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Abstract The binding of molecules to the surface of
nanoparticles (NPs) for the use as ligands to manipulate the
catalytic properties of NPs is an emerging research area.
Various studies with interesting results have been reported
in the past few years, but it seems not clear how these
findings could be merged into some kind of unified picture,
describing the mechanism of action of ligands in hetero-
geneous catalysis. The aim of this article is to summarize
some of the recent achievements in this field with focus on
discussing these results using concepts from heterogeneous
and homogeneous catalysis. By this it is attempted to
separate the influence of ligands into (i) changing the
surface properties and (ii) acting as a function above or
perpendicular to the surface. The first aspect can be
rationalized by the knowledge from bimetallic catalysis. In
contrast, the second proposes the relevance of ligand-re-
actant interactions, as known from homogeneous catalysis,
in order to manipulate adsorption, activation, and conver-
sion of reactants. As the application of ligands in hetero-
geneous catalysis is still a young research field and the full
potential of the approach still unknown, this article does
not claim to give a complete summery of all results gained
within this field. Instead, the author aims to present a
picture that may give some guidance for future studies in
this area, based on established knowledge from homo- and
heterogeneous catalysis.
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1 Introduction

A typical metalorganic homogeneous catalyst is a metal
complex formed from a single metal atom or an ion, sur-
rounded by ligands that bind to the metal center. If free
coordination sites are available at the metal center, a
reactant can be adsorbed, activated, and catalytically con-
verted. For homogeneous catalysts ligands are prerequisite
because they mediate the solubility of the active metal
complex in the reaction medium and protect the metal
center from deactivation via e.g. sintering or precipitation.
The heterogeneous analogue to a metalorganic compound
is a supported nanoparticle. When considering ligands
merely as stabilizers for the catalytic metal it becomes
apparent that ligands are not required for a heterogeneous
catalyst, because the particles are already stabilized by the
support. Furthermore, the binding of ligands onto the sur-
face of a nanoparticle leads to the formation of self-
assembled monolayers that may eventually block the cat-
alytic surface. Therefore, it is usually concluded that
ligands reduce the catalytic activity of a heterogeneous
catalyst [1], which at first sight is an undesired effect.
When taking a deeper look into the role of ligands in
homogeneous catalysis it becomes clear that ligands exhi-
bit abilities beyond their use as stabilizers that may also be
of potential interest for heterogeneous catalysis. Ligands
can electronically modify the metal center to which they
bind [2]. This alters its reactivity which in turn can lead to
changes in activity and selectivity. With respect to their
structure, ligands can sterically and electronically interact
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with reactants, which enables for a unique control over
selectivity [3]. Moreover, they exhibit the ability to open
alternative reaction pathways with enhanced rates com-
pared to the purely metal catalyzed reaction, which is
related to as ligand acceleration [4].

As highlighted in several guidelines for 21st century
catalysis research the understanding and developing of new
strategies to control selectivity, especially in heterogeneous
catalysis, will be one of the major research tasks for the
next decades [5—7]. This requires manipulation of essential
material properties. Typical strategies for supported
nanoparticles are tuning the particle size [8, 9], using a
second metal (bimetallic nanoparticles) [10, 11], or the
creation of new active sites by e.g. inducing strong-metal
support interactions (SMSI) [12]. The basic idea of these
approaches is to manipulate the surface properties and by
this the adsorption and activation of the reactants on the
surface. As discussed later in more detail, ligands can be
applied in a similar way to alter the surface properties of
particles. As the selectivity of a heterogeneous catalyst can
be tuned in this way [13], it can be concluded that ligands
serve as a novel approach for tuning selectivity. The
potential of ligands for heterogeneous catalysis has not
merely been identified by academic research but also by
chemical industry. E.g. the BASF developed a commer-
cially available heterogeneous catalysts that consists of
supported Pd NPs, being covered with ligands [14]. This
catalyst is highly selective for the semi-hydrogenation of
alkynes to alkenes, serving as a lead-free and therefore
green alternative to the conventional Lindlar catalyst.

As indicated above, one ability to control selectivity in
homogeneous catalysis is to achieve specific ligand-reac-
tant interactions [15, 16]. By this the activation of the
reactant can be altered or even alternative reaction path-
ways that are controlled by the ligand may become feasible
enabling for a unique control of selectivity [4]. Considering
the impressive progress that has been achieved in this way
within the field of metalorganic catalysis raises the ques-
tion if it is feasible to use ligand-reactant interactions for
the control of selectivity in heterogeneous catalysis. Two
approaches can be found that have been explored in the
past and evidence that ligands may indeed be suitable for
this task:

1. Use of dispersed colloidal nanoparticles applied as
“quasi-homogeneous” catalysts.

2. Application of chiral modifiers for supported nanopar-
ticle catalysts.

In the 1980s and 1990s considerable progress has been
achieved within the field of colloidal nanoparticles formed
from metals being of catalytic importance like Pd, Pt, or Ru
[17]. Colloidal nanoparticles are synthesized in solution via
reduction of a metal precursor. A stabilizer is usually

@ Springer

required in order to shield the particle surface, which
suppresses particle sintering. Reduction can be achieved by
solvents such as alcohols [18, 19], using strong reducing
agents like NaBH, [20], and furthermore by electrochem-
ical methods [21]. Most commonly applied stabilizers are
polymers such as polyvinylpyrrolidone (PVP) [22], stan-
dard alkyl surfactants [17], but also ligands that are known
from homogeneous catalysis are suitable for stabilizing
dispersed colloidal nanoparticles [23, 24]. The stabilizers
bind coordinatively or covalently to the particle surface
similar as ligands to a metal center. In this way the parti-
cle’s surface energy is lowered and a protecting shell is
formed that keeps the particles at distance to inhibit sin-
tering that would cause fade of the nanostructure. Colloidal
syntheses can be applied for the preparation of heteroge-
neous model catalysts, because the resulting particles can
be deposited onto any given support material and the
protecting agents be removed by thermal treatments or
using ozone [25-27]. In this way the influence of particle
size [28], shape [29], support [20] and in the case of
bimetallic materials the effect of the chemical composition
[30] on the catalytic properties can be studied representa-
tively and in a systematic manner. However, when main-
taining the stabilizing shell, colloidal nanoparticles can
also be applied as “quasi-homogeneous” catalysts, mean-
ing dispersed in the reaction medium like a metal complex
[31]. The application of colloidal nanoparticles, stabilized
by specific ligands from metalorganic chemistry as “quasi-
homogeneous™ catalysts revealed that selectivities can be
altered by the presence of ligands [32, 33]. Furthermore,
even specific selectivities like stereoselectivity could be
achieved [34]. In order to establish stereoselectivities it is
prerequisite to achieve an asymmetry bias. In homoge-
neous catalysis the ligand is the chiral element of the cat-
alyst and the ligand-reactant interaction is considered as
the source for the asymmetric bias. The fact that stereos-
elective catalytic reactions can be performed with ligand-
stabilized colloidal nanoparticles hence indicates that
ligand-reactant interaction can also be established on
particle surfaces and used to control the selectivity of
catalytic nanoparticles.

The approach of using colloidal nanoparticles as cata-
lysts has apparently its origin in homogeneous catalysis. In
contrast, the application of so-called chiral modifiers was
introduced by groups from the field of heterogeneous
catalysis. A chiral modifier is an organic molecule that
prior to starting a catalytic conversion with a supported
nanoparticle catalyst is dissolved together with the reactant
in the reaction medium [35]. Depending on its binding
strength to the particle surface and its solvation energy the
modifier is in an adsorption—desorption equilibrium, which
determines the ratio of unmodified to modified sites of the
catalytic surface [36, 37]. Whereas over unmodified sites a
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racemic reaction occurs, the reactant can be stereoselec-
tively converted when interacting appropriately with an
adsorbed modifier [38]. The most investigated modifiers
are cinchona alkaloids (see Fig. 1). The aromatic moiety
(highlighted with green) acts as the anchoring group for the
modifier to bind to the particle surface. Only when this part
of the modifier adsorbs flat on the surface, high stereose-
lectivities can be achieved [39]. The red highlighted part of
the modifier contains the stereogenic center with an amino
group that has identified to be essential for the asymmetric
induction, as e.g. methylation of this group leads to com-
plete loss of stereoselectivity [40]. The origin of chiral
induction has been intensively investigated and discussed
in the past two decades [38]. Today it is generally accepted
that it originates from a one to one interaction of an
adsorbed modifier with an adsorbed reactant. The working
principle of a modifier seems hence to be quite similar to
ligands in homogeneous catalysis. The fact that the modi-
fier is soluble in the reaction medium complicates its
applicability as a serve bound species. If the modifier
surface coverage is too low, the catalyst exhibits free metal
surface over which a purely metal-catalyzed and thus a
racemic reaction proceeds. If, in contrast, the coverage is
too high, the adsorption mode shifts from a flat-lying
modifier to a tilted mode, which is not suitable to form the
desired modifier—reactant interaction [41]. Another issue,
beside any surface coverage dependent changes in the
catalytic properties, is that the aromatic moiety undergoes
hydrogenation under catalytic conditions [42]. The modi-
fier structure is hence altered and its adsorption strength on
the particle surface lowered which as a result causes losses
of stereoselectivity [43].

Cinchona Alkaloids
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Fig. 1 Cinchona alkaloids have intensively been studied as chiral
modifiers for supported nanoparticle catalysts with significant success
in terms of stereoselectivity for several reactants. The green marked
part of the modifier serves as the anchoring group to adsorb on the
particle surface, whereas the red part is responsible for the
asymmetric bias. A detailed description of the underlying mechanistic
details can be found in the literature [38]

In order to overcome the problems that are accompanied
with the use of a molecule as a modifier, the following
strategies could be followed:

1. Use of molecules that are not reactive under applied
reaction conditions.

2. Fixation of the modifier on the surface in order to
suppress the possibility of an adsorption—desorption
equilibrium.

As above mentioned the strength of adsorption of a
molecule is determined by its binding strength to the cat-
alytic surface and its solubility in the reaction medium.
Therefore, fixation can be achieved by increasing the
binding strength (e.g. the use of sulfur-based anchoring
group) [44, 45] and by using a reaction medium in which
the molecule that is supposed to be bound to the surface is
not soluble [46]. When working with gaseous reactants
there are of course no solubility related issues that have to
be taken into consideration. Instead it is merely important
to keep the reaction temperature low enough to avoid
desorption of the desired surface bound species.

Based on the above discussion it is reasonable to make a
clear distinction between the terms “modifier” and “li-
gand” to avoid any confusion. A “modifier” is a molecule
that is soluble in the reaction medium and has thus to be
considered as being in an adsorption—desorption equilib-
rium under reaction conditions [40]. In contrast, a “ligand”
is a molecule that is kept fixated on the surface under
catalytic conditions [1].

As already indicated above, the use of modifiers for
supported nanoparticle catalysts in liquid media is an
established approach for the control of stereoselectivity.
Significant progress has been achieved within this field and
reviews summarizing the most relevant aspects have been
published by different groups [38, 47, 48]. The idea of
fixating a molecule to the surface of the catalyst in order to
apply it as a ligand has however just recently started to
attract attention [1] and it is yet not clear what potential this
approach bears.

The aim of this article is to summarize some of the
recent work on the application of ligands in heterogeneous
catalysis and to provide a discussion on how the influence
of ligands on the catalytic properties could be rationalized.
For the latter, concepts from both, heterogeneous and
homogeneous catalysis, are discussed regarding their
validity as models in order to explain experimental obser-
vations. The basic idea is to understand the ligand as a
surface bound species that can:

1. Alter the electronic and geometric surface properties,
2. Sterically and electronically interact with the reactant.

The first aspect clearly represents a conceptual way of
thinking from heterogeneous catalysis and focusses only on
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what occurs on the surface (two dimensional catalyst
modification). In contrast, the second aspect is a common
strategy in homogenous catalysis to manipulate the cat-
alytic properties and suggests that a ligand can also act as
function above or perpendicular to the surface for manip-
ulating the reactant activation. This basic idea of separating
the influence of ligands in this way is illustrated in Fig. 2.

In the following examples will be discussed that evi-
dence the validity of both these conceptual ways of
thinking. Thereby, it is focused on the control of chemos-
electivity and furthermore stereoselectivity as two of the
greatest challenges in heterogeneous catalysis. By this it is
tried to provide a scientific basis on how the mode of action
of ligands in heterogeneous catalysis can be rationalized,
with the hope to promote this rather novel research area
and to give some perspectives what may actually be
feasible.

2 Changing Surface Properties of Supported
Nanoparticles with Ligands

2.1 Theoretical Background and Representative
Studies

As discussed above, the common approaches to alter the
selectivity of a supported nanoparticle catalyst focus on
modifying the surface properties of the particle. If we in a
first approximation consider the organic tail of the ligand to
be of minor importance, we can treat the influence of a
ligand on the catalytic properties as a surface modification.
The effect of a ligand on the surface can then be proposed
to be twofold:

e Saturating the surface atom to which it binds.
e Change of the electronic structure of this surface atom.

Ligand-Reactant Interaction

Impact on Electronic + Geo-
metric Surface Properties

Fig. 2 The presented idea to rationalize the influence of ligands on
the catalytic properties of supported nanoparticles is to separate it into
(i) changes of surface properties (red label and arrows) and (ii)
ligand-reactant interactions (blue label and arrow). As the latter take
place above the surface, ligands are proposed to be considered as a
selectivity controlling function perpendicular to the surface in case
appropriate ligand-reactant interactions can be established
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Through binding a ligand, the free coordination site of a
surface atom becomes blocked. This eliminates the ability
of the surface atom to act as an adsorption site and there-
fore to activate and convert reactants. As a ligand may
either withdraw or donate electron density, it has to be
considered that it will alter the electronic structure of the
metal to which it binds. An influence on the electronic
properties may however not be restricted to the surface
atom to which the ligand actually binds, but may further
also alter atoms that are surrounding the ligand-blocked
site. As a result the catalytic properties of such adjacent,
ligand-free surface atoms may be changed, too.

By rationalizing the influence of ligands on a metal
surface in this way, enables for discussing catalytic effects
in a similar way as for bimetallic materials. Basically, two
models have been established over the last decades in
bimetallic catalysis that have been successfully applied in
many cases:

e Ensemble or geometric effect
e electronic or ligand effect

An ensemble or geometric effect occurs when two
metals of very different catalytic properties are mixed or
more precisely, when mixing a metal that is a very active
for a considered reaction with a metal that is very inactive
for the same reaction. Starting from a surface that consists
only of the active metal and replacing surface atoms step
by step with atoms of the inactive metal leads to dilution of
the highly active metal (see Fig. 3). As a result the number
of adjacent active metal atoms decreases and thus the size
of ensembles of contiguous active metal atoms. When
comparing two reactions that can proceed in parallel but
exhibit different ensembles size requirements, this means
that for the reaction that needs larger ensembles the rate of
reaction declines more strongly when increasing the
amount of the inactive metal than for the reaction that
requires smaller ensembles. As a result the overall selec-
tivity for the reaction that proceeds over smaller ensembles
is enhanced. Probably, the most famous example is the
hydrogenolysis of C—C bonds and dehydrogenation of such
bonds to form C=C over bimetallic Ni—Cu -catalysts
[49, 50]. While the rate of hydrogenolysis decreases sig-
nificantly as the Cu content is increased, the rate of
dehydrogenation remains constant over a wide composi-
tional range. Ni is known to be catalytically active for both
reactions whereas Cu in comparison to Ni can be consid-
ered as being almost catalytically inactive. As C-C
hydrogenolysis requires large ensembles of adjacent cat-
alytically active metal atoms, the rate of C—C scissoring
decreases significantly when increasing the Cu contents. In
contrast, dehydrogenation is considered to occur on small
size ensembles. Therefore, the rate of dehydrogenation
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Ensemble/Geometric Effect

Electronic Effect

Bimetallics: 7
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N

Ligands:

Fig. 3 Adding a second metal causes dilution of larger ensembles
(ensemble or geometric effect). As a result smaller ensembles are
formed at the expense of larger. Therefore, molecules that require
large ensembles to adsorb cannot be activated and converted if the
second metal is catalytically inactive for the considered reaction, as
indicated by the red cross. The binding of ligands can lead to the
same effect, because surface atoms which bind a ligand can be

remains almost unaffected over a certain compositional
range when diluting Ni with Cu.

Another more illustrative example to be worth men-
tioned is the hydrogenation of benzene and cyclohexene
over supported bimetallic Pt—-Au nanoparticles. Au in
comparison to Pt can be considered as being catalytically
inactive for the hydrogenation of unsaturated hydrocar-
bons. On pure Pt both, benzene and cyclohexene can be
hydrogenated (see top part of Fig. 4). However, benzene
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Fig. 4 Hydrogenation of benzene (left) and cyclohexene (right) over
pure Pt (fop) and bimetallic Pt—Au (bottom) surfaces. Pt atoms are
blue and Au atoms yellow. Benzene requires larger ensembles to

become adsorbed and activated than cyclohexene. As a result both
can be hydrogenated on pure Pt (fop). When diluting Pt with Au,
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considered as being blocked and thus be catalytically inactive. A
second metal can also donate electrons to the adjacent atoms or
withdraw (electronic effect), as indicated by the brown arrow.
Through binding a ligand to a surface atom the electronic structure of
this atom is also altered. This may furthermore have an influence on
the metal atoms adjacent to the ligand-blocked atom and therefore
lead to a modification of their electronic and catalytic properties

requires larger ensembles for adsorption and activation
than an isolated C=C bond [51]. As a result, the rate of
hydrogenation for benzene over bimetallic Pt-Au
nanoparticles with high Au contents diminishes completely
whereas the same catalyst is still able to hydrogenate
cyclohexene (see lower part of Fig. 4) [52].

An “electronic or ligand effect” describes the scenario
that the neighbors of an atom are substituted by atoms of a
different metal. Therefore, the “ligand-sphere” is changed.

@
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which can be considered as being catalytically inactive for hydro-
genation reactions, the large Pt ensembles are diluted at the expense
of smaller. Therefore, benzene can no longer be effectively adsorbed
and activated whereas cyclohexene hydrogenation still proceeds over
such bimetallic catalysts

@ Springer
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This will alter the electronic structure of the atom and
therefore its catalytic properties. In the field of heteroge-
neous bimetallic catalysis, the term ligand effect has been
established for this electronic phenomenon [10]. In chem-
istry a ligand is however an organic molecule that is bound
to a metal center. As discussed below ligands in hetero-
geneous catalysis do not merely lead to electronic but also
to ensemble effects. Therefore, the description “ligand
effect” may be somehow misleading and the term “elec-
tronic effect” should be used instead in order avoid any
confusion.

The most impressive example for an electronic effect in
bimetallic catalysis is the oxygen reduction by hydrogen
over supported Pd—Au nanoparticles. A 50-fold increase of
the turnover rate compared to the monometallic palladium
sample was found when the Pd—Au ratio was tuned to
about one to one. It was concluded that the presence of Au
surrounding Pd alters the electronic properties of Pd, which
ultimately decreases the oxygen binding energy.

If as mentioned above one considers a ligand to block
and poison the surface atom to which it binds, its influence
can be proposed to be comparable to the dilution of an
active metal by an inactive one. Some examples for the use
of ligands in heterogeneous catalysis reveal that this anal-
ogy seems indeed to be valid.

Furfurals are important model compounds for exploring
how platform chemicals that have been derived from bio-
mass feedstocks can be further converted. On bare Pd metal
catalysts furfural preferentially undergoes decarbonylation
and hydrogenation of the aromatic moiety (see reaction
path a) in Fig. 5). In contrast, a desirable route is the
chemoselective hydrogenation of the C=0O bond and fur-
thermore cleavage of the resulting C—O bond in order to
convert oxygenates to potential fuel substitutes (see reac-
tion path b) in Fig. 5). Using surface science techniques it
has been shown that the undesired reaction path a) only
proceeds if furfural is able to adsorb in a flat mode on the
surface [53]. As a result this reaction path requires larger
ensembles of adjacent surface atoms than the desired

Fig. 5 Furfural preferentially
undergoes decarbonylation over a)
Pd catalysts followed by
hydrogenation of the aromatic
moiety (see reaction path a). A

desired reaction route is + H2
however the chemoselective
hydrogenation of the C=0 bond / \ / o
and cleavage of the resulting C— b
O bond (see reaction path b) (@) )
Furfural
+H,
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hydrogenation of the C=O bond. A dilution of larger
ensembles should thus lead to an enhanced selectivity for
the desired reaction pathway. IR spectroscopic studies
using CO as a probe molecule and taking the ratio of lin-
early bound CO to CO in a bridge binding mode and
hollow sites as a measure for the accessibility of small and
large ensembles revealed that ligand binding leads to a shift
of this ratio toward smaller ensembles [13, 54]. Catalytic
tests performed with such catalysts demonstrated that the
undesired reaction path can indeed be suppressed compe-
tently while the rate for the desired reaction is almost
maintained [55]. These results hence suggest that the use of
ligands in heterogeneous catalysis can indeed lead to
ensemble effects similar as known from bimetallic catal-
ysis, when diluting an active metal with an inactive one.
Examples for ligand induced electronic effects that alter
the catalytic properties of supported nanoparticles have
been demonstrated for the electrocatalytic oxygen reduc-
tion reaction (ORR) [56, 57]. Pt is known to be the best
catalytic metal for ORR. The reaction however still exhi-
bits a considerable overpotential that is determined by the
binding of oxygenates [58]. The key to further enhance
ORR activities is hence to lower the binding energies of
such adsorbates. It has been demonstrated that ensembles
are required for ORR [59]. Therefore, one would expect
that anchoring ligands onto the surface of a Pt catalyst
leads to significant activity losses, because the binding of
ligands, as discussed above, causes dilution of larger
ensembles [13, 54]. Instead a substantial activity
enhancement was found when amine ligands such as
oleylamine or aryl-ligands, were bound to supported Pt
nanoparticles [56, 57]. This indicates the appearance of a
strong electronic effect, presumably lowering the oxy-
genate binding energies that superimposes the activity
losses induced by the dilution of ensembles, as overall a net
activity enhancement is obtained by ligand functionaliza-
tion. The wunderlying mechanistic aspects for these
enhancement effects are however still under debate. In one
work an electron donating effect from the ligand to the

/ \

+H2
+ CO —3» l s
(0) (o)

/ \

+H,
0H_> /\ + H,0



Top Catal (2016) 59:1671-1685

1677

metal is proposed [56], whereas the authors of the other
publication highlight the relevance of an electron with-
drawing effect [57].

In fact it has to be considered that usually both, geo-
metric and electronic effects occur in parallel. Only if one
of the two effects significantly overwhelms the other it is
possible to assign observed changes of the catalytic prop-
erties to either one of the two effects. An example that
demonstrates the difficulty to differentiate between both
effects is the hydrogenation of acetylene in ethylene rich
streams, a reaction of significant industrial relevance
[60, 61]. The challenge is to hydrogenate selectively
acetylene to ethylene while inhibiting complete reduction
toward ethane as well as the formation of oligomers that
eventually poison the catalyst [62]. Industrially supported
Pd catalysts are applied with CO used as a co-adsorbate. It
has been shown that functionalization of supported Pd
catalysts with ligands such as triphenyl phosphine or
diphenyl sulfide leads to enhanced acetylene conversions,
while decreasing the ability to hydrogenate ethylene. This
results in an overall net gain in ethylene [63]. Furthermore,
both ligands caused a suppression of the formation of
undesired oligomers. Acetylene and ethylene hydrogena-
tion rates were determined independently in order to gain
further insights into the underlying mechanistic reasons for
the enhanced selectivity. If the ligands merely act as
blockers for surface atoms, one would actually expect both
rates to decrease. The results however revealed that for
both ligands only the ethylene hydrogenation rate was
significantly reduced, whereas the acetylene hydrogenation
rate remained almost completely unaffected [64]. This
finding may hence be related to an electronic effect.
However, also evidence for a geometric effect was
demonstrated for both ligands using IR spectroscopy and
CO as a probe molecule [64, 65]. Therefore, enhancement
effects can hence not be clearly related to either one of the
two effects. Instead it may be concluded that both act
jointly leading to a synergistic effect.

2.2 Concluding Remarks, Limitations,
and Unexplored Potentials of Ligands as Species
to Alter Surface Properties

The above discussion demonstrates that the mechanism of
action of ligands in heterogeneous catalysis can be
rationalized to some extend by using models established in
bimetallic catalysis. One should thus also discuss the
potential of ligands with respect to bimetallic catalyst. A
ligand-shell is lacking stability under harsher reaction
conditions [66]. Their application must hence be concluded
as limited to reactions that are performable under mild
conditions such as hydrogenations. If selectivity losses
occur by ligand-shell aging the catalyst can be regenerated

by performing a subsequent ligand functionalization [67].
A common challenge for bimetallic catalysis is to achieve
proper metal mixing and reproducible catalyst preparation
[68]. With standard preparation techniques such as e.g.
incipient wetness, the chemical composition often varies
significantly from one particle to another, which may
negatively affect the overall catalytic performance. In
contrast, the preparation of ligand-functionalized particle
catalysts is quite straight forward, as conventional sup-
ported particle catalysts have merely to be dispersed in a
solution of the desired ligand [63]. Bimetallic materials
undergo reconstruction when one reaction parameter
changes. The actual surface composition and hence the
catalytic properties are thus determined by the reaction
conditions [26, 69]. This means that the catalysts will alter
when the reaction conditions vary, as e.g. in a flow reactor,
where the composition of the reactant stream changes
across the bed length. Such reconstruction effects cannot
occur for monometallic ligand-functionalized particles. It
might hence be possible to maintain the ligand induced
surface modification even under varying reaction condi-
tions, as long as the ligand-shell is still stable under these
conditions.

In the field of heterogeneous catalysis mainly amines
and thiols have so far been explored as ligand anchoring
groups. However, by taking a look at the homogeneous
catalysis and self-assembling monolayer (SAM) literature,
further inspiration can be found for anchoring groups. Of
potential interest may be phosphorus based ligands, car-
benes [70], nitriles [71], or silanes [72]. For colloidal Rh
NPs phosphine and phosphite are effective stabilizers that
allow for the application of such materials as “quasi-ho-
mogeneous” catalysts [33]. Recent studies showed that
triphenylphosphite-functionalized Rh NPs enable for
selective hydrogenation of styrene to ethylbenzene [73]. In
contrast, Ru NPs functionalized with triphenylphosphine
cause unselective hydrogenation of both the C=C bond and
the aromatic moiety. Based on IR spectroscopic studies the
enhanced selectivity was related to a preferential blocking
of low-coordinated surface sites by the triphenylphosphite.

N-heterocyclic carbenes have been applied successfully
as ligands for colloidal Ru and Pt NPs [74-76]. This class
of ligands is of particular interest because N-heterocyclic
carbenes bind to various transition metals [75]. They are
less sensitive to oxidation than phosphines and many
syntheses for various structures have been established over
the last decades that enable for manipulating the steric and
electronic properties [77]. Using different N-heterocyclic
carbenes it was shown for Ru colloids, applied as “quasi-
homogeneous” catalysts, that the activity for hydrogena-
tion of aromatic compounds raises with increasing donor
strength [74]. It can hence be concluded that by changing
the electronic properties of carbenes their electronic effect
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on catalytic NPs can be tuned. This class of ligands may
hence not merely be of potential interest for “quasi-ho-
mogeneous” NP catalysts, but also for supported NPs.

3 Ligand-Reactant Interactions on Supported
Nanoparticles

3.1 Theoretical Background and Representative
Studies

The primary function of the ligand in homogeneous met-
alorganic catalysis is to ensure stability of the catalytically
active metal center as a complex that is dissolved in the
reaction medium. Thereby, the interaction of the binding
groups of the ligand with the metal center alters the elec-
tronic structure of the latter and thus its reactivity [78].
This effect can be considered as being similar to an elec-
tronic effect of ligands on the surface properties of
nanoparticles, as discussed above.

There are however further potentials for ligands. As
demonstrated in the field of homogeneous catalysis it is
possible to achieve steric and electronic interactions
between a ligand and a reactant. Electronic interactions can
be established by non-covalent interactions such as
hydrogen-bonding or m—m interactions [79, 80]. Such
interactions are of great interest because they enable for
manipulation of the reactant binding mode at the metal
center and as a result to control selectivity. Furthermore,
through ligand-reactant interactions alternative reaction
mechanisms can be opened in which the ligand contributes
to the reactant activation and conversion leading to rates
that are enhanced in comparison to the purely metal-cat-
alyzed reaction [81]. Such effects have thus been termed as
“ligand-acceleration”. If ligand-reactant interactions are
feasible on ligand-functionalized nanoparticles, this should
enable for a completely different way of controlling
selectivity. All established approaches such as using
bimetallic materials, tuning particle size, or using promo-
tors alter the geometric and electronic surface properties.
These approaches can thus be summarized as “surface
modifications”. The ability of achieving specific ligand—
reactant interactions may however allow for the application
of ligands as a selectivity controlling element perpendic-
ular to the surface and therefore open a new and yet
unexplored potential. A detailed look at the very recent
literature on ligands in heterogeneous catalysis reveals that
ligand-reactant interactions may indeed takes place on
particle surfaces, as discussed in the following.

One of the greatest challenges for heterogeneous catal-
ysis is stereoselectivity. As above mentioned, the use of
specific alkaloids as chiral modifiers has been demon-
strated as a suitable approach to tackle this issue. In order
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to obtain stereoselectivities it is however not necessary to
apply a chiral molecules as a modifier. Some of the above
discussed results on colloidal nanoparticles stabilized by
chiral ligands and applied as “quasi-homogeneous” cata-
lysts reveal that the chiral information can also be fixated
to the surface in order to act as a ligand [34]. In order to
address the challenge of stereoselectivity with ligands, it
seems at first sight intuitive to use chiral ligands that are
known from homogeneous catalysis to be tailored for
achieving high stereoselectivities with specific reactants.
This is unfortunately not possible, because the ligand and
reaction medium properties in relation to each other play a
crucial role for the use of ligands in heterogeneous catal-
ysis. Stereoselective reactions are typically performed in
organic media and ligands from homogeneous catalysis are
designed to mediate the solubility of the catalyst in the
reaction medium. Such ligands fulfill the same function
when being applied to nanoparticles. The particles form a
colloidal dispersion and the materials are hence are appli-
cable as “quasi-homogeneous” catalysts [34]. They can
however not be used as supported catalysts, because
attractive ligand-reaction medium interactions cause par-
ticle desorption [82]. Therefore, the ligand and reaction
medium have to be chosen so that the two do not mix. For
reactions in nonpolar, organic media this allows for the use
of small water soluble molecules such as amino acids and
hence to use a huge pool of readily available, cheap, and
harmless chiral ligands [46]. Alternatively one could use
nonpolar ligands and a polar solvent.

The first asymmetric bias that has been achieved with
such systems was obtained for the hydrogenation of
2-butanone (see Fig. 6) over cysteine- and cysteine-
derivative-functionalized nanoparticle catalysts [46]. The
stereoselectivities were very low (around 10 %). Within
the past 2 years the use of different amino acids and
according derivatives as ligands as well as testing other
reactants has however already led to a raise of enantiomeric
excess (ee) to around 34 % [83]. Recently, we have been
available to achieve ees of about 63 % [84]. Thereby,
proline has been identified as being privileged presumably
due to its rigid structure, because steric interactions are
known from homogeneous catalysis to be of significant
importance for an asymmetric bias [85]. With regard to the
evolution of stereoselective metalorganic catalysis [16, 85],
the results so far obtained for ligand-functionalized
nanoparticles encourage to continue this research in order
to search for systems with stereoselectivities above 90 %
ee.

Within homogeneous catalysis it is well accepted that
the origin of any asymmetric bias lies in the steric and
electronic interactions between chiral ligands and the
adsorbed reactant, while the metal determines the catalytic
activity [86]. When working with heterogeneous catalysts
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Fig. 6 First but only low stereoselectivities have been obtained with
supported Pt NPs functionalized with cysteine and cysteine deriva-
tives for the hydrogenation of 2-butanone (a) [46]. The current

one has to question what the contribution of the surface
within a steroselective reaction could be. For chiral mod-
ifiers the possibility of a “supramolecular chiral” envi-
ronment formed by an ordered array of adsorbed modifiers
has been proposed but eventually been excluded as the
origin of stereoselectivity on the basis of surface science
studies [38]. Instead stereoselectivity is related to the for-
mation of a one to one modifier—reactant complex and the
surface only to be required for providing the appropriate
adsorption site and of course hydrogen activation. As dis-
cussed above, the adsorption mode of the modifier is crit-
ical for obtaining high stereoselectivities, but the
asymmetric bias originates from the modifier-reactant
interaction. Recent investigations on ligand-functionalized
nanoparticles evidenced that the stereoselectivity does not
depend on the particle size [83]. However, changes of the
enantiomeric excess with regard to the ligand and its
binding mode to the surface have been demonstrated [87].
These findings suggest that the surface structure is of minor
relevance for the asymmetric bias in these systems, but the
origin of the stereoselectivity is primarily related to the
interaction between ligand and reactant, similar as in
homogeneous catalysis.

Further evidence for the ability to control selectivity by
ligand-reactant interactions is given by results obtained for
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benchmark when using hydrophilic ligands such as amino acids is
34 % achieved for the hydrogenation of ethylacetoacetate over
proline-functionalized Pt NPs (b) [83]

the hydrogenation of cinnamaldehyde in ethanol over
Al,O53 supported Pt nanoparticles functionalized with
nonpolar thiols ligands [88]. The difficulty of this reaction
(Fig. 7) is the chemoselective hydrogenation of the C=0
bond in order to obtain the unsaturated alcohol (cinnamyl
alcohol, green structure in Fig. 7).

Over most hydrogenation catalysts such as Pt the rate of
hydrogenation for the C=C bond is significantly higher
than that for the C=0 bond, which precludes obtaining high
unsaturated alcohol yields [89]. A very interesting effect
was observed when Al,Os-supported Pt particles were
functionalized with phenylthiols of different CH, spacers
between the phenyl and the thiol group (see Fig. 8). A
selectivity enhancement with a maximum of 90 % toward
the unsaturated alcohol was obtained when the distance
between the thiol and the phenyl group was increased to a
spacer length of three CH, groups [88]. Further increases
of the distance between the two groups caused the selec-
tivity then to decrease. This finding as well as the fact that
alkylthiols did not lead to the same selectivity enhance-
ments than phenylthiol ligands suggest that electronic and
geometric effects on the surface properties, as described in
2.1, cannot hold as the sole explanation. Instead the
enhancement effect is specific to the backbone of the ligand
and was related to the formation of m—m interactions
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Fig. 7 Hydrogenation of cinnamaldehyde representative for o-f-
unsaturated carbonyl compounds. Chemoselective hydrogenation of
the C=0O bond to the unsaturated alcohol (green structure) is the
desired reaction. However, over typical hydrogenation catalysts the

Fig. 8 Phenyl thiol ligands of different spacing between the two
functional groups have been tested as ligands for the hydrogenation of
cinnamaldehyde over supported Pt nanoparticle catalysts [88]. A
pronounced selectivity was obtained when the length of ligand was
almost the same as the length of the reactant. This suggests a
secondary electronic interaction between ligand and reactant via m—m-
stacking as indicated on the right

between the reactant and the ligand. This specific non-
covalent interaction leads to an ideal orientation of cin-
namaldehyde for hydrogenation of the C=0O bond as
illustrated in Fig. 8. These experimental findings evidence
the potential of ligand—reactant interactions to steer selec-
tivity in heterogeneous catalysis in a similar manner as
known from homogeneous catalysis.

One drawback of thiol ligands is their strong poisoning
effect. Therefore, selectivity enhancements with thiol
ligands are often accompanied by a loss of activity [46, 88].
Different observations have been made for the use of amine
ligands. For instance, the use of L-proline (see Fig. 6b) as a
simple amine ligand can lead to a simultaneous enhance-
ments in activity and selectivity [82]. From homogeneous
catalysis it is known that primary and secondary amines
enable for an alternative reaction pathway in which the
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rate of hydrogenation for the C=C bond to give the red product is
significantly higher. Eventually both groups are hydrogenated (grey
product) for prolonged reaction periods

amine bound hydrogen substituents act as protons to acti-
vate the oxygen (N-H effect, see Fig. 9) [81]. The actual
hydrogenation proceeds via transfer of the amine proton to
the oxygen and hydride transfer from the metal to the
carbon atom of the C=0 group. This reaction pathway
exhibits a higher rate of reaction than the purely metal
catalyzed reaction, so that the ligand induced reaction
causes an activity increase. Ligand induced activity
enhancements are a well-known phenomenon in homoge-
neous catalysis and are related to as ligand-acceleration [4].
Also the above discussed chiral modifiers (see Fig. 1)
exhibit a pronounced acceleration effect [42].

A simple test for the presence of the above described N—
H effect is the use of tertiary amine [86]. As a tertiary
amine does not exhibit any hydrogen substituents such
ligands cannot generate an N—H effect and therefore must
lead to an activity decrease, because they can merely act as
a surface blocker. In the case of proline and N-methyl-
proline the test for an N-H effect has been found to be
positive for two reactions [82, 83]. This suggests that the
amine-bound hydrogen plays an essential role for obtaining
high activities. It should however be considered that the
reaction cannot proceed over a single surface atom as in
homogeneous catalysis and illustrated in Fig. 9. Instead the
active site seems to consist of a site pair of a proline
binding surface atom and an adjacent ligand-free one [83].
Besides that further studies will be necessary in order to
clarify ligand-acceleration effects on nanoparticles in more
detail, these results demonstrate that the catalytic activity
of nanoparticles is not necessarily reduced by binding
ligands. Instead it is possible to enhance activities by
binding appropriate ligands to the surface which can be
related to the presence of ligand-acceleration effects.
Ligands may hence not just merely act as a spectator, but
they can assist within or even change the reaction pathway
as known from homogeneous catalysis.
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Fig. 9 Hydrogenation of carbonyl compound via N-H assisted
reaction pathway: hydrogen substituents of amines become acidic
upon binding of the amine group to a catalytic late d-transition metals
[81]. The oxygen of a C=0 group can interact with such a proton and
thereby get activated (step ). Hydrogenation then occurs by transfer

The above given examples propose the relevance of
specific ligand-reactant interactions as known from
homogeneous catalysis. Another aspect of ligand-reactant
interactions can be envisioned when considering the ligand
shell as a 3-dimensional matrix. In this case the ligand shell
could act as a porous filter through which specific mole-
cules may diffuse to the surface to become activated while
others are kept away. E.g. it has been shown recently that
the form and order of the ligand shell depends on the ligand
coverage [90]. At low coverages ligands with long alkyl
chains cover the particle by lying flat on the surface to form
a 2-dimension like coating. In contrast, at high coverages
due to the limited space on the surface the ligands

of the proton to the oxygen atom and hydride transfer from the metal
to the carbon atom (step 2). Molecular hydrogen is subsequently
coordinated (step 3) and heterogeneously dissociated (step 4), closing
the catalytic cycle. Reproduced form reference 78 with permission
from Royal Society of Chemistry

straighten up to form a 3-dimensional shell. This structural
change was shown to alter the catalytic properties of sup-
ported Pd NPs for the semi-hydrogenation of alkynes to
alkenes and the reactant diffusion through the ligand sphere
was discussed as one essential aspect for this behavior.
However, not only the coverage but also the ligand struc-
ture can alter the form of a ligand shell and thereby the
catalytic properties. For instance the order of shells formed
of alkyl ligands increases with increasing tail length and
the activities of such systems for the hydrogenation of
1-epoxy-3-butene to 1-epoxy-3-butane was found to cor-
relate with the order of the ligand shell [91, 92]. This
evidences that the order of a ligand shells is one important
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aspect that influences the accessibility of the catalytic
surface.

3.2 Conclusion and Outlook for the Application
of Ligand-Reactant Interactions on Supported
Particle Catalysts

As discussed in 3.1 and also demonstrated by further
examples [93], it is basically possible to achieve specific,
non-covalent ligand-reactant interactions, similar as in the
field of homogenous catalysis. This opens a completely
new perspective for heterogeneous catalysis with yet
unknown potentials that have to be explored within the
next years. Most of the early investigations on the use of
ligands in heterogeneous catalysis show strong inspiration
from the field of SAMs and focused mainly on the use of
alkylthiols and alkylamines [1, 91]. Such ligands have been
demonstrated to be suitable and effective for altering the
surface properties. Furthermore, they can alter the acces-
sibility of the surface by acting as a 3-dimensional matrix
through which the reactant has to diffuse. When trying to
establish and apply specific ligand-reactant interactions
such ligands have however to be considered as “inert”.
Instead ligands should rather exhibit rigid skeletons and
functional groups (e.g. phenyl, OH). This enables for
achieving steric and electronic ligand—-reactant interactions
that pave the way to manipulate the adsorption, activation,
and even the reaction pathway of a reactant on a molecular
level. Only a very few but striking examples have been
reported yet that demonstrate this potential. This evidences
that there is plenty of space for new discoveries when
imagining a surface-bound ligand to be utilizable in a
similar way as ligands in homogeneous catalysis.

Finally, the idea of using a ligand not as a passive
adsorbate but as a species with chemical properties that
may be useful to tune the catalytic properties is not
restricted to thermally driven reactions in heterogeneous
catalysis. A recent example from the field of electrocatal-
ysis has shown that it is possible to bind electrochemically
active ligands to Pt nanoparticles and to maintain their
redox activity [94]. For future studies it would be inter-
esting to continue this approach in order to explore the
possibility of achieving cooperative electrocatalytic effects
between ligand and nanoparticle.

4 Concluding Remarks

The possibility of ligands to tune the catalytic properties of
heterogeneous catalysts has been overlooked for quite
some time and their ability to act as poisoning species by
blocking the catalytic surface of supported nanoparticle
was usually given as the main reason [1]. It has however in
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recent years been demonstrated that ligands can be used to
block undesired reaction pathways while maintaining the
formation rate toward the desired product. This enables for
tuning the overall selectivity. Furthermore, by achieving
ligand-acceleration effects on nanoparticles it is not merely
possible to enhance selectivity but also activity simulta-
neously. Within the light of these and further recently
published examples the “traditional way of thinking”
regarding ligands in heterogeneous catalysts has to be
revalued and intensive research will be necessary to reveal
their full potential to tune the catalytic properties of sup-
ported nanoparticle catalysts. With regard to this task the
present article attempts to give some guidance for future
investigations in order to promote the progress in this
emerging research field.
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