolayer ﬁlms. The ligand decomposition
process from the particles was monitored using sum-frequency
generation spectroscopy and FTIR. These results showed that
only a partial DODAC ligand was removed. A similar result was
also reported by Liao and co-workers.96 Through X-ray
photoelectron spectroscopy (XPS) analysis, Kiwi-Minsker and
co-workers found that the N signal from the PVP ligand was
already undetectable after UVO treatment for 4 h.97 However,
the Pd surface was passivated by the CO species produced by the
decomposed PVP.98 Mirsaleh-Kohan and co-workers used XPS
to investigate the alkanethiol ligand conditions during UVO
treatment.99 They also found additional organic contaminants
during this process.
Nevertheless, many other research groups have claimed that
UVO treatment can thoroughly remove ligands. Whether the
ligand can be completely removed may depend on the removal

conditions. Somorjai and co-workers monitored the removal of
two ligands (PVP and tetradecyl tributylammonium bromide
(TTAB)) from the Pt surface with various analytical methods,
including XPS, sum-frequency generation vibrational spectroscopy, and diﬀuse reﬂectance infrared Fourier-transform spectroscopy.100 These techniques clearly showed that the ligands
were completely removed by UVO treatment without changing
the overall NP shape. Chen’s group successfully adopted UVO
treatment to remove OAm ligands from PtFe bimetallic NPs.
After removal, the surface-cleaned NPs showed very good
catalytic activities in multiple electrochemical reactions.101−103
Xu and co-workers found that UVO treatment can even be used
to control the removal degree of the PVP ligand from SiO2immobilized Au NPs (Figure 10).104 Complete removal of the
PVP ligand without altering the sizes and morphologies of Au
NPs was achieved by extending the treatment to 12 h.105
Recently, Berlinguette and co-workers used UVO treatment to
convert ligand-stabilized (cetyltrimethylammonium chloride
(CTAC) or PVP) Pd NPs to ligand-free NPs while keeping
the size and morphology of the core unchanged. Their
experiments revealed that the ligand-free Pd NPs adsorbed
and desorbed hydrogen at a rate that was 10-fold faster than the
corresponding ligated samples.106
4.3. Ligand Exchange. The so-called ligand-free nanocatalysts are not totally bare. More precisely, they are free of
6028

https://doi.org/10.1021/acscatal.1c00903
ACS Catal. 2021, 11, 6020−6058

ACS Catalysis

pubs.acs.org/acscatalysis

Review

Figure 12. Schematics illustrating electrochemical ligand removal. (a) Three-electrode electrochemical system. (b) In-plane carrier transport within
the Ag nanowire ﬁlm before and after removing the surface PVP. (c) Out-of-plane carrier transport across the Ag nanowire ﬁlm and the active layer
interface before (top) and after (bottom) removing PVP. (a−c) Reproduced with permission from ref 130. Copyright 2019 American Chemical
Society. (d) Schematic illustration of ligand removal from Pt NPs by controlling the potential to establish Pt−H or Pt−O covalent bonds that replace
the original Pt−ligand coordination bond. Reproduced with permission from ref 16. Copyright 2018 American Chemical Society. (e) Schematic
illustration of ligand removal from Pd NPs by electrochemical CO displacement to reveal the facet eﬀect on biosensing. Reproduced with permission
from ref 131. Copyright 2020 American Chemical Society.

electrochemical surface areas of Pd NPs.110 A number of
research groups have demonstrated that NaBH4 is a very
powerful reagent for removing various ligands.111−113 Zhang
and co-workers found that a series of organic ligands, such as
thiols, thiophene, rhodamine, adenine, small anions, and
polymeric PVP, can be simply and thoroughly removed from
the Au NP surface by treatment with NaBH4.112 Theoretical
calculations indicated that the hydride resulting from NaBH4
had a higher aﬃnity for Au NPs than organic thiols. Therefore,
NaBH4 can be used to replace thiols and other organic ligands
on Au NPs. Some small amine-based molecules are also very
eﬃcient at cleaning metal surfaces.114,115 As shown in Figure
11a, Gao and co-workers reported that both hydrophilic PVP
and hydrophobic OAm ligands can be eﬀectively removed from
Au or Pt NPs by treatment with diethylamine (DEA).114
Surface-cleaned Au NPs and Pt NPs have been shown to have
high applicabilities in surface-enhanced Raman scattering and

enormous amounts of long-chain organic ligands. Ligand-free
nanocatalysts are usually capped with small molecules. These
molecules can be washed oﬀ eﬀortlessly or replaced by reactants
during catalytic reactions. Therefore, speciﬁc selection of small
molecules (such as H2O, H2O2, acetic acid, diethylamine,
butylamine, NaBH4) to exchange with long-chain organics is a
promising approach, which is known as ligand exchange.
It was reported that hot water can be applied to wash PVA
ligands oﬀ of Pt NPs without enlarging the sizes of the NPs.107
The enhanced surface exposure of the Pt NPs signiﬁcantly
improved the catalytic activity for a series of reactions.
Rodriguez and co-workers adopted a mixed solution of H2O2/
H2SO4 to clean the surfaces of the Pt(111) single crystals and Pt
NPs and successfully removed the PVP ligands.108 It has also
been reported that phosphine ligands can be removed by H2O2
washing at a temperature of ∼90 °C,109 while OAm ligands can
be removed by acetic acid washing to achieve enhanced
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Table 1. Summary of the Metal NPs and the Removed Ligands in the Four Strategies for Ligand Removal
strategies for ligand removal

type of NPs

ligands

ref

improved thermal annealing
Pt NPs
Pd NPs, Pt NPs, Au@FexOy NPs
Au NPs
Au25 nanoclusters
Au25 nanoclusters

OAm
OAm, OA, TOP
dodecanethiol
cysteine
dodecanethiol

87,125
88
89−91
92
93

Au NPs
Au NPs
Pd nanocubes
Pt NPs
Pt NPs
FePt NPs
Au NPs
Pd NPs

dioctadecyldimethylammonium chloride
dodecanethiol
PVP
PVP
PVP, tetradecyl tributylammonium bromide
OAm
PVP
cetyltrimethylammonium chloride, PVP

95
96
97
98
100
101−103
104,105
106

Au NPs
Pt NPs
Au NPs
Pd NPs
Au NPs
Au NPs
Au nanoclusters
Au NPs, Pt NPs
Pd nanocubes
PbSe NPs
WSe2 NPs
CdS NPs
PtPd nanocubes

PVA
PVP
phosphines
OAm
4-aminothiophenol
thiophene, rhodamine, adenine, small anions, PVP
dodecanethiolate
PVP, OAm
PVP, Br−
oleate
dodecylamine
oleic acid
PVP

107
108
109
110
111
112
113
114
115
116
118
119
124

Pt NPs
Pt NPs
Pt nanocubes
Ag nanowire
Pt, Au, and Pd NPs
Pd NPs

polyethylene glycol−dodecylether
PVP
PVP
PVP
PVP, CTAB, sodium acetate, OAm, TPP, dodecanethiol
CTAB, CTAC

127
128
129
130
16
131

UVO treatment

ligand exchange

electrochemical strategy

methods for ligand removal by ligand exchange, including H2O
washing, TBA treatment, and NaBH4 treatment.74 They
discovered that repeated treatment with NaBH4 and a single
H2O wash displayed the best eﬃciency in removing the PVP
ligand without altering the Au NP size or leaching the Au NPs
from the Au/TiO2 catalysts. Even so, only part (ca. 45%) of the
PVP ligand can be removed from the Au surface. However, the
remaining PVP residue (>50%) had basically no eﬀect on the Au
NP catalytic activity.
To determine which of the above three approaches (thermal
annealing, UVO treatment, ligand exchange) is the most
eﬃcient for ligand removal, some research groups have
performed a comparative study.125,126 It should be noted that
the removal eﬃciencies of diﬀerent ligands may be diﬀerent.
That is, the removal condition and the type of ligand being
removed are equally important.
4.4. Electrochemical Strategy. Electrochemical strategies
have also been applied to remove various ligands from NPs. It
has been reported that colloidal-synthesized polyethylene
glycol−dodecylether ligand-capped Pt NPs can be surface
cleaned by cyclic voltammogram (CV) cycling between 0.05 and
1.0 V until a stable CV is obtained.127 However, Fernández and
co-workers suggested that the upper potential limit of 1.0 V was

electrocatalysis, respectively. Neergat and co-workers applied
tert-butylamine (TBA) as a cleaner to totally remove PVP and
Br− from Pd nanocubes.115 In contrast, the heat treatment only
partially removed PVP and oxidized the surface of Pd, which was
conﬁrmed by XPS analysis, FTIR spectra, and X-ray diﬀraction
(XRD) patterns. During the past several years, Meerwein’s
reagent (Et3OBF4) has been developed to remove carboxylate-,
phosphonate-, and amine-based ligands from semiconductors,
metallic oxides, and noble metals, respectively.116,117 Cossairt
and co-workers successfully removed the amine ligand from the
surface of WSe2 by treatment with Meerwein’s reagent, which
enhanced the hydrogen evolution reaction (HER) activity
(Figure 11b,c).118 As shown in Figure 11b, an amine ligand
removal mechanism using alkylation to form the quaternary
ammonium cation of Meerwein’s reagent was proposed. The
application of Meerwein’s reagent to ligand removal has been
extended to many other ﬁelds, including photocatalytic H2
generation,119 sensors,120 localized surface plasmon resonance
(LSPR),121 and solar cells.122,123
It is more eﬃcient to remove ligands with a combination of
multiple reagents. For instance, Luo et al. used a mixed solution
of NaBH4 and TBA to eﬃciently remove PVP ligands from PtPd
nanocube surfaces.124 Donoeva and de Jongh compared several
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Figure 13. Schematic illustration of the possible mechanisms (steric eﬀect, electronic eﬀect, and solubility eﬀect) for promoting the catalytic activity
and selectivity of nanoparticle-based catalysis by surface ligands.

relatively stable. However, there are two questions that arise
concerning these two strategies: (1) whether the energy is large
enough to completely remove the organic ligands and (2)
whether the energy aﬀects the NP size and morphology. Thus,
determining the proper energy is an important principle of
balance. Ligand exchange is a process in which strong ligands are
replaced with a large number of weak ligands. Similar to the
strategies of thermal annealing and UVO treatment, the proper
choice of a suitable weak ligand is a key factor in this process. In
ligand exchange, the original ligands need to be exchanged in a
relatively dilute solution to prevent the NPs from agglomerating.
Therefore, this method impairs the eﬃciency of ligand removal.
However, the advantage of ligand exchange is that the support
can be selected at will after ligand exchange. Compared to the
ligand-exchange strategy, the electrochemical method may be
more complicated for ligand removal. In the electrochemical
method, it is necessary to coat the catalyst on the electrode and
then scrape the catalyst oﬀ from the electrode after removing the
ligands. The process is complex and may not be suitable for
large-scale removal. Nevertheless, the advantage of the electrochemical method is that the strong electrical energy is powerful
enough to break the coordination bonds between the metal NPs
and the ligands to completely remove the ligands. Thus, this
method is very suitable when applied to ligand removal from
electrochemical catalysts. Furthermore, it is necessary to activate
the catalysts by an electrochemical method before performing
any electrochemical reactions.

too low to achieve a thorough removal of the PVP ligand from Pt
NPs.128 Performing CV for 100 cycles in the potential range
between 0.05 and 1.45 V was necessary to completely remove
the PVP ligand. Nevertheless, such a high upper potential
produced physical changes to the catalyst, as revealed by highresolution transmission electron microscopy (HRTEM) analysis. Later, Oezaslan and co-workers considered both the upper
potential and pH value factors for inﬂuencing the removal
eﬃciency.129 They discovered that it was not appropriate to use
the electrochemical method to remove PVP ligands in an
alkaline medium (0.1 M NaOH). In an acidic medium (0.1 M
HClO4), the highest electrochemical surface area and ORR
activity of the Pt nanocubes was obtained by continuous cycling
in the potential range of 0.05 to 0.8 V. Duan and co-workers
reported a fast electrochemical approach for completely
removing the PVP ligand and enhancing the carrier-transport
performance of Ag nanowires (Figure 12a−c).130 Particularly,
this cleaning was ﬁnished by simply polarizing the Ag nanowires
in the hydrogen adsorption/evolution potential region for only
5−15 s, signiﬁcantly shortening the processing time and
lowering the continuous-production cost of Ag nanowires for
electronic and optoelectronic devices. Recently, our group used
an electrochemical strategy for controlling the potential to
establish Pt−H or Pt−O covalent bonds that replaced the
original Pt−ligand coordination bond and successfully removed
a series of ligands (sodium acetate, CTAB, PVP, OAm,
dodecanethiol, and TPP) from Pt NP surfaces (Figure 12d).16
More recently, Gao and co-workers adopted electrochemical
CO displacement to remove surface ligands from Pd NPs with
diﬀerent morphologies and successfully revealed the facet eﬀect
on electrochemical biosensing (Figure 12e).131
4.5. Comparison of Diﬀerent Strategies for Ligand
Removal. Table 1 summarizes typical metal NPs and the
removed ligands from the above-mentioned four strategies for
ligand removal. It is important to choose suitable strategies for
removing the ligands in various catalytic systems. The
advantages of using thermal annealing and UVO treatment to
remove ligands mainly include the following: (1) these two
strategies are easy to perform in the laboratory and (2) they are
suitable for ligand removal in large-batch catalysts. The essence
of the two strategies is to supply a certain kind of energy (heat or
light) that decomposes organic ligands without inorganic metal
NP agglomeration because the inorganic metal NPs are

5. THE BENEFICIAL EFFECTS OF LIGANDS FOR
NANOCATALYSIS
As mentioned above, the existence of ligands has long been
believed to hinder the catalytic active sites of NPs. Therefore,
ligands are commonly removed by diﬀerent treatments to
enhance the catalytic performance of metal nanocrystals.
Nevertheless, over the past decade, an increasing number of
studies have demonstrated that the construction of metal−
ligand interfaces can boost the catalytic performances of
nanoparticle-based catalysts, particularly their selectivities.
Some reviews have also been published summarizing the
impacts of ligands.9,12−14 However, a review that systematically
summarizes the route of the ligand from synthesis to catalysis
(ligand binding, ligand prohibiting, ligand removal, ligand
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Figure 14. (a) Schematic illustration of the third-body eﬀect on a modiﬁed Pt surface with ORR in the presence of speciﬁcally adsorbed anions.
Reproduced with permission from ref 141. Copyright 2015 Royal Society of Chemistry. (b) Schematic illustration of the DAcPy ligand adsorbed on the
Pt surface. (c,d) Chronoamperometry measurement of H2S and CO tolerance for Pt/C, Pt/C in 10 mM DAcPy solution and Pt/C capped with DAcPy
catalysts with H2/1 ppm of H2S (c) and H2/100 ppm of CO (d). Reproduced with permission from ref 144. Copyright 2018 Royal Society of
Chemistry.

promoting, ligand coverage and ligand stability) is still missing;
such a review would be very important for deepening the
understanding of the heterogeneous catalytic mechanism and
accelerating the industrial application of this mechanism. In
industry, BASF developed a quinolone- or sulﬁde-poisoned Pd
catalyst for the selective hydrogenation of alkynes to alkenes,
which can serve as alternatives to the traditional Lindlar
catalyst.132−134 Although the modiﬁcation of ligands blocked
reagent access, there remained some uncovered active sites left
for the adsorption of the reagents. It has been reported that the
treatment of H2S covers the Pd and Pt clusters with sulfur
species at 56.8% and 35.1%, respectively.135 The uncovered
metallic sites (43.2% on the Pd clusters and 64.9% on the Pt
clusters) were active for hydrogenation reactions. It was
predicted that the beneﬁcial or detrimental eﬀect of ligands on
the catalysis of NPs is closely related to their surface
microenvironment.136 Generally, the promoting eﬀect of ligands
in nanoparticle-based catalysis can be classiﬁed into three
categories, as illustrated in Figure 13: (1) the steric eﬀects of
ligands, (2) the electronic eﬀects of ligands, and (3) the
solubility eﬀects of ligands. First, the steric eﬀects of ligands
refers to the selective blocking of metal surfaces by ligand
modiﬁcation, which can be applied to promote the selectivity of
a speciﬁc catalytic reaction. These steric eﬀects can be divided
into the two cases of size screening and geometry screening. For
size screening, the steric hindrance of the surface ligands can
block the access to large reagents (i.e., reagent A) but does not
aﬀect small molecules (i.e., reagent B). The selectivity of the
small reagents (i.e., reagent B) is thus improved. For the second
steric-eﬀect case (geometry screening), the crowdedness of the
ligands changes the binding types of the reactants and directs the
access orientation of the reactants to active catalytic sites.
Speciﬁc functional groups on the side position of the reagent are
easier to activate because of the ligand steric geometry, which is
very common in some hydrogenation catalytic reactions.137

Second, surface ligands can be used to regulate the electronic
densities of surface atoms by charge transfer, similar to a
bimetallic system.138 The altered electronic properties of the
metal surfaces can be used to promote the adsorption and
activation of reactants to enhance the catalytic activity.139
Generally, the metal surface is negatively charged, as the ligating
atoms in commonly used ligands are electron-rich (N, P, S, O,
etc.). In some cases, which will be discussed below, the metal
surface is positively charged when the ligating atoms are electron
deﬁcient. Finally, by constructing the metal-surface hydrophobic
environment with ligands, the surface solubilities of speciﬁc
reagents can be largely enhanced, especially for some gas
reagents, such as O2 and CO2.140 Consequently, the catalytic
activities of oxygen reduction and carbon dioxide reduction can
be promoted. In the following text, typical examples will be
discussed in detail according to the above three eﬀects.
It is worthwhile to note that the microenvironment of the
metal−organic interface is usually complicated. In many cases,
two or more eﬀects work together to cooperatively promote the
catalytic activity of the catalysts. It is thus important to deepen
our understanding of the true metal−organic interface. Together
with useful technologies (FTIR, UV−vis, XPS, X-ray absorption
spectroscopy (XAS), etc.) for detecting the surface structure of
ligands, DFT theoretical calculations and adjustments of the
surface coverage are also useful for understanding the
mechanisms of the beneﬁcial ligand eﬀect in heterogeneous
catalysis. DFT calculations can be used to theoretically
determine the adsorption state of the ligands on the NP surface
and verify/predict the pathways of the catalytic reactions
promoted by the ligands. On the other hand, by controlling the
suitable coverage of ligands on metal surfaces, we may also
identify the promoting mechanism and achieve the most
eﬃcient catalysis toward a speciﬁc catalytic reaction.
5.1. Steric Eﬀect of Surface Ligands. 5.1.1. Steric Eﬀect
for Size Screening. The steric hindrance of surface ligands can
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Figure 15. (a) Schematic diagram of the mechanisms for benzyl alcohol oxidation on the Au surface without (left) and with (right) capped ligands.
Reproduced with permission from ref 159. Copyright 2013 Royal Society of Chemistry. (b) Schematic diagram of the selectivity control in benzyl
alcohol oxidation, enabled by selective blocking of the catalytic sites on the Pd NPs. Reproduced with permission from ref 160. Copyright 2016
American Chemical Society. (c) Schematic diagram the enhancement process for the enantioselective hydrogenation of α-keto esters by selectively
blocking the defect sites with residual polymer ligands on the Pt NPs. Reproduced with permission from ref 162. Copyright 2021 American Chemical
Society.

14c,d).144 On the basis of various techniques, it has been
clariﬁed that the DAcPy ligand ﬁrmly attaches to the Pt surface
through tridentate coordination (one Pt−N bond and two Pt−C
bonds) (Figure 14b). Such a three-dimensional structure leaves
space (2.41 Å) for the reactant (H2, 2.30 Å) to contact the Pt
atoms and prevents the other molecules (CO, 2.65 Å and H2S,
4.47 Å) from approaching (Figure 14b). In an earlier study,
Marković and co-workers modiﬁed the Pt(111) electrode with
calix[4]arene molecules that selectively hindered the ORR but
retained its high catalytic activity toward the hydrogen oxidation
reaction (HOR) in a proton-exchange membrane fuel cell
(PEMFC).145 An optimum selectivity was achieved by ﬁnetuning the surface coverage of calix[4]arene molecules, resulting
in the formation of an architecture that was very conducive to
the adsorption and activation of H2 but hindered the O2 access.
However, in a recent report, the modiﬁcation of calix[4]arene
molecules on Au NPs have been shown to beneﬁt the ORR
activity in alkaline media,146 which might be due to the
nanosized eﬀect (a previous report demonstrated the adoption
of a Pt single-crystal electrode, whereas the latter used Au NPs).
Various polymers have also been used as ligands to promote
the selectivities of electrochemical reactions.147 A simple
chemical reduction route was applied to synthesize PAAprotected Pt NPs with long-spined sea urchin shapes (named PtLSSUs@PAA).148 The special three-dimensional structure of
the Pt-LSSUs@PAA catalyst largely enhanced the catalytic
activity and stability. The PAA ligands on Pt prevented alcohol
molecule access but made the Pt NPs accessible to the oxygen
molecules. Therefore, the Pt-LSSUs@PAA catalyst showed high
activity, excellent stability, and alcohol tolerance for the ORR. In
another study, PEI-modiﬁed Au@Pd core−shell nanostructures
also exhibited impressive methanol tolerance for the ORR due to
the steric eﬀect of the PEI ligand.149 A novel Pd(core)@
polyaniline (PANI, shell) nanocatalyst was prepared through a
simple one-step process.150 This catalyst showed highly active
performance for HCOOH electrooxidation due to the
contribution of the PANI shell. Meanwhile, C2H5OH could
not penetrate into the PANI backbone, and C2H5OH access to

block large reagent access but has no inﬂuence on small
molecules. OAm ligands are traditionally believed to be
poisonous toward catalytic reactions. However, Jang and coworkers discovered that the presence of OAm on Pt NPs
prevented the adsorption of poisonous spectator anions
(PO33−) and promoted ORR activity in H3PO4 solution (Figure
14a).141 The OAm-modiﬁed catalyst showed a better fuel-cell
performance than the bare catalyst in a real membrane electrode
assembly (MEA) using a H3PO4-doped polybenzimidazole (pPBI) membrane. In addition to OAm, as a surface modiﬁer, CN−
can also eﬃciently block PO43− and SO42− access while the
adsorption and reduction of molecular O 2 proceeds
smoothly.142 The CN−-covered Pt(111) surface exhibited a
25-fold ORR increase in sulfuric acid solution and a 10-fold
ORR increase in phosphoric acid solution. Nevertheless, in an
alkaline medium, CN−-covered Pt(111) exhibited poor ORR
activity because of the formation of K+(H2O)x−CN groups
derived from the electrostatic interaction between the cation K+
and anion CN−. These large groups on the Pt surface hindered
the adsorption of O2. To address this issue, we applied a photoFenton cyanation approach for modifying the Pt surface with ·
CN radicals.143 This ·CN radical modiﬁcation method prevents
the formation of detrimental K+(H2O)x−OH, K+(H2O)x−CN,
or Na+(H2O)x−CN groups on the Pt NP surfaces in alkaline
media as a result of the nonelectrostatic interaction between the
·CN radical and Pt surface. In comparison with the CN−covered Pt surface, which exhibited a 50-fold decrease in the
ORR activity in the alkaline medium, the ·CN radical-modiﬁed
Pt catalysts displayed only a small decrease in the ORR activity
in addition to a signiﬁcantly improved methanol-tolerant
performance because of the CN steric eﬀect.
The selective blockage of small molecules by the steric eﬀect
of ligands provides an eﬀective way to regulate the selectivity and
stability of nanocatalysts. Recently, Zhou and co-workers
immobilized a ligand, 2,6-diacetylpyridine (DAcPy), on the Pt
NP surface to construct a canopy-like model, solving the key
problem of CO and H2S poisoning in the commercial Pt/C
catalyst toward electrochemical H2 oxidation in fuel cells (Figure
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NPs to the defect sites, giving rise to the poor enantioselectivity
of the Pt/Al2O3 catalyst.
Self-assembled monolayers (SAMs) have also been used to
modify metal NPs and regulate nanocatalysis reactivity. For
example, Shon’s group used alkanethiolate monolayers to
selectively poison Pd NPs. The decorated Pd NPs exhibited
high catalytic activities and selectivities in allyl alcohol
isomerization and alkene hydrogenation and isomerization.163
Mechanistic studies have suggested that the steric eﬀect of SAM
ligands on the NP surfaces regulates the catalytic activity and
selectivity by altering the alkene adsorption.164,165
It is worthwhile to note that the steric hindrance of the ligand
is highly related to the polarity of the solvent, the chain length of
the ligand, and the bonding conformation of the ligand.166−170
Mechanistically, the construction of thiolate ligands varies upon
the selection of diﬀerent types of solvents (polar or nonpolar),
leading to diﬀerent available spaces for reagent contact.166,167
The diﬀerent chain lengths of ligands also change the local
density of catalytic active sites (i.e., surface coverage of ligands),
altering the selectivity of the catalytic reaction, which will be
discussed in detail in the section on the following topic.168−170
The diﬀerent bonding conformations of ligands somehow
change the interfacial microenvironment of the metal−ligand
interface (or surface coverage of ligands) and can induce very
diﬀerent styrene hydrogenation activities.171
Medlin’s group has performed many studies on SAMpromoted heterogeneous catalysis. In 2010, they deposited
alkanethiol SAM on the surfaces of the Pd NPs to prepare highly
selective catalysts.172 The catalysts improved the selectivity of 1epoxy-3-butene to 1-epoxybutane from 11% to 94%. Mechanistic studies suggested that the improvement in the selectivity
was induced by metal−sulfur interaction, the alkyl tail of thiolcontrolled sulfur coverage, and improved activity over systems
using only sulfur. The surface density of the modiﬁer is quite
important for controlling the selectivity of the product. It was
suggested that a linear-chain alkanethiol 1-octadecanethiol
(C18) with a nearest-adjacent distance of ∼4.7 Å on the surface
of Pd(111) had a higher SAM density than 1-adamantanethiol
(AT) with a nearest-adjacent distance of ∼6.4 Å.173 Consequently, an increase in the SAM density induced by the C18
ligand was suggested to restrict the adsorption of furfural on the
step edges and defects, signiﬁcantly increasing the selectivities to
furfuryl alcohol and methylfuran. 174 In contrast, upon
decreasing the SAM density with the AT ligand, a portion of
the 3-fold terrace active sites was accessed, and the product of
furan and tetrahydrofuran was preferred. Fu and co-workers also
indicated that the ligand chain length can be used to regulate
their surface densities on metal surfaces, thus controlling the
catalytic selectivity.175 Because of the steric eﬀect, the SAMs of
amine ligands restricted the cinnamaldehyde (CAL) molecules,
as their aldehyde groups interacted with the Pt3Co(100) surface,
and the CC bonds were directed away from the catalytic
surface. As a result, the hydrogenation selectivity to cinnamyl
alcohol (COL) and the stability against overhydrogenation were
enhanced. More importantly, the selectivity for COL gradually
decreased with the shortening of the chain length of the amines
adsorbed onto the Pt3Co nanocrystals. When shorter-chain
amines were used as ligands, over time the catalysts easily
hydrogenated the COL further into hydrocinnamyl alcohol
(HCOL).
Speciﬁc noncovalent molecular interactions between ligands
and reagents can also be used to enhance the selectivities of
catalytic reactions. This phenomenon is also called molecule

the inner Pd core was unavailable, leading to no activity and a
high catalytic selectivity for HCOOH oxidation. In addition,
ionic liquids have also been shown to have a similar steric size
screening eﬀect, which can improve the ORR activity but inhibit
methanol oxidation.151
5.1.2. Steric Eﬀect for Geometry Screening. It is clear that
the active sites of the metal surface can be separated by the
directional modiﬁcation of ligands. Therefore, for a reactant that
has multiple functional groups inside and outside of the reagent,
only speciﬁc functional groups on the side position of the
reagent can be activated. This eﬀect is also named the geometric
eﬀect of the ligand. Separating the active sites on metal surfaces
to improve the catalytic activity or selectivity is a general concept
in heterogeneous nanocatalysis. For example, at least three
adjacent Pt atoms are required to form CO during the
electrooxidation of methanol on Pt.152 The modiﬁcation of
cyanide on the Pt surface can be applied to completely inhibit
the formation of CO during this process because CN adsorption
leaves only two adjacent Pt atoms on the Pt surface. On the other
hand, the adsorption of Bi adatoms on Pt can also suppress CO
formation (i.e., CO poisoning) and improve the catalytic activity
for the electrooxidation of formic acid and glycerol.153,154
Furthermore, coating Pt catalysts with amorphous carbon layers
can separate the continuous active sites. It has been reported that
the protection of carbon layers induces the selective access of O2
molecules to the Pt surface but inhibits the access and
dissociative adsorption of the produced large H2O2, signiﬁcantly
promoting the selectivity of H2O2 up to 41% during the ORR.155
In fact, ligands can be used to induce this same eﬀect.156−158
The site-isolation eﬀect induced by ligands can be used to
eﬀectively suppress catalytic reactions that require contiguous
active sites and tune their selectivities. For example, Huang et al.
modiﬁed the Au surface with a series of ligands (such as PVP,
polyethylene glycol (PEG), PVA, OAm, OA, C12SH, and PPh3).
They found that the chemisorbed ligands on the surfaces of the
Au NPs isolates benzaldehyde from benzyl alcohol, blocking the
reaction path to generate benzyl benzoate and therefore
signiﬁcantly enhancing the selectivity of benzaldehyde (Figure
15a).159 Speciﬁcally, the adsorption of a suitable amount of PVP
ligand on the supported Au NPs largely enhanced the selectivity
of benzaldehyde from 43% to 100%. On the other hand, ligands
have been shown to selectively modify speciﬁc crystal facets of
noble metal NPs, exhibiting facet-directed selectivity improvement. The Pd/Al2O3 catalyst modiﬁed by PVA was reported to
exhibit promoted benzaldehyde selectivity in the liquid-phase
oxidation of benzyl alcohol.160 Through an in situ spectroscopy
technique, it was discovered that the improvement in the
selectivity to benzaldehyde caused by the PVA ligand results
from the prohibited decarbonylation of benzaldehyde (Figure
15b). The reason for this result is that the PVA ligand covers the
Pd(111) facets, and these facets are considered to promote the
decarbonylation of benzaldehyde. The decoration of PVA on the
Pd NPs also promoted the production of H2O2 from H2 and O2
by decreasing the decomposition rate of H2O2 on the Pd NPs by
ligand modiﬁcation.161 A more recent study demonstrated that
the residual PVP ligand after heat treatment occupied the defect
sites of Pt NPs and expose such Pt NPs to terrace sites.162 The
terrace sites selectively exposed to the Al2O3-supported Pt NPs
by PVP also stably adsorbed the chiral modiﬁers, leading to an
improved catalytic activity of the enantioselective hydrogenation of α-keto esters (Figure 15c). Instead, the residual
PVA ligand after the heat treatment selectively exposed the Pt
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Figure 16. Electronic eﬀect induced by EDA ligand modiﬁcation on Pt nanowires to promote catalytic selectivity. (a) TEM image, (b) HRTEM image,
(c) EXAFS and (d) Bader charge analysis of the bare Pt nanowires and the EDA-modiﬁed Pt nanowires. (e) Calculation of the adsorption free energy
of N-containing aromatics on EDA-modiﬁed Pt nanowires. Black represents nitrobenzene; red represents nitrosobenzene; green represents Nhydroxylaniline; and blue represents aniline. Reproduced with permission from ref 186. Copyright 2016 Nature Publishing Group.

design of Pd NPs encapsulated by a sulfoxide network as a shell
ligand induced the selective coordination of alkynes to the Pd
NPs, providing a high activity and selectivity toward the
semihydrogenation of alkynes. A metal−organic framework
(MOF) was also developed to encapsulate catalysts due to
special MOF channels.179 The synthesized Pt/CeO2@MOF
core@shell hybrids hydrogenated furfural to furfuryl alcohol
with a high conversion (99.3%) and high selectivity (>99%).
5.2. Electronic Eﬀect of Surface Ligands. In addition to
the steric eﬀect, the electronic eﬀect of surface ligands is another
key factor that regulates the catalytic activity and selectivity. In
many cases, the ligands are Lewis bases, which can donate at
least one electron pair or more electron pairs (such as some
atoms with higher electronegativities: N, S, P, O, etc.).180 The
coordination bond between the metal NPs and the ligand forms
because the empty orbit of metal atoms accepts the electron
pairs of the Lewis base. However, in a few cases, the ligands may
also be Lewis acids,181 which depend on the ligand functional
groups or the metal NP properties. In either case, the electronic
properties of the metal NPs change on the basis of metal−ligand
interactions. In the literature, the electronic eﬀect has been
experimentally evidenced by XPS,182−184 atomic emission
spectroscopy (AES),185 CO−DRIFTS,186,187 CO stripping,188
UV-Raman,189 extended X-ray absorption ﬁne structure
(EXAFS) spectroscopy,190 and solid-state nuclear magnetic
resonance (NMR) spectroscopy,191−193 and theoretically
predicted by DFT calculations.194 Altered electronic properties
are believed to have a large inﬂuence on catalytic activities.

recognition. Precisely changing the functional groups at the tail
of the ligand can drive the reactant to interact with the functional
groups and improve the catalytic activity. Medlin and coworkers found that the aromatic stacking interaction between
phenylated SAMs and the phenyl ring of cinnamaldehyde
improved the hydrogenation of cinnamaldehyde to cinnamyl
alcohol.176 Spectroscopic characterization indicated that the
promoted hydrogenation selectivity was due to the perfect
spatial conﬁguration of the reactants. First, the SAM coatings
inhibited the cinnamaldehyde molecules lying ﬂat on the Pd
surface and restrained the formation of hydrocinnamaldehyde.
Second, the hydrogenation selectivity did not improve when the
reagent was changed to an unsaturated aldehyde without a
phenyl ring, demonstrating that aromatic stacking interactions
play a vital role in improving the hydrogenation selectivity. In
another study, Miki and co-workers adopted SAM-based
molecular recognition to improve catalytic silane alcoholysis
with a signiﬁcantly promoted turnover frequency (TOF) and
turnover number (TON).177 The alkanethiol-SAMs around the
Au NPs acted as a metalloenzyme-like reaction space for
encasing the reagents through intermolecular hydrophobic
interactions. Thus, the catalytic activity can be largely promoted
with an increased concentration of substrate molecules based on
this speciﬁc molecular recognition process.
Other inorganic or inorganic/organic ligands can also be
utilized to improve the selectivities of catalytic reactions based
on the steric eﬀects of ligands. Kaneda and co-workers coated Pd
NPs with a dimethyl sulfoxide (DMSO)-like frame.178 The
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Figure 17. (a) Schematic illustration of PVP-enhanced ethanol oxidation. (b) CV curves of the Pd/C and diﬀerent ligand-capped Au−Pd aerogels.
Reproduced with permission from ref 219. Copyright 2020 Wiley-VCH.

none to 1-phenylethanol with >99% selectivity and hydrogenated from phenylacetylene to styrene with 94% selectivity.
Chen’s group used phenyl-based ligands to regulate the
electronic properties of noble metals and successfully improved
the corresponding electrocatalytic performance.201−203 Butylphenyl-functionalized Pd NPs (Pd-BP) were synthesized
through the colloidal method.201 Because of the high electrochemical surface area and the strong electronic interaction
between the Pd NPs and the aromatic ligands, the Pd-BP catalyst
expressed 4.5 times higher catalytic activity than Pd black for
electrochemical formic acid oxidation. Later, chlorophenylstabilized Pt NPs (Pt-ArCl) were also prepared.202 The Pt-ArCl
catalyst showed a mass activity that was 2.8 times larger than that
of the “naked” Pt/C catalyst in the ORR. Furthermore, a number
of Pt NPs modiﬁed with para-substituted (R = −CH3, −F, −Cl,
−OCF3, and −CF3) phenyl ligands were synthesized.203 It was
found that the electron-withdrawing ability of the substituent
groups, translated as the Hammet substituent constant (σ),
played a decisive role in regulating the ORR activity. The
possible mechanism for the ligand-promoted ORR activity may
be based on the prohibited generation of OH− species during the
ORR by a negatively charged surface, induced by the electrondonating eﬀect of the ligand,204 as the OH− species are widely
believed to block oxygen reduction.205
In addition to organic molecules, ionic ligands can also be
used to regulate the electronic properties of NP surfaces.206
Tong and co-workers discovered that the adsorption of S2−
enhanced the MOR activity level per active site on Pt NPs.207
The intrinsic MOR activity enhancement was largely due to the
enhanced parallel reaction pathway that did not produce
poisonous CO through S2− adsorption. On the other hand,
the more negatively charged Pt surface induced by the adsorbed
sulﬁde (S2−) suppressed the adsorption of the poisonous anions
and oxygen-containing species (ClO4− and OH−), leaving more
catalytic sites for the MOR. In addition to the MOR, the
modiﬁcation of S2− can also be used to improve the activity of
the ORR.208 Operando spectroscopic experiments suggested
that the promoted ORR activity was due to the adsorption of
sulﬁde, which made the Pt surface more resistant to oxidation.208
Moreover, the adsorption of sulﬁde also improved the stability of
the ORR. Recently, Wang and co-workers reported a sulfurmodiﬁed indium catalyst that showed good catalytic activity and
selectivity for the electrochemical reduction of CO2.209 Sulfur
promoted the activation of water, allowing the produced

Because of their lone-pair electrons, some commonly used
N,P-based ligands (such as OAm, ethylenediamine (EDA),
TPP) can donate electrons to the metal surface, thereby
generating negatively charged surfaces. Such a negatively
charged surface can cause changes in the adsorption, activation,
and desorption of some reactants during the reaction, producing
a beneﬁcial eﬀect in catalysis. For instance, it has been reported
that the suitable modiﬁcation of OAm on Pt increases the
electronic density of Pt.195 Despite a loss of electrochemical
surface area, the speciﬁc activity of the ORR was almost 3 times
as high as that of the surface-cleaned catalyst. This enhancement
was correlated to the varied electronic properties of Pt and the
decreased adsorption of adverse species (OH−). Ethylenediamine (EDA) was used to modify the surfaces of the ultrathin Pt
nanowires to tune the Pt electronic structure (Figure 16a−d).186
The modiﬁed catalyst exhibited a remarkably high selectivity to
produce N-hydroxylanilines from the selective hydrogenation of
nitrobenzene. A theoretical study indicated that the EDA ligand
donated electrons to the Pt nanowires and made the Pt surfaces
electron-rich (Figure 16d). This special surface favored the
adsorption of electron-deﬁcient reactants (nitrobenzene and
nitrosobenzene) and suppressed the adsorption of electron-rich
molecules (N-hydroxylaniline, aniline) (Figure 16e). Therefore,
the system prevented the full hydrogenation of nitrobenzene to
aniline. In another study, EDA was utilized as an electron donor
to enhance the conversion of PtOx to active Pt0 species and
therefore make the Pt NPs electron-rich. The increased amount
of Pt0 species improved the low-temperature selective catalytic
oxidation of ammonia.196 A comprehensive study on adapting
ligands with diﬀerent electron-donating abilities also conﬁrmed
the above conclusion: the more electron-rich the NP surface is,
the easier it is for electron-deﬁcient reactants to be adsorbed.197
Phosphorus-based ligands (tricyclohexylphosphine, PCy3 and
triphenylphosphine, PPh3) were applied to tune the electronic
properties of the NP surface.198−200 Fedorov and co-workers
modiﬁed Cu NPs with PCy3 ligands and successfully promoted
the activity and selectivity for the selective hydrogenation of
alkynes to alkenes.198 In another study, Li and co-workers
improved the catalytic activity and selectivity of Pd NPs when
the PPh3 ligand was cross-linked inside FDU-12.199 The Pd NPs
exhibited electron-rich properties induced by the donating eﬀect
of the PPh3 ligand, weakening the Pd−H bonds. Consequently,
the PPh3-modiﬁed Pd NPs were hydrogenated from acetophe6036
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Figure 18. Illustration of NHC functionalization-enhanced Au catalysis for carbon dioxide reduction. Reproduced with permission from ref 229.
Copyright 2016 American Chemical Society.

ligands and polystyrene thiolate ligands.227 The stronger
electron-donating eﬀect of the NHC ligand compared with
the thiol ligand made the Au NPs and Pd NPs more electron-rich
after ligand modiﬁcation. The higher electron-rich nature of the
metal NPs was believed to largely improve the catalytic activity
of 4-nitrophenol reduction. Similar studies were also conducted
by Glorius and co-workers.228 In particular, NHC-decorated
metal NPs usually exhibit perfect catalytic properties in the
conversion of electrophilic reagents (such as CO2). Chang and
co-workers adopted the ligand-exchange method to functionalize Au NPs with NHC (Figure 18).229 The modiﬁed catalyst
exhibited an improved faradaic eﬃciency (FE = 83%) for the
electrochemical reduction of CO2 to CO in a neutral solution.
The current density at an overpotential of 0.46 V was 7.6-fold
higher than that of the surface-cleaned Au NPs (FE = 53%).
Mechanistic studies further showed that the NHC ligand
inﬂuenced the routes for CO2 electrochemical reduction by
forming a strong carbene−gold bond. Recently, polymeric NHC
ligands were synthesized that stabilized two metallic NPs (Au
and Pd).230 The combination of polymer hydrophobicity with
the enriched surface-electron density of the metal NPs showed
substantial improvements in the activity, selectivity, and longterm durability properties of the metal nanocatalysts for CO2
electroreduction. To improve the electrochemical reduction of
CO2 to CO, a strongly capped chelating NHC ligand was used to
functionalize Au NPs and Pd NPs.231 The chelating NHCmodiﬁed Au NPs showed a 110-fold improvement in the current
density as compared with the OAm-capped Au NPs at an
overpotential of 340 mV.232,233 In addition to electrochemical
reactions, the promotion eﬀect of NHC modiﬁcation on metal
NPs has been expanded to other heterogeneous catalytic
reactions, such as catalytic oxidation reactions234 and selective
hydrogenation reactions.235−237
On the basis of the existing literature, we can draw some
general conclusions regarding the beneﬁcial mechanism of the
electronic eﬀect on the catalytic reactions reported across
diﬀerent studies. The electronic state of the metal surface altered
by ligand binding can act as a Lewis base and thus change the
adsorption/desorption of the reagents and intermediates. As
mentioned above, the commonly used ligands are Lewis bases.
The NP surface is usually electron-rich because of the electrondonating eﬀects of ligands. Therefore, these electron-rich NP
surfaces can also act as Lewis bases. According to the Lewis
acid−base theory, some relatively electrophilic substances (such
as CO2, O2, H+, nitrobenzene) are prone to adsorb onto
negatively charged metal surfaces. In contrast, some relatively
electron-rich substances (such as OH− and N-hydroxylaniline)
do not favor such adsorption. Consequently, the conversion

hydrogen species to react with CO2 to form formate. Jiang and
co-workers investigated the impact of ligand charge on the
catalytic activity.210 It was believed that the modiﬁcation of the
anionic citrate ligand enriched the electrons on the NP surface.
However, the modiﬁcation of the CTAB ligand decreased the
number of electrons on the NP surface. The electron-rich
surface of the citrate-coordinated catalyst beneﬁted the catalytic
oxidation of o-phenylenediamine to 2,3-diaminophenazine.
Polymers are frequently applied to tune the electronic
structure of noble metals and their activities/selectivities for
diﬀerent catalytic reactions.211 The Pt surface was modiﬁed by
PAA and PEI with diﬀerent morphologies to improve the HER
activity.212,213 This modiﬁcation regulated the electronic
properties of the Pt surface and enhanced the interface proton
concentration during hydrogen evolution. As a result, the HER
activity was promoted. The PANI coating on the Pt induced
electronic interactions between the Pt surface and the PANI
ligand, thus increasing the Pt NP activity and stability for the
ORR.214 A similar electronic interaction was also observed
between PVA and Pt NPs.215 The higher activities of Au clusters
modiﬁed by the PVP ligand toward alcohol oxidation has been
ascribed to electron donation from PVP to Au.216 The enriched
electron density of the Au core was conﬁrmed on the basis of
diﬀerent techniques. It was proposed that the electron transfer
from the anionic Au atoms to the lowest unoccupied molecular
orbital (LUMO, π*) of oxygen generated superoxic or
peroxygenic species, which played a critical role in the oxidation
of p-hydroxybenzyl alcohol. The electronic variation in Au by
PVP or PVA modiﬁcation also improved the performances of pchloronitrobenzene and cinnamaldehyde hydrogenation.217
Michaelis and co-workers further proved that electron donation
from polymers to NPs is responsible for tailored catalytic
activity.218 However, recently, Eychmuller and co-workers
found that the PVP ligand withdraws electrons from aerogel
metals (Au−Pd), thus leading to deﬁcient electronic densities
on the metals (Figure 17a).219 Then, the electrochemical
oxidation of ethanol occurred more smoothly on these surfaces
due to the presence of an extra positive potential (Figure 17b).
The promoted catalytic activity of metal NPs by polymers was
extended to the electrochemical reduction of CO2 to CO.220
NHC has been successfully utilized in the ligand synthesis of
colloidal NPs (such as Ru, Rh, Ir, Au).221−224 This type of ligand
has attracted much attention because its powerful electron
donor property enables it to bind strongly to various transition
metals through covalent metal−C bonds.225,226 Compared with
thiol capping, the modiﬁcation of NHC ligands usually makes
the metal NP surfaces more electron-rich. For example, He and
co-workers modiﬁed Au NPs and Pd NPs with polymeric NHC
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Figure 19. Mechanism of the IL-promoted ORR activity for the Pt catalyst. A hydrophobic IL layer is coated on the carbon support and supplies O2 for
the ORR. Reproduced with permission from ref 246. Copyright 2015 American Chemical Society.

modiﬁcation can also increase the stability of the catalyst
because of the wide IL electrochemical potential window.8,28
In 2010, Erlebacher and co-workers prepared a catalyst
including nanoporous PtNi foil protected with a hydrophobic
[MTBD][beti] IL. The composite catalyst demonstrated a very
high catalytic activity for the ORR that surpassed the activities of
any previous catalysts.243 The key to realizing this excellent ORR
activity was the high solubility of O2 in the hydrophobic
environment, which was approximately 3-fold that in aqueous
HClO4 solution. Later, they successfully expanded this concept
from a bulk material to a nanoparticle-based catalyst.244
Compared to the bulk material, the nanoparticle-based catalyst
overcame the mass-transport limitations and exhibited a better
catalytic activity. Impregnating a nanoporous NP catalyst with a
suitable IL was shown to be a method that could be used to
synthesize an IL-capped carbon-supported nanoporous PtNi
NP catalyst (np-NiPt/C+IL). Consequently, the speciﬁc ORR
activity of the np-NiPt/C+IL catalyst was much higher than that
of commercial Pt/C. The modiﬁcation of IL further improved
the ORR activity of the PtNi nanoframes because of the
increased O2 solubility at the catalyst interface.245
Etzold’s group performed some studies on IL-promoted
electrocatalysis. For example, they developed a facile method for
promoting the ORR activity of Pt/C catalysts by IL modiﬁcation
(Figure 19).246 The ORR activity of these IL-modiﬁed catalysts
(supported catalysts with an IL layer) can be regulated by
changing the degree of IL modiﬁcation, giving rise to an increase
of 3.4 times in the ORR activity. Furthermore, the IL-capped
catalysts exhibited signiﬁcantly improved stabilities compared
with that of Pt/C. The promoted ORR activity was ascribed to
the optimized interfacial environment between the electrolyte
and Pt, where there was an increased number of active sites and
higher solubility of O2. In addition, the modiﬁcation of the IL
layer also protected the Pt surface from oxidation, leading to the
enhanced ORR activity of the IL-capped Pt catalyst.247 It is
worthwhile to note that the structure of the IL is an important
factor inﬂuencing ORR activity. A series of ILs with diﬀerent
alkyl chain lengths in imidazolium cations were used to modify
the Pt/C catalyst to investigate the inﬂuence of the IL alkyl chain

properties of these electrophilic substances can be improved.
The selectivity of the related catalytic reactions can also be
inﬂuenced by the diﬀerent electronic states of the intermediates.
For example, the ORR activity of Pt-based NPs can be enhanced
because of the inhibited adsorption of OH− species, which have
been considered to cover the active sites of Pt NPs and suppress
the ORR activity.195,204,205,208 The HER activity can be
improved on the basis of the enhanced proton (H +)
concentration around the metal surface during hydrogen
evolution.212,213 Similar results can also be applied to CO2
reduction.220,229−233 For selective hydrogenation of nitrobenzene, the negatively charged surfaces of the Pt nanowires,
induced by ethylenediamine modiﬁcation, enhanced the
adsorption of the electron-deﬁcient reactants (nitrobenzene
and nitrosobenzene) and suppressed the adsorption of the
electron-rich molecules (N-hydroxylaniline). Then, the selectivity of hydrogenation from nitrobenzene to N-hydroxylaniline
can be improved.186,197
Although the general conclusions above apply to most studies,
there are still a small number of studies with diﬀerent or even
opposite conclusions.238 The intrinsic mechanism of the
electronic eﬀect on promoting catalytic reactions merits further
study.
5.3. Solubility Eﬀect of Surface Ligands. The modiﬁcation of ligands on catalysts can create a hydrophilic or
hydrophobic environment due to the varied polar or nonpolar
functional groups in the ligands, which can change the solubility
of the reactants during the catalytic reactions. Speciﬁcally, the
hydrophobic environment induced by ligands was largely
utilized to promote the catalytic activity because of the increased
solubilities of the reagents (such as O2, CO2, styrene) on the
catalyst surfaces; this is because hydrophobic solvents usually
have high gas solubilities compared with hydrophilic solvents.239,240 Over the previous decade, ionic liquids (ILs) have
been used to capture CO2 in air because of their high gas-capture
capabilities.241,242 When an IL is used as a new kind of ligand, it
can increase the NP hydrophobicity, thereby increasing the O2
solubility on the surface to promote ORR activity. This
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lengths on the ORR activity.248 It was discovered that the ORR
activity was closely related to the alkyl chain lengths of the IL
cations. The best ORR activity was obtained when the alkyl
chain length was optimized. The optimized ORR activity came
from the balance between the better inhibited formation of the
OH− species on the Pt surface and the more serious passivation
of the Pt surface with increased IL alkyl chain lengths. Recently,
the IL-improved ORR activity was extended to a multimetallic
PtNiMo/C catalyst.249 It was demonstrated that the ORR mass
activity of the PtNiMo/C catalyst at 0.9 V was enhanced by
50%−70% with IL modiﬁcation.
In addition to the utilization of ILs, the hydrophobic
environment on the catalyst can also be constructed by other
N,S-based ligands.250−253 Recently, Mougel and co-workers
generated a superhydrophobic surface on hierarchically
structured Cu dendrites by 1-octadecanethiol treatment.252
Using CO2 electrochemical reduction as the target reaction, the
ligand-modiﬁed hydrophobic Cu electrode revealed ethylene
selectivity with a Faradaic eﬃciency (FE) of 56% and ethanol
selectivity with an FE of 17% under neutral conditions, in
comparison with the corresponding FE values of 9% and 4%,
respectively, on a hydrophilic (wettable) electrode. This result
can be ascribed to the increased gas-capture capacity of the
hydrophobic Cu surface. The hydrophobic environment
increased the CO2 solubility at the electrode−solvent interface
and eventually increased the selectivity of the electrochemical
CO2 reduction.254 The detailed mechanisms are shown in
Figure 20. In a more recent study, a hydrophobic environment
was also achieved through the modiﬁcation of dodecanethiol on
Au NPs to promote the catalytic activity and selectivity of CO2
reduction, although more than 90% of the Au NP surfaces were
covered with the ligand.255 It was suggested that the hydrophobic environment improves the CO2 solubility and hence
accelerates the catalytic reactivity.
A polymer ligand (trans-polyacetylene) was also utilized to
make the surfaces of the Pd NPs hydrophobic, leading to
enhanced activity for the hydrogenation of styrene.256 This
modiﬁcation was achieved by the polymerization of acetylene on
the Pd NPs. The hydrophobic environment adsorbed more
hydrophobic styrene on the surface of Pd. As a result, the
catalytic hydrogenation was signiﬁcantly enhanced. Moreover,
the polyacetylene formed during catalysis encapsulated the Pd
NPs inside the polymer, preventing the Pd NPs from sintering or
aggregating during the reaction.
5.4. Beneﬁcial Eﬀects of Ligands Revealed by DFT
Calculations. Three main eﬀects (steric, electronic, and
solubility) of ligand-controlled catalysis are described above.
Table 2 summarizes examples of ligand-promoted catalytic
reactions on the basis of the above three eﬀects. Although the
beneﬁcial eﬀects of ligands can be observed on the basis of the
catalytic performances and the beneﬁcial mechanism can be
conjectured by combining various physical detection methods,
detailed atomic information for the beneﬁcial mechanism of
these complex architectures is still missing, limiting the
development of this ﬁeld. DFT simulations can provide atomic
insight into catalytic processes from a theoretical perspective,
which may open an avenue to further developing this ﬁeld.257
The conformation and binding mode of ligands on metal NPs
or a ﬂat surface can be simulated by using DFT calculations to
optimize the adsorption energy.258−261 Then, the steric eﬀects of
ligands on nanocatalysis can be revealed.171,193 For the size
screening steric eﬀect, the free active site spaces and the reagent
sizes can be calculated, both of which can be used to explain the
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Figure 20. Mechanism of the solubility eﬀect generated by the
construction of a hydrophobic environment to promote electrochemical CO2 reduction. (a, b) Reactant transport and product
formation on the surface of the wettable electrode. (c, d) Reactant
transport and product formation on the surface of the hydrophobic
electrode, forming the triple-phase interface: solid electrode, electrolyte, and gaseous CO2. Reproduced with permission from ref 252.
Copyright 2019 Nature Publishing Group.

mechanism of selectivity improvement. For example, Sun and
co-workers constructed a canopy-like molecular architecture by
2,6-diacetylpyridine modiﬁcation on a Pt surface, which
prevented the poisoning of H2S and CO from H2 electrooxidation.144 The calculated space of the active sites after ligand
modiﬁcation is 2.41 Å, which is accessible to the small H2
molecule (2.30 Å) and inaccessible to the large CO molecule
(2.65 Å) and H2S molecule (4.47 Å). Therefore, H2 electrooxidation can be successfully performed on Pt without the
disturbing the CO and H2S in polymer electrolyte membrane
fuel cells.
The steric eﬀect of geometry screening can also be reproduced
by DFT calculations. Fu and co-workers discovered that the
OAm ligand forms an ordered 2 2 × 2 2 “array” on the
Pt3Co(100) surface (Figure 21).175 Because of this steric
geometry of the OAm ligand, the long-carbon-chain CAL
molecules cannot lie ﬂat on the NP surface; they can only enter
into the OAm array with their aldehyde functional groups
touching the catalyst surface. In contrast, the CC groups
remain distanced from the catalyst surface (Figure 21).
Therefore, the oriented adsorption of OAm can promote the
selectivity of CAL to COL.175 In another report, researchers
found that the modiﬁcation of hexadecyl-2-hydroxyethyldimethylammonium dihydrogen phosphate (HHDMA) ligands
on Pd NPs increased the selectivity of H2O2 direct synthesis.262
The results showed that the selectivity increased from 10% for
the bare Pd catalyst to 80% for the HHDMA-modiﬁed Pd
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Table 2. Examples of Ligand-Promoted Catalytic Reactions Based on the above Three Eﬀects
promoted mechanism

metals

ligands

supported

promoted catalytic reactions

ref

steric eﬀect for size
screening
Pt NPs
Pt(111)
Pt NPs
Pt NPs
Pt(111)
Pt nanourchins
Au nanowires@Pd
Pd NPs

OAm
cyanide
cyanide radical
2,6-diacetylpyridine
calix[4]arene
polyallylamine
polyethylenimine
polyaniline

yes
no
yes
yes
No
yes
yes
yes

ORR
ORR
ORR
hydrogen electrooxidation
hydrogen electrooxidation
ORR
ORR
formic acid electrooxidation

141
142
143
144
145
148
149
150

Au NPs

PVP

yes

159

Pd NPs

PVA

yes

Pd NPs

alkanethiol

yes

Pd NPs

alkanethiol

yes

Pd NPs
Pd NPs
Pd NPs
PtCo NPs
Pd NPs
Au NPs
Pd NPs

alkanethiol
thiols
alkanethiol
amines
thiols
alkanethiol
methyl-3-trimethoxysilyl
propyl sulfoxide

yes
yes
yes
yes
yes
yes
yes

liquid-phase benzyl alcohol oxidation to
benzaldehyde
liquid-phase benzyl alcohol oxidation to
benzaldehyde
isomerization of allyl alcohols to carbonyl
compounds
hydrogenation and isomerization of alkenes and
dienes
hydrogenation of unsaturated epoxides
hydrogenation of acetylene
hydrogenation of furfural
hydrogenation of α,β-unsaturated aldehydes
hydrogenation of α,β-unsaturated aldehydes
silane alcoholysis
semihydrogenation of alkynes

Pt NPs
Pt NPs
Pt NPs
Pt NPs
Pt NPs
Pd NPs
Pd NPs

OAm
chlorophenyl
anilines
sulﬁde
polyaniline
tricyclohexyl phosphine
triphenylphosphine

yes
yes
yes
yes
yes
yes
yes

195
202
203
207,208
214
198
199

Pd NPs
Au NPs, Pd NPs

butylphenyl
CTAB, citrate

yes
yes

Pt tripods
Pt NPs
Au NPs
Au NPs

polyallylamine
polyethylenimine
PVP
PVP, PVA, CTAB

yes
yes
yes
yes

Au, Pd, Au−Pd
aerogels
Ir NPs
Pd NPs
Au NPs
Au NPs, Pd NPs
Au NPs

PVP

yes

ORR
ORR
ORR
ORR, methanol electrooxidation
ORR
semihydrogenation of alkynes
hydrogenation of aldehyde, ketones, and
nitrobenzene
formic acid electrooxidation
oxidation of o-phenylenediamine to 2,3diaminophenazine
hydrogen evolution
hydrogen evolution
oxidation of p-hydroxybenzyl alcohol
hydrogenation reactions of p-chloronitrobenzene
and cinnamaldehyde
ethanol electrooxidation

219

yes
yes
yes
yes
yes

oxidation of glycerol to lactic acid
Buchwald−Hartwig amination
CO2 reduction
CO2 reduction
CO2 reduction

222
226
229
230
232

Au NPs

N-heterocyclic carbenes
N-heterocyclic carbenes
N-heterocyclic carbenes
N-heterocyclic carbenes
chelating tetradentate
porphyrin
OAm

yes

CO2 reduction

233

nanoporous Ni−Pt
Pt3Ni nanoframes
Pt NPs
PtNiMo NPs
Cu NPs
Au NPs
Pd NPs

ionic liquid
ionic liquid
ionic liquid
ionic liquid
1-octadecanethiol
dodecanethiol
polyacetylene

no
yes
yes
yes
yes
yes
yes

ORR
ORR
ORR
ORR
CO2 reduction
CO2 reduction
hydrogenation of styrene

steric eﬀect for geometry
screening

160
163
164,165,167,169

172
173
174
175
176
177
178

electronic eﬀect

201
210
212
213
216
217

solubility eﬀect
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249
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the selective hydrogenation of styrene on a polyacetylene (PA)modiﬁed Pd4 model catalyst.264 The study showed that the top
two Pd atoms were more negatively charged due to the strong
ligand-Pd interaction. The charge interaction facilitated both the
hydrogenation of styrene and desorption of the product and
consequently improved the catalytic activity. The metal−ligand
electronic interaction is more intense when a single-atom
catalyst is used. For example, Tong and co-workers modulated
the electronic state of single Pt sites by PVP modiﬁcation to
enhance the HER activity.190 DFT calculations indicated that
PVP optimizes the electronic structure of single Pt atoms and
optimizes the Gibbs free energies for hydrogen adsorption,
guaranteeing the high HER activity of the hybrid Pt-based
material.
Theoretically, both steric and electronic eﬀects inﬂuence
catalytic activity. López and co-workers performed detailed DFT
calculations toward the selective hydrogenation of α,βunsaturated aldehydes on secondary phosphine oxide (SPO)stabilized Au NPs.265 They identiﬁed that the Au-SPO interface
induced the heterolytic activation of H2 molecules, which was
favorably added to the CO bond to generate unsaturated
alcohol. The electronic and steric eﬀects were identiﬁed for use
as collective descriptors to explain the hydrogenation mechanism of a set of unsaturated aldehydes catalyzed by SPOstabilized AuNPs. The heterolytic H2 dissociation promoted by
ligands in hydrogenation reactions was also theoretically studied
by other researchers.266−268 However, when H2 activation is not
the rate-determining step, the steric eﬀect becomes more
apparent. Honkala and co-workers studied the selective
hydrogenation of acrolein on Pt(111) and Pd(111) surfaces
with DFT calculations.269 It was demonstrated that the
hydrogenation of CO groups requires more space than the
hydrogenation of CC groups. Thus, allyl alcohol can be more
favorably formed with a low reagent coverage, while
propionaldehyde forms more favorably with a higher reagent
coverage.
The ligand-promotion mechanism can be better understood
by calculating the adoption energy for each reaction step.270 The
CO2 electrochemical reaction has been eﬀectively studied in
recent years due to its high potential for solving energy and

Figure 21. Schematic illustration of the selective hydrogenation of α,βunsaturated aldehydes catalyzed by amine-capped platinum−cobalt
nanocrystals, showing the optimized adsorption mode of CAL (ball and
stick) on the surface of Pt3Co(100) modiﬁed by OAm (line).
Reproduced with permission from ref 175. Copyright 2012 WileyVCH.

catalyst. DFT calculations indicated that the modiﬁcation of the
organic ligand stopped the reaction intermediate (hydroperoxyl,
OOH) lying ﬂat on the surface of Pd and prevented its further
dissociation or overhydrogenation. The selectivity enhancement
is directly related to this steric eﬀect of geometry screening.
The electronic eﬀects between the ligand and the metal NPs
have been veriﬁed by DFT calculations.186,194,263 For example,
using Bader charge analysis, interfacial electronic density
distributions have been visually observed between Ir NPs and
C-based, N-based, and S-based ligands (Figure 22).181 This
interfacial electronic eﬀect was believed to have a beneﬁcial
impact on the catalytic performance. From a theoretical
perspective, NHC-based ligands can usually donate electrons
to metal NPs through strong metal-C bonds.226 The negatively
charged surface changes the adsorption and desorption of the
reagent or product.210 Cheng and co-workers used DFT to study

Figure 22. Optimized modes of Ir−C, IrN, and Ir−S slabs (top panels) and the relevant interfacial electronic density distributions (bottom
panels). The cyan areas indicate electron loss, and the yellow areas represent electron gain. Reproduced with permission from ref 181. Copyright 2021
American Chemical Society.
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ligand-capped Au25 nanosphere cluster can better stabilize the
COOH* intermediate in the CO2 electroreduction to CO, thus
exhibiting better catalytic activity.272
The inﬂuence of the hydrophilicity or hydrophobicity of the
catalyst surface on CO2 reduction was innovatively studied by
Toma and co-workers.273 They modiﬁed the Cu surface with
hydrophilic ligand 9 and hydrophobic ligand 8; the surfaces were
then characterized with contact-angle measurements (Figure
24a,b). Electrochemical measurements showed that the hydrophilic surface produced formic acid as the main product, whereas
the hydrophobic surface generated CO as the main product.
Quantum mechanics showed that CO formation occurred via
isolated CO2 in the solvent, which obtained H from water to
generate the COOH* intermediate (Figure 24c). Then,
COOH* further obtained H from water to generate H2O and
CO. In contrast, formic acid formation proceeded via the
immediate addition of CO2 on the M−H surface to form
formate. Subsequently, formate obtained H from water to form
formic acid. Therefore, variations in the surface H species and
the existence of water on the surface directly determine the
products formed. The ReaxFF calculations further indicated that
a hydrophobic surface with abundant M−H bonds tended to
form formic acid, whereas the hydrophilic surface with rare M−
H bonds was likely to form CO (Figure 24d,e).
5.5. Combined Eﬀects Induced by Surface Ligands.
The eﬀects of ligands on heterogeneous nanocatalysis are often
multifaceted because of the complexity of the metal−organic
interface.274 In most cases, two or more eﬀects inﬂuence the
catalytic activities. As early as 1994, Hutchings et al. found that
the modiﬁcation of a thiophene ligand on the Cu/Al2O3 catalyst
can be used to promote the catalytic activity of hydrogenation
from α,β-unsaturated aldehydes to unsaturated alcohol.275
Mechanistic studies showed that both the steric and electronic
eﬀects of thiophene played a key role in the enhancement of
catalytic activity. The aspartic acid ligand was shown to achieve
the same target by modifying the Pt/Al2O3 catalyst.276 Xia and
co-workers fabricated a cyclodextrin (CD)-modiﬁed Au NP

environmental issues. For example, Liu and co-workers modiﬁed
Au NPs with a chelating tetradentate porphyrin ligand (P1),
showing a 110-fold improvement in the current density
compared to OAm-capped Au NPs for the electrochemical
reduction of CO2 to CO at an overpotential of 340 mV.232 DFT
calculations have been used to determine the detailed reaction
pathways of CO2 to CO on Au(111)- and P1-modiﬁed Au(111)
(Figure 23). The ﬁrst step of CO2 hydrogenation to form

Figure 23. Reaction pathway of CO2 reduction to CO on Au(111) and
P1-modiﬁed Au(111). Reproduced with permission from ref 232.
Copyright 2018 Wiley-VCH.

COOH* is an endothermic process with a ΔG of 0.57 eV for P1modiﬁed Au(111); as compared with 1.12 eV for Au(111), this
result demonstrates that COOH* can be much more easily
formed on the P1-modiﬁed Au(111) surface. Considering that
the COOH* intermediate is a key species that limits the
reduction of CO2 to CO,271 the largely enhanced catalytic
activity of P1-modiﬁed Au(111) can be ascribed to the favorable
formation of the COOH* intermediate on P1-modiﬁed
Au(111). Jin and co-workers also theoretically found that a

Figure 24. (a) The contact-angle measurement of a drop of water on the Cu surface modiﬁed with hydrophilic 9. (b) The contact-angle measurement
of a drop of water on the Cu surface modiﬁed with hydrophobic 8. (c) Schematic illustration of CO formation through a C-bound intermediate and
HCOOH formation through a surface hydride. (d) Molecular Dynamics simulations indicate that the hydrophilic interface improves formic acid
formation and that the hydrophobic interface enhances CO formation. (e) Free-energy diagrams for the formation of formic acid at the Cu surfaces
modiﬁed with hydrophobic 8 and hydrophilic 9. Reproduced with permission from ref 273. Copyright 2019 American Chemical Society.
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nanocubes on the graphene support consisting of a few layers
improved both the activity and selectivity of the selective
cinnamaldehyde hydrogenation compared with the immobilization of free Pt concave nanocubes.294 In addition to stabilizing
the Pt nanocubes, the support interacted with the amin ligand,
serving as a kind of ligand reservoir. A dynamic equilibrium was
constructed between the ligand-contacted NPs, the free ligand
in the solvent, and the ligand-contacted support. The ligand
redistribution guaranteed perfect activity and selectivity during
the catalytic process, even after several recycling tests. However,
systematic investigations regarding the impact of the support on
the catalytic activity of ligand-regulated nanocatalysis are still
lacking and may be a direction for further research. The
underlying reason for this research gap might be the diﬃculty in
explaining the support inﬂuences due to the complexity of the
metal−ligand-support three-phase interface.294 Nevertheless,
the support can act as the intermediary agent, contributing to the
construction of the metal−ligand interface; this means that the
support can be modiﬁed with suitable ligands prior to the
loading of NPs.295,296 For example, Lu and co-workers modiﬁed
a graphene oxide (GO) support with a PEI ligand and then
loaded it with Co NPs under the reduction of NaBH4.297 It was
demonstrated that the construction of the Co-PEI interface
assisted by the GO support largely promoted the dehydrogenation of ammonia borane. Wang and co-workers also adopted a
similar method for constructing a metal−IL interface, which
largely improved the electrocatalytic activity of ethanol
oxidation.298 In other reports, the ligands themselves were
treated as supports, especially for some polymers, ILs, and
dendrimers.299−306 Because there are more lone electron pairs
inside the ligands (or supports), the electronic interactions
between the metals and the ligands (or supports) are stronger,
which largely inﬂuences the catalytic activity. For example, Han
and co-workers fabricated dendrimer-capped AgCo bimetallic
NPs by directly using poly(amidoamine) (PAMAM) as the
support and capping ligand. The strong electron-donating eﬀect
from the PAMAM ligand (or support) to the AgCo NPs largely
promoted the dehydrogenation of ammonia borane to produce
hydrogen (Figure 25).307 The intense interaction between these
supports and the NPs is similar to the interactions between the
ligands and the NPs mentioned above.
5.7. Adjusting the Coverage of Surface Ligands. In
previous ligand-controlled catalysis, most aforementioned
investigations were based on a bare-surface system or a
saturated-surface system. In fact, the surface coverage of ligands
should play a crucial role in regulating the catalytic activity/
selectivity due to the varied active sites on the catalyst. In
surface-coverage-regulated catalysis, there are two important
questions that arise. (1) How can the surface coverage of ligands
be regulated? (2) How can the surface coverage of ligands be
measured?
It is diﬃcult to adjust the surface coverage of ligands with the
conventional colloid synthesis method because excess ligands
should be added to prohibit the NPs from agglomerating,
resulting in a saturated-surface construction. On the other hand,
conventional post-treatment approaches such as thermal
annealing usually remove ligands completely, leading to a
bare-surface construction. However, it is important to precisely
adjust and measure the surface coverage of ligands on the
catalyst, contributing to the identiﬁcation of the true catalytic
active sites and the reaction mechanisms. However, the
complicated spatial structures of diﬀerent kinds of ligands
induce certain diﬃculties in such a measurement. In the

(CD@AuNP) catalyst through a one-step colloidal-synthesis
approach.277 The prepared CD@AuNP catalyst possessed
extremely high catalytic activity and simultaneously mimicked
the performances of both glucose oxidase and horseradish
peroxidase. Such properties probably resulted from the speciﬁc
topological structures of the CD molecules (steric eﬀects) and
their unique electron-transfer eﬀects with the appended Au
surface (electronic eﬀects). Zheng and co-workers developed an
eﬃcient and selective Pd catalyst for the semihydrogenation of
alkynes by treating ultrathin Pd nanosheets with thiol ligands.278
The thiol-capped Pd nanosheets reached a collective >97%
catalytic selectivity for the semihydrogenation of 1-phenyl-1propyne to 1-phenyl-1-propene. Furthermore, the modiﬁed
catalyst exhibited an extremely high stability. Theoretical and
experimental studies indicated that the high catalytic activity and
selectivity resulted from both the steric and electronic eﬀects of
the thiol ligand, prohibiting the excessive hydrogenation of C
C bonds.
Recently, Wang and co-workers reported the ligand-induced
photocatalysis of cadmium sulﬁde quantum dots (CdS QDs) for
the transformation of lignocellulosic biomass to high-value
aromatics using solar energy.279,280 The ligand-capped CdS QDs
were used as the catalyst. It was discovered that the ligands play
multiple roles in aﬀecting the catalytic activity. The hydrophobic
ligands promoted the dispersion of QDs, therefore increasing
the contact between CdS QDs and reactant lignin. The catalytic
activity and selectivity were also inﬂuenced by the electronic
interactions between the ligands and the QDs.
5.6. The Catalytic Activity Inﬂuenced by the Support.
In this Review and previous literature, discussions regarding
ligand inﬂuences on heterogeneous catalysis have mainly been
focused on supported nanomaterials, while only a small portion
has been focused on ﬂat surfaces (i.e., single-crystal
planes).142,145,281−285 These ﬂat surfaces are very suitable for
studying the mechanisms of ligand-promoted catalysis. The
diﬀerence between nanomaterials and ﬂat surfaces is the size.
Ligands are often less stable on ﬂat surfaces than on
nanomaterials.255,286 This lower stability is due to the fact that
the coordination between the ligands and bulk materials is not as
strong as that between the ligands and nanomaterials because
NPs have increased densities of low coordination sites and
higher surface energies.
In terms of ligand-promoted nanocatalysis, it should be noted
that the support may have impacts on the catalytic activity of
ligand-promoted nanocatalysis, although some published
reports have indicated that the poisoning of ligands is
independent on the type of support.238,287 In some cases, the
catalytic reactions of NPs promoted by ligands can even take
place without the usage of a support.279,280,288 However, in
heterogeneous nanocatalysis, it is generally accepted that the
strong electronic metal−support interaction (EMSI) has a large
inﬂuence on the catalytic activity.289−291 Thus, it is reasonable to
expect that the support impacts the catalytic activity of ligandpromoted nanocatalysis. Recently, Hutchings and co-workers
demonstrated that the addition of a TiO2 support increased the
decomposition rate of H2O2 on PVP-capped AuPd NP systems;
such an increase was detrimental to the production of methanol
from methane, as a suﬃcient concentration of H2O2 is necessary
to oxidize methane.292 The explanation for this behavior was
that more highly faceted alloy NPs formed, and an extended
metal−support interface was developed after the introduction of
the TiO2 support.293 Soulantica and co-workers also discovered
that the immobilization of octadecylamine-capped Pt concave
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they used the time-resolved UV−vis absorbance spectroscopy of
2-mercaptobenzimidazole adsorption to quantify the number of
free active sites on the Au NPs and evaluate the surface coverage
of the ligands. However, in more published papers, increases in
the ligand chain length have been shown to result in increased
ligand surface coverages because these ligands are “slimmer” and
closer to each other, leaving less space for the other reagents. For
example, Guo and co-workers investigated the catalytic activity
of 4-nitrophenol reduction by Au NPs with sulfur-based ligands
of diﬀerent chain lengths (sulﬁon (S2−), 3-mercaptopropionic
(MPA), and 11-mercaptoundecanoic (MUA)) (Figure 26).310
It was discovered that the ligand surface coverage decreased with
the shortened ligand lengths. The catalytic system (Au@S2−)
with the lowest ligand coverage value exhibited the highest
activity for the conversion of 4-nitrophenol. Li et al. also
reported a similar result.311 It should be noted that although the
catalytic activity of the NP-based catalyst with a lower ligand
coverage can be enhanced, the selectivity may decrease because
of the higher number of adjacent active atoms,175 especially for
selective hydrogenation reactions. Therefore, the selection of
appropriate ligand coverage may require the consideration of
diﬀerent catalytic systems based on the balance between the
catalytic activity and selectivity.
The surface coverage of ligands on metal NPs can be regulated
by adjusting the diameters of the metal NPs.312−314 Shon and
co-workers presented systematic studies regarding the impact of
the thiolate-protected Pd NP ligand surface density on the
catalytic properties.312 The ligand surface densities and particle
sizes of the Pd NPs were regulated by changing the synthesis
conditions. The decrease in the amount of sodium sdodecylthiosulfate and sodium borohydride generated Pd NPs
with larger particle sizes and lower ligand densities. On the other
hand, either the decrease in the amount of tetra-noctylammonium bromide or the increase in the synthetic
temperature produced Pd NPs with smaller particle sizes and
higher ligand densities. It was demonstrated that the catalytic
activity of the isomerization of allyl alcohol was closely related to
the ligand surface density of the Pd NPs. Pd NPs with lower
ligand surface coverages exhibited better activities and
selectivities. Lee and co-workers also found that the ligand
surface densities on Ni NPs can be adjusted by modulating the
NP size.313 The ligand surface density increased with decreasing

Figure 25. Mechanism of ammonia borane dehydrogenation by
PAMAM-supported AgCo NPs. Reproduced with permission from ref
307. Copyright 2016 Elsevier.

following text, we will introduce recent advances regarding
surface-coverage-regulated catalysis based on the above two
questions.
Lammerhofer and co-workers quantiﬁed the thiol ligand
density of SAMs on Au NPs by inductively coupled plasma mass
spectrometry (ICP-MS).308 The concentration of Au and S
elements can be simultaneously measured by ICP-MS with a
relative error of less than 10%. It was found that the ligand
density was highly related to the chain length of the ligand.
Hydrophilic and lipophilic ligands with the same chain length
exhibited almost identical surface coverages, demonstrating that
steric hindrance is the most important factor in determining the
surface coverage of ligands. Kitchens and co-workers further
found that increasing the chain length of the thiolated
polyethylene glycol (HS-PEG) ligand decreased the surface
coverage of the ligand on the Au NPs and left more catalytic
active sites.309 In contrast, decreasing the chain length increased
the surface coverage of the ligand. Speciﬁcally, at maximum
surface coverage, the Au NPs covered with HS-PEG showed no
activity for the catalytic reduction of 4-nitrophenol. In this study,

Figure 26. Schematic illustration of the ligand chain length inﬂuence on the surface coverage of the ligands and the catalytic activity of the 4nitrophenol reduction. Reproduced with permission from ref 310. Copyright 2019 Springer Nature.
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Figure 27. Carbon-supported Au clusters capped with diﬀerent coverages of thiolate ligand for selective alcohol oxidation. Reproduced with
permission from ref 93. Copyright 2014 American Chemical Society.

Figure 28. (a) ORR mass activity (left) and speciﬁc activity (right) of Pt/C at 0.9 V with the regulated pyridine ligand coverage. (b) MOR mass activity
(left) and speciﬁc activity (right) at 0.7 V with regulated pyridine ligand coverage. (c) Schematic illustration of a bifunctional Pt catalyst with improved
ORR activity and enhanced methanol tolerance by modiﬁcation with the pyridine ligand. Reproduced with permission from ref 315. Copyright 2018
Royal Society of Chemistry.

particle size. The 6.8 nm Ni NPs demonstrated the highest
selectivities for selective furfural hydrogenation to furfuryl
alcohol among the four tested Ni NP catalysts with diﬀerent
diameters (3.7, 5.1, 6.8, and 10.4 nm); this is because the higher
ligand surface density of the smaller Ni NPs resulted in poorer

activity, whereas the larger Ni NPs agglomerated under
magnetic stirring, possibly resulting in a decrease in the Ni
surface area. The 6.8 nm Ni NPs demonstrated the highest
catalytic activities, resulting from the largest Ni NP surface area.
Evidently, ligand modiﬁcation is crucial for improving the
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Figure 29. Stability test of PtCo/C and PNIPAM-modiﬁed PtCo/C for an ORR. (a) ORR linear sweep voltammetry curves of the two catalysts before
and after the ADT. E1/2 stands for the half-wave potential. (b) The ORR speciﬁc activities (at 0.9 V) of the two catalysts before and after the ADT.
Reproduced with permission from ref 318. Copyright 2016 Springer Nature.

We developed two approaches (potential cycling and
annealing) to continually remove thiols from Au NPs and
carefully studied the removal mechanism.76 Potential cycling
can thoroughly remove the ligands without changing the Au NP
size, helping to reveal the impact of ligand coverage on Au
catalysis for the ORR. The annealing method can also be used to
remove the ligands while altering the Au NP particle size. By
comparing the above two removal approaches, the impact of
ligand coverage on the ORR activity of the Au NPs can be
determined. This comparison reveals that ligand coverage plays
a more important role than Au particle size in the ORR.
Furthermore, a postligand-modiﬁcation approach was developed to carefully adjust the ligand coverages on the Pt NPs
(Figure 28).315 By precisely regulating the ligand surface
coverages on the Pt NPs, the electronic eﬀects and steric eﬀects
of the ORR and MOR were successfully identiﬁed. Eventually, a
bifunctional catalyst with simultaneously improved ORR
activity and enhanced methanol tolerance was obtained by
suitably tuning the pyridine coverage on Pt NPs.

selectivity and accordingly enhancing the yield. It was
demonstrated that the ligand-modiﬁed Ni NPs expressed a
high yield (96%) of furfuryl alcohol, whereas severe overhydrogenation was observed for the surface-cleaned Ni/SiO2
catalyst with a similar Ni NP size.
Controlling the proper conditions for posttreatment ligand
removal is also a method for regulating the surface coverage of
ligands. The eﬀect of the dodecanethiolate (C12S) ligand on the
catalytic properties and selectivities of the Au clusters toward the
oxidation of benzyl alcohol (BA) was studied by Tsukuda and
co-workers.93 The surface coverage of C12S on the Au clusters
was regulated by varying the annealing temperature. A special
carbon support with a high surface area was used to stabilize the
Au clusters from sintering. The C12S-capped Au clusters
showed no activity toward BA oxidation due to the blocking
eﬀect of the ligand (Figure 27). In contrast, the surface-cleaned
Au clusters exhibited high eﬃciencies but poor selectivities.
Attractively, the selectivity for the formation of benzaldehyde
was largely enhanced by the suitable modiﬁcation of the C12S
ligand on the Au clusters, although the catalytic activity
decreased. Regulating the surface coverage of ligands is therefore
a critical step toward achieving the highest yield in the catalytic
reaction. Xu and co-workers applied UVO treatment to
controllably remove the PVP ligand from Au NPs and
successfully controlled the PVP surface coverage.105 Selective
hydrogenations of p-chloronitrobenzene (p-CNB) and CAL
were applied as the model reactions to test the impact of ligand
coverage on the catalytic performance of the Au NPs. It was
found that residual PVP highly improved the activity of the Au
NPs for p-CNB selective hydrogenation but lowered the activity
for CAL selective hydrogenation. The regulation of the surface
coverage enables a comprehensive understanding of the ligand
impacts on the catalysis of Au NPs. Cossairt and co-workers
studied the impact of the coverage of dodecylamine ligand on
the HER activity of WSe2.118 By using Meerwein’s reagent, the
surface ligands can be gradually removed from the catalytic
active sites. It was demonstrated that the dodecylamine ligands
reduced the reaction kinetics of the WSe2 HER through analysis
of the electrochemical results at diﬀerent ligand coverages.

6. THE STABILITY OF LIGANDS BEFORE AND AFTER
NANOCATALYSIS
When ligand-modiﬁed nanocatalysts are developed in the ﬁeld
of industrialization, ligand stability becomes a very important
issue. There are two questions that need to be considered (1)
How can the stability of ligands be evaluated before and after
nanocatalysis? (2) What factors aﬀect the stability of ligands? By
mastering the methods for evaluating the stability of ligands and
understanding the factors that aﬀect ligand stability, highly
stable ligand-capped nanocatalysts can be eﬀectively exploited.
6.1. How Can the Stability of Ligands Be Evaluated
before and after Nanocatalysis? Clearly, the ligand
dynamically changes during the process of reaction catalyzation.
One straightforward method is to use an in situ approach to
measure the number of surface ligands during the catalytic
reaction. For example, in situ surface-enhanced Raman spectroscopy (SERS) was applied to measure the number of surface
S2− ionic ligands on Pt black during the ORR in a ﬂow cell.208
The Pt−S band can be dynamically detected during this
operation. The results visually showed that the improved activity
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Figure 30. Stability of the pyridine ligand on the Pt NP surface at diﬀerent potentials. Reproduced with permission from ref 315. Copyright 2018 Royal
Society of Chemistry.

6.2. Factors Aﬀecting the Stability of Ligands.
Considering that the polymer ligand can be washed oﬀ with
hot water,107 we have reasons to believe that the ligand might be
unstable under relatively strict reaction conditions. Since we can
use various methods (such as annealing, ligand exchange,
electrochemical method) to remove the ligands, we need to
consider that these underlying factors might aﬀect the stabilities
of the ligand-capped nanocatalysts if they appear in the catalytic
reaction. In the following text, we will discuss the factors (i.e.,
high temperature, reagent exchange, electrochemical potential)
that aﬀect the ligand stability, along with relevant examples that
have been published in previous papers.
6.2.1. High Temperature. As mentioned above, hightemperature annealing has been widely used to remove ligands
from catalysts before performing catalytic reactions. Thus, high
temperatures are usually not favorable for organic ligand
stability. Because of this instability, ligand-promoted nanocatalysis is usually limited to low-temperature reactions (at least
lower than the boiling point of the ligand), including lowtemperature selective hydrogenation reactions, low-temperature
liquid-phase oxidation reactions, and low-temperature electrochemical reactions. However, in a few reports, the ligands have
been shown to be stable at high temperatures. For example, a
polymeric phosphate ligand was applied to modify NiO NPs to
improve the selectivity of the high-temperature (>300 °C)
propane oxidative dehydrogenation reaction.319 This modiﬁcation improved the selectivity to propene by 2−3 times at an
equivalent propane-conversion rate. In addition, the polymeric
phosphate ligands are also relatively stable on the NiO NPs for
lean methane oxidation at 500 °C.320 The exploitation of hightemperature-stable ligands is a highly desired goal for further
studies; this exploitation would be very important for the
industrial application of ligand-promoted nanocatalysis, as many
industrial catalytic reactions take place at high temperatures.

and stability of the ORR was due to the increased oxidationresistant ability of Pt black after sulﬁde adsorption. Regretfully,
there are not many examples of relevant in situ studies, and
further explorations are necessary.
Another more feasible method is to monitor the catalytic
activity or the catalytic surface properties before and after the
reaction. A couple of studies have clearly indicated that the
catalytic activity of ligand-capped nanocatalysts gradually
decreased after several catalytic reaction cycles.316,317 For
example, Bokhoven and co-workers performed a stability test
on a thiol-modiﬁed Pt/TiO2 catalyst for the liquid-phase
selective hydrogenation of 4-nitrostyrene to 4-aminostyrene.168
For the ﬁrst cycle, a 100% conversion of 4-nitrostyrene and a
95% selectivity for 4-aminostyrene were obtained. For the
second cycle, the conversion of 4-nitrostyrene and the selectivity
for 4-aminostyrene were 92% and 94%, respectively. For the
third cycle, the conversion and selectivity decreased to 85% and
92%, respectively. A continuous decrease in the conversion and
selectivity was observed when more cycles were conducted.
Some studies also claimed that the stabilities of ligand-capped
nanocatalysts are quite good.148,149,165,190,212,246,247 For example, < 5% productivity loss was observed after 72 h of electrolysis
by chelating ligand-modiﬁed Au NPs for CO2 electrochemical
reduction.232 Lee and co-workers evaluated the ORR activities
of the PtCo/C- and poly(N-isopropylacrylamide) (PNIPAM)modiﬁed PtCo/C catalysts before and after the accelerated
durability test (ADT).318 As shown in Figure 29, PtCo/CPNIPAM showed both a higher ORR activity and stability than
PtCo/C. The initial ORR activity of PtCo/C-PNIPAM was
prominently improved compared with that of PtCo/C because
of the modiﬁcation of the PNIPAM ligand (Figure 29a). After
the harsh ADT, PtCo/C-PNIPAM only lost 11% of its speciﬁc
activity at 0.9 V (Figure 29b). In contrast, the speciﬁc activity of
PtCo/C degraded by 42%. These results indicated that the
PNIPAM ligand was stable on the surface of the nanocatalyst.
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6.2.2. Reagent Exchange. The ligand-exchange method was
used to eﬃciently remove ligands from the NPs. Although the
coordination between the new ligands and the NPs is weaker
than that between the original ligands and the NPs, as long as the
number of new ligands is large enough, they can replace the
original ligands. In real catalytic reactions, there are many
reagents crowded around the catalyst. It can be predicted that
part of the ligand would be replaced by the reagents. Therefore,
the ligand may be unstable under real catalytic conditions.
Generally, the coordination bond between the thiol ligands and
the NPs is very similar to the covalent bond, which is much
stronger than the interactions between most reagents and
NPs.238 However, even such a stable bond may also be broken
by other reactants.321 For example, it was reported that 1dodecanethiol-capped Au NPs showed the best stabilities
toward CO2 reduction compared with other catalysts, such as
triphenylphosphine-capped Au NPs.255 However, the catalyst
maintained only approximately 90% of its initial activity after 2 h
of reaction, a result that is far from the industrialization
requirement.
6.2.3. Electrochemical Potential. In electrochemical reactions, the potential plays a decisive role in regulating the catalytic
reaction process by controlling the oxidation/reduction state of
the catalyst. In general, catalytic reactions take place in the
electrochemical potential window, meaning that other factors
(such as the nature of the catalyst, electrolyte, solvent) do not
inﬂuence the target catalytic reaction in this potential range.
However, if this potential is not in the potential window, the
catalyst may be unstable, and the surface ligand is susceptible to
replacement. We previously studied the pyridine ligand
stabilities on the surfaces of the Pt NPs in detail.315 As shown
in Figure 30, pyridine is stable in the potential range of 0−1.0 V.
However, when the potential increases to a higher value than 1.0
V, the Pt NPs tend to oxidize to form PtO. Then, the
coordination bond of Pt−N is replaced by the Pt−O covalent
bond. When the potential is lower than 0 V, the HER begins to
take place on the Pt NP surface. The formed Pt−H covalent
bond also displaces the Pt−N bond. Therefore, the pyridine
ligand is unstable when the potential is higher than 1.0 V or
lower than 0 V. However, the result may be diﬀerent when the
ligand is polymerized. It has been reported that the polymer is
quite stable on the Pt NP surface during the HER.212,213 For the
ORR, the reaction usually takes place in the potential range of
0.6−0.9 V. Thus, it is believed that the ligand-capped NP system
may be very suitable for this reaction.281,322 For the CO2
electrochemical reduction, the best catalysts are Au NPs, Cu
NPs, and so on. These catalysts are not good HER materials.
Therefore, the HER may not aﬀect the stability of the ligand
during CO2 reduction. However, it has been reported that the
cathodic potential can have a high impact on the ligand stability.
Buonsanti and co-workers studied the stabilities of various
ligands on Cu NPs during CO2 reduction reactions.323 The
results showed that trioctylphosphine oxide, oleylamine, oleic
acid, and tetradecylphosphonic acid quickly desorbed from the
Cu NP surfaces when cathodic potentials were induced, and
these ligands did not inﬂuence the catalytic performance for
CO2 reduction. In contrast, dodecanethiol was stable under the
same conditions. Thus, it is very important to study the
underlying mechanism of ligand stability to reveal the true ligand
eﬀect on nanocatalysis.
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7. SUMMARY AND OUTLOOK
In summary, this Review presents a comprehensive overview of
recent studies related to the critical impacts of ligands on
heterogeneous nanocatalysis. Although much progress has been
made in this emerging research ﬁeld, these studies still represent
an initial stage, the impacts of ligands on the activities of NPbased catalysis are multifaceted and still controversial, and
further developments are required. Here, some new challenges
and insights are discussed as follows.
(1) In the early years of this research, it was believed that
ligands were unfavorable for catalytic reactions. Interestingly, in recent years, an increasing number of ligands
have been found to have advantageous eﬀects on catalytic
reactions, greatly enriching our knowledge about the
impacts of ligands on heterogeneous nanocatalysis. The
choice of a suitable ligand for promoting the catalytic
system is a key factor in this process. For instance, citrate,
PVA, PVP, or OAm modiﬁcations on Au NPs prohibit the
hydrogenation of alkynes. However, the addition of
piperazine has a promoting eﬀect on such hydrogenation.324
(2) The promoting mechanism is not clear. Although we have
seen some inspiring results about the promoting eﬀects of
ligands, the understanding of the actual promoting
mechanism of ligands in heterogeneous nanocatalysis at
the molecular level is still very limited. In many cases,
various eﬀects (steric, electronic, and solubility) may
occur simultaneously, and it is diﬃcult to distinguish
between them. The explanation of the mechanism may
require the utilization of more sophisticated techniques,
such as atomically resolved spectroscopy and atomic force
microscopy. On the other hand, the introduction of the
homogeneous asymmetric catalysis principles may be a
good direction for describing the metal−organic interface
at a molecular level,325−328 as the ligand eﬀects in
homogeneous catalysis have been more extensively
studied. Moreover, the investigation of the structural
reactivity of atomically precise nanoclusters may be
another good method due to the well-characterized
crystal structures of these ligand-stabilized nanoclusters.329−331
(3) The question of stability remains. Long-term stability is
very important in catalysts for practical applications. A
couple of examples have indicated that the coordinations
between ligands and metal NPs are interrupted during
stability tests. Several factors, including high temperature,
reagent exchange, and electrochemical potential, can
inﬂuence the ligand stabilities on NPs. However, detailed
examples are still lacking, and further studies are highly
necessary.
(4) The eﬀect of catalyst support was negligible. Most
heterogeneous catalysts require the use of a support.
Several reports have shown that the support can impact
the catalytic reactions. It is generally accepted that the
strong electronic metal−support interactions between the
support and NPs have a large inﬂuence on the catalytic
activity. Therefore, it is reasonable that the support
impacts the catalytic activity of ligand-promoted nanocatalysis. However, the related investigation is not
enough, partially because of the complexity of the
support−NP−ligand three-phase interface.
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In brief, the utilization of ligands in nanocatalysis is still an
emerging research ﬁeld with a high number of opportunities and
challenges, and its full potential is still unknown. Although this
Review cannot provide a complete overview of all papers
published in this ﬁeld, we believe this article presents a summary
that oﬀers a strategic guide for reasonably designing and
developing cost-eﬀective heterogeneous nanocatalysts with high
activities/selectivities, long-term stabilities, and environmental
friendliness. We believed that expanding our knowledge through
theoretical research combined with experimental results will
provide new ﬁndings on the critical impacts of ligands on
heterogeneous nanocatalysis in the future.
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