Catalysts 2013, 3, 543-562; doi:10.3390/catal3020543

catalysts

ISSN 2073-4344
www.mdpi.com/journal/catalysts

Article

Towards Rational Design of Nanoparticle Catalysis in
Ionic Liquids

Bin Zhang and Ning Yan *

Department of Chemical and Biomolecular Engineering, National University of Singapore,
4 Engineering Drive 4, 117576, Singapore; E-Mail: a0107193@nus.edu.sg

* Author to whom correspondence should be addressed; E-Mail: ning.yan@nus.edu.sg;
Tel: +65-6516-2886; Fax: +65-6779-1936.

Received: 17 April 2013, in revised form: 14 May 2013 / Accepted: 23 May 2013 /
Published: 5 June 2013

Abstract: This feature article introduces the strategies on the design of highly efficient
nanoparticle (NP) catalytic systems in ionic liquids (ILs). The employment of functional
ILs as the media for NP preparation and catalysis could prove advantageous in terms of
enhancing both NP stability and catalytic activity. Hydroxyl group functionalized ILs, in
particular, exhibited a remarkable promotion effect on a variety of reactions catalyzed by
NPs, such as hydrogenation over Rh NPs, hydrodehalogenation over Pt NPs and Suzuki
reaction over Pd NPs. In some cases, tailor-made stabilizer is used in addition to keep the
NPs sufficiently stable. For example, a carboxylic group modified polyvinylpyrrolidone
endows NPs three-fold stabilization, including steric, electrostatic and ligand stabilizations,
which leads to excellent stability of the NPs. The catalytic activities of these NPs, on the
other hand, are not compromised, as each of these stabilizations is not too strong.
Following that, the article describes our recent work on the rational design of bimetallic
NPs in ILs and the development of multifunctional systems involving NPs for a tandem
reaction sequence that convert lignin-derived phenolic compounds into fuels.
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1. Introduction

Since the first report concerning the synthesis and immobilization of metal nanoparticles (NPs) in
ionic liquid (IL) in 2002 [1], the research interest on the synthesis and application of NPs in ILs has
experienced an exponential growth, with a number of publications well above one thousand to date.
The main advantage of using ILs is their dual role as both reaction solvent and NP stabilizer. Stable
suspensions of metal NPs can be synthesized in ILs, because the cationic and anionic species act as
electrostatic stabilizers. However, NP immobilization and stabilization is not the only benefit of ILs in
catalysis, of greater importance are the positive effects of ILs on catalytic rates and selectivity [2].
Indeed, some reactions catalyzed by NPs exhibit unusual, but desired selectivity patterns when
performed in ILs, due to the unique microenvironment created by the anions/cations. ILs, by virtue of
having a synthetically accessible carbon backbone, are amenable to tailoring by chemists to provide
tunable properties, which can then be used to rationally control the catalytic performance of NPs by
modifying their surface. In addition, the tunable miscibility of ILs enables facial recycling of the
solvents, as well as the immobilized NPs. Finally, the reactant can reach the catalytic sites (NP
surface) through solvent diffusion, thus behaving similar to homogenous systems, and is superior to
support porous catalysts in this respect [3,4]. These advantages, coupled with the intrinsic green nature
of ILs, made NPs in ILs an appealing field to explore.

Currently, metal NPs immobilized in ILs have been successfully employed in a wide range of catalytic
reactions, including hydrogenation [5-9], oxidation [10,11], coupling [12-16] and others [17-21].
Nevertheless, these NP catalysts encounter many challenges. These include: poor dispersion of some
NPs in ILs; low catalytic activity and/or selectivity for certain reactions; precipitation/agglomeration of
NPs upon recycling (which is often accompanied with decreased catalytic activity). Tremendous
efforts have been paid to address these problems, and many strategies prove to be effective. These
advances and achievements are comprehensively described in some excellent reviews [22-28].

The main goal of this feature article is to present the main work that we have done in this domain in
the past few years. Representative examples will be discussed to outline four different strategies that
were used to improve the synthesis and catalytic applications of NPs in ILs. The article starts by
discussing the cation and anion effects on the NP formation and catalytic property. Emphasis is put on
hydroxyl group functionalized ILs to illustrate the cation effect. The anion effect is introduced based
on experimental observation and theoretical calculation of the properties of Pd NPs in ILs with the
same cation, but a variety of anions (Section 2). Section 3 discusses the strategies of designing
additional stabilizers to promote the stability of NPs without (significantly) hindering their activity.
The article describes both the stabilizers based on the modification of polyvinylpyrrolidone (PVP) and
on the modification of bipyridine (bipy). Following that, the article describes the synthesis,
characterization and application of bimetallic NPs in ILs using Au—Pd NPs as an example. The last
part discusses the establishment of multifunctional systems comprising acidic functionalized ILs and
metal NPs for a tandem reaction that converts phenolic compounds into alkanes.
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2. Manipulating the Cation and the Anion

One of the most intriguing properties of ILs is that the structures of both cation and anion can be
modified for a desired application. It is a huge advantage for NP catalysis in ILs compared to those
conducted in molecular solvents, since the solvent property of the ILs can be, at least in principle,
rationally controlled. It has been well appreciated that both the cation and the anion play important
roles in NP catalysis [29,30]. On many occasions, the cation and anion interact simultaneously with the
NPs, and consequently, the catalytic property of the NPs originates from the influence of both. Anion
effects prove to be more significant, as the anion has a stronger interaction with the surface of NPs.
The stabilization of NPs results from the positive charge on the metal surface and is counterbalanced
by the absorption of anions [31]. The presence of some special coordination groups in IL can further
contribute to the immobilization of NPs [32]. For the sake of clarity, we discuss the effect from the
cation and the anion separately. The structures and abbreviations of ILs described in this article are
compiled in Figure 1.

Figure 1. The structures and abbreviations of ionic liquids (ILs) described in this article.
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Imidazolium ILs bearing a functional moiety, such as —OR [33,34], =COOH [35], —CN [32,36,37]
and —SR [38], on the alkyl side chain of the cation were extensively employed as synthesis and
reaction media for NPs. Various promotional effects of these functionalized ILs on NP catalysis were
reported [27,28]. Herein, we focus on NP catalysis in hydroxyl group functionalized ILs, where the
benefits of manipulating the cation structure were adequately demonstrated.

Metal NPs stabilized by certain stabilizers, such as PVP, usually disperse poorly in common ILs,
but hydroxyl group functionalized ILs overcome this limitation. PVP is highly soluble in alcohols and
water, and by employing the like-dissolves-like principle, it could be anticipated that ILs
functionalized with a hydroxyl substituent would be a good solvent to disperse metal NPs stabilized by
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PVP. Indeed, by contrast to PVP-stabilized Rh NPs in 1-ethyl-3-methylimidazolium boron
tetrafluoride ([C,mim][BF4]), where they were insoluble, the same Rh NPs were homogeneously
dispersed in the 1-(2-hydroxyethyl)-3-methylimidazoliumboron tetrafluoride ([C,OHmim][BF4]) [39].
Another hydroxyl group functionalized ILs, including those based on pyridinium (such as
[C,OHmpy][BF4]) and pyrrolidinium (such as [C,OHmpip][BF4]) cations, were also effective in
dispersing Rh NPs. Due to the superior dispersion of the Rh NPs in hydroxyl group functionalized ILs,
significantly higher catalytic activity was observed. In addition, combined stabilization by PVP and
ILs provides Rh NPs with excellent stability, enabling facial recycling and reuse.

Hydroxyl group functionalized ILs are able to promote NP catalysis in many other ways. A good
example is their multiple roles beyond a solvent in Pd-catalyzed Suzuki reactions [40]. Compared to
non-functionalized ILs, the OH-IL system leads to much better performance. The catalytic system is
more active, does not require additional water (which is the case in many previous reports [13,14,41-43])
and, furthermore, is capable of converting challenging substrates, such as hindered and chloro-substituted
compounds. The cation plays a critical role in catalyst/substrate activation by directly facilitating a
ligand-free catalytic system. First, it promotes the generation of active catalyst. PdCl,, which was used
as a pre-catalyst, has to be converted in sifu into Pd(0) species and, consequently, Pd NPs. These Pd
NPs act as reservoirs for true catalytic species, which are believed to be a homogeneous Pd complex.
Clearly, the generation of Pd(0) species requires the dissociation of Cl . Dyson ef al. reported that the
interaction between ClI and 1-butyl-3-methylimidazolium ([Csmim]) cation is 15.4 kJ/mol [44]—so
weak that the dissociation of a Cl from PdCl, likely becomes thermodynamically unfavorable in
non-functionalized ILs. On the other hand, hydroxyl group functionalized ILs interact with CI much
stronger, such that the generation of Pd(0) is facilitated. In a control experiment in which Pd(OAc), are
decomposed into Pd NPs in [Csmim][Tf,N] and [C;OHmim][Tf;N], XPS analysis indicated that the
hydroxyl group accelerates the formation of the NPs and helps to protect the NPs from oxidation once
formed [45]. The hydroxyl functionality attached to the IL cation is believed to help stabilize the Pd
NPs by interacting with the NP surface and the monometallic Pd(0) species by direct (albeit, weak)
coordination, in a similar manner as the nitrile functionalized ILs [36]. In addition, hydroxyl group
functionalized ILs prevent the deactivation of catalysts by halides, which are either present as
impurities in ILs or accumulated during the reaction. A plausible reaction mechanism and the multiple
roles that the functionalized cation plays in the entire catalytic cycle are illustrated in Figure 2.

In some cases, the cations are very bulky, such that the melting point of the IL is too high to be used
as a solvent. To evaluate the effect of these cations on NP catalysis, they can be used as additives. The
influence of imidazolium-based cation containing bulky peripheral groups on Pd catalyzed Suzuki reaction
was investigated with this approach. The imidazolium-based salts, 1,3-bis(9-anthracenylmethyl)
imidazolium chloride ([Bamim][Cl]), 1,3-bis(1-naphthalenylmethyl)imidazolium chloride ([Bnmim][Cl])
and 1,3-bis(benzyl methyl)imidazolium chloride ([Bbmim][Cl]), were prepared (see Figure 1 for
structures). These salts were subsequently converted to tetrachloropalladate salts by reacting with
PdCl, in acetonitrile. Following that, they were evaluated as pre-catalysts in Suzuki coupling reactions
in [Comim][Tf,N]. [Bamim][CI], which has the largest polycyclic system, provided the highest
activities, whereas [Bbmim][Cl] provided the lowest. TEM analysis revealed that 5 nm Pd NPs were
generated in situ. These NPs plausibly act as reservoirs for genuine catalytic species. Based on the
observation of the existence of NPs in the reaction medium, it is assumed that the anthracene-
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substituents in [Bamim][Cl] interact most effectively with the NPs, which leads to the higher catalytic
activity. Analysis of the packing of PdCl, [Bamim][C]] salt reveals the presence of cavities (ca. 1 nm’)
encapsulating organic solvents formed from the faces of the anthracenyl substituents. On the other
hand, these cavities do not exist in the other two salts. Probably, these supramolecular forces are
retained in the ionic liquid and contribute to the stabilization of NPs [46].

Figure 2. The proposed catalytic cycle for Suzuki coupling and the roles of a hydroxyl
group functionalized IL in the catalytic system. Reprinted from Ref. [26], with permission

from Elsevier.
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Anion also has a strong influence on the size, shape, aggregation and catalytic properties of
NPs [47,48]. In the Rh NP-catalyzed hydrogenation reaction, [BF4] and [PFs] gave higher
conversions compared with [Tf,N] [39]. Noteworthy, [BF4] and [PFg] are generally classified as
non- (or weakly) coordinating anions, whereas [Tf,N] may be classified as having intermediate
coordinating properties [49]. Therefore, such a phenomenon may be ascribed for that anion that
interacts more strongly with the NP surface, diminishing absorption and activation of the substrates.
On the other hand, [Tf,N] provides higher yields compared to other anions in Pd-catalyzed Suzuki
reaction [40], presumably the intermediate coordinating property of [Tf;N] curtails the stabilization of
the Pd(0) species, which is the genuine catalytic species.

In fact, anion and cation do not only influence the catalytic performance of the NPs, but also
influence their formation and stabilization. Through DFT computations, a comparison study on the
interaction between a Pd, cluster (n = 1-6, 13, 14) and cation ([C;mim]" and [C,mim]"), as well as
between the cluster and anion ([BF4] ) was conducted (see Figure 3) [31]. It is found that the cation
interacts stronger with a Pd atom, but for all the Pd, (n = 2-6, 13, 14) clusters, anion interaction is
more pronounced. Therefore, cation mainly influences the first step of Pd-NP formation, i.e., the
growth of a Pd atom into a Pd dimer, while anion plays a major role in stabilization of a larger Pd
cluster. Nevertheless, binding energies (BEs) and the binding Gibbs-free energies (BGFEs) for the IL
components do not exceed the corresponding addition energies of an isolated Pd atom to a Pd, cluster.
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In another words, Pd-Pd interaction is stronger than the interactions of Pdy with both [Cymim]" and
[BF4] . From this, it is clear that NPs in non-functionalized ILs are kinetically stabilized rather than
thermodynamically stabilized.

Figure 3. Dependence on 7 of (a) addition energy of a single Pd atom to the Pd, cluster; (b)
binding energy of [BF4] to Pd,; (c) Binding energy of [Cimim]to Pd,. (A) Electron
energy; (B) Gibbs-free energy. Reprinted from Ref. [31], with permission
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Although ILs do not appear to be sufficient to stabilize NPs, they can act as a type of template that
influences the size and topology of NPs during synthesis and, subsequently, act as a stabilizer
preventing aggregation and oxidation. A series of NPs were prepared through thermal decomposition
of Pd(OAc),[45]. A considerable anion effect on Pd NP formation rate was observed, with the order:
[TEN] , [PFe] > [BF4] > [OTf] > [TFA] . It appears that this trend is related to the nucleophilicity of
the anion. The most nucleophilic anions may interact more strongly with the metal precursor and
reduce the nucleation process. Indeed, from the series of anions studied, [Tf;N] and [PF¢] are the
least nucleophilic. Interestingly, the resistance of Pd NPs against oxidation follows the order of
[Tf,N] > [PFg] > [TFA] > [OTf] > [BF4] , which is different from the order of the Pd NP formation
rate described above. [Tf;N] and [PF¢] are the most hydrophobic anions of the series, and [BF4] is
the least. It is likely that the increased resistance of the Pd NPs towards oxidation originates from the
repelling of water and oxygen by the [PF¢] and [Tf,N] anions.

3. Employment of Additional Stabilizer

As detailed above, the imidazolium-based ILs can stabilize transition-metal NPs [28]. However,
agglomeration may still happen if ILs alone are used as stabilizers, resulting in a decrease of activity
during recycling, especially under harsh reaction conditions. The inability of ILs to provide stable NP
suspensions for catalysis has led researchers to use additional stabilizers to increase the long-term
stability of NPs. When increasing the stability of NPs in ILs, a balance must be considered between
stability and reaction reactivity, because over protection of the catalytic active NP surface may result
in loss of activity [50]. In this context, different types of stabilizers have been tested, ranging from
polymeric materials to ligands, the latter of which have been extensively studied in
coordination chemistry.
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Over the years, we have designed, synthesized and evaluated various polymers, as well as
ligand-based stabilizers to enhance the performance of NP catalysis in ILs. For polymer type
stabilizers, we focused on modified PVP with enhanced performance that is suitable to be used in ILs.
For ligand-type stabilizers, bipyridine derivatives are extensively studied. Figure 4 is a collection of
the structures and abbreviations for the stabilizers that have been described in this article.

Figure 4. The structures and abbreviations of additional stabilizers described in this article.
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PVP is a common stabilizer for NPs, but it has poor solubility in frequently used ILs, leading to
unsatisfactory catalytic activity and stability. lonic-liquid-like copolymers, poly[(N-vinyl-2-pyrrolidone)-
co-(1-vinyl-3-butylimidazolium chloride)] (poly[NVP-co-VBIM]CI) and poly[(N-vinyl-2-pyrrolidone)
-co-(1-vinyl-3-ethylimidazolium bromide)] (poly[NVP-co-VEIM]Br), were reported as NP stabilizers
in ILs (see Figure 4 for structures) [51]. The introduction of charged imidazolium moiety into the
polymer chain makes the co-polymer compatible with ILs. Rh NPs protected by these two copolymers
are more active and stable in benzene hydrogenation compared to the ones protected by PVP or
poly[VBIM]CI. The same polymers also proved to be effective in stabilizing Pt NPs [52] and Ru
NPs [53] for selective C=0 and NO; reductions [54].

Instead of synthesizing ionic-liquid-like copolymers, our approach is the direct modification of
PVP [55-58]. A carboxylic group functionalized PVP with 1-octyl-3-methylimidazolium ([Csmim]) as
the counter cation, termed as PVPCOO[Csmim], was synthesized via a five-step protocol (see Scheme 1) [59].
PVPCOO[Cgmim] is charged and can be used as stabilizer in ILs. More importantly, metal NPs
stabilized by PVPCOO[Csmim] exhibited enhanced stability without compromising catalytic activity
compared to PVP stabilized NPs. Unmodified PVP provides the NPs with steric stabilization, as well
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as weak coordination stabilization [60]. PVPCOO[Csmim] with a carboxylate group attached to the
pyrrolidone ring further increases NP stability, by coordination of the carboxylate group with the metal
surface and, additionally, via electrostatic stabilization with the formation of a protective electrical
double layer. Excellent electrostatic stabilization was confirmed by zeta potential measurements, and
the coordination interaction between the carboxylate and NP surface was revealed by IR spectra. As
expected, NPs protected by PVPCOO[Cgmim] exhibited significantly higher thermal and catalytic
stability compared to NPs prepared with PVP, despite their similar initial catalytic activity.
Interestingly, in a follow-up study, it was found that the NPs stabilized by carboxylic group modified
PVP is pH sensitive, i.e., the NPs are soluble under neutral or basic conditions, but undergo reversible
agglomeration under acidic conditions, enabling pH-controlled catalyst recycling [61].

Scheme 1. Synthetic procedure for PVPCOO[Cgmim].
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In addition to macromolecular stabilizers, ligands have also been used to stabilize NPs in
ILs [62-65]. Since these types of ligands are frequently encountered in homogeneous catalysis,
especially those based on phosphine and nitrogen, their electronic and steric effects have been defined
and related to catalytic activity. These data should be useful for the description of related effects in
nanocatalysis. The influence of five phosphine ligands on the catalytic activity of Rh NPs were
analyzed, and the results suggest that the electronic effect, steric effect (bulkiness of the ligand) and
the hydrophobicity of ligands are all playing a role [66]. More recently, a work focused on the
electronic effect of ligands on the catalytic activity and stability of NPs was performed [67]. A series
of Rh NPs was prepared with different 4,4’-modified bipy ligand stabilizers (with COOMe, Cl, Me,
tert-butyl, MeO or NH; substituents at the 4,4’-position; see Figure 4 for structures). The sizes of the
Rh NPs were similar, but their activity in toluene hydrogenation was dramatically different. For the
NPs coated with bipy and bipy ligands bearing electron-donating groups, the drop in catalytic activity
was pronounced. On the other hand, NPs stabilized by bipy ligands bearing electron-withdrawing
groups, such as Cl-bipy and COOMe-bipy, were much more active, but much less stable. From a
mechanistic point of view, electron donating ligands interact stronger with NPs compared to electron
withdrawing ligands and, therefore, provide better protection. However, the strong interaction also
limits the accessibility of the substrate to NPs leading to decreased catalytic activity. To overcome this
dilemma, a dimerized-bipy ligand ([dibipy][NTf;],, see Figure 4 for structure) with electron-withdrawing
substituents was designed in an attempt to achieve high activity without compromising stability. It is
speculated that each bipy unit may dissociate readily, due to the electron withdrawing group attached
to the bipyridine. However, the dimeric structure is less likely to undergo complete dissociation from
the NP surface (see Figure 5). Therefore, the combined effects enable both higher activities and
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stabilities to be achieved. Indeed, [dibipy][NTf;], stabilized Rh NPs are much more resistant towards
aggregation than those that are stabilized with bipy. The Rh-Rh coordination number of Rh NPs after
catalysis obtained by X-ray absorption fine structure (XAFS) analysis, which reflects the size of NPs,
is larger for bipy-Rh NPs than [dibipy][NTf;],-Rh NPs, suggesting that the smaller size of the
[dibipy][NTf;],-stabilized Rh NPs is retained.

Figure 5. Representation of the proposed role of bipy (top) and the [dibipy][NTf;],
(bottom) during the NP-catalyzed hydrogenation of benzene, which accounts for the
higher stability of the dimeric stabilizer. Reprinted from Ref. [67], with permission from
Wiley.

4. Development of Bimetallic NPs

Although most research concerning NP catalysis in ILs are based on monometallic NPs, bimetallic
NPs are attracting more and more attention, because of their unique structures and physiochemical
properties that sometimes exhibit enhanced catalytic performance [68]. Bimetallic NP catalysis in
molecular solvents has been a research focus in recent years. However, only a handful of publications
of bimetallic NP in ILs are available. These include examples of Au—Ag [69,70], Au—Pd [71], Au-Pt [72],
Cu—Ru [73] and Fe—Ru [74] NPs, some of which were used as catalysts [75—77]. Furthermore, the
exact structure of the NPs, the electronic and geometric interplay of the two metals and the subsequent
influence on catalysis largely remain elusive. As such, we carried out a detailed case study on Au—Pd
NPs in ILs [78]. It is noteworthy that Au—-Pd NPs are intriguing, because some exhibit improved
catalytic activities and increased resistance to poisoning in certain reactions in molecular solvents [79].

In an effort to prepare Pd NPs through thermal decomposition from its acetate [45], an approach for
NP synthesis in ILs pioneered by Dupont and Prechtl et al. [24,37], we were aware that introducing a
hydroxyl group into the cation can accelerate the formation of NPs and help protect the NPs from
further oxidation. Therefore, we extended the method to the synthesis of bimetallic Au-Pd NPs [78].
The synthetic procedure was straight forward. A hydroxyl-functionalized IL, [C;OHmim][Tf;N], was
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chosen as solvent in which both Pd(OAc), and Au(OAc); were dispersed. The decomposition was then
conducted at 393 K under vacuum to remove the volatiles generated. TEM results show that all NPs
are spherical and of similar size, at around 4 nm, regardless of the elemental ratios. HRTEM images of
pure Au NPs indicate a crystalline material with a face-centered cubic structure, while similarly
exposed planes are present in the HRTEM images of pure Pd and bimetallic Au—Pd NPs. However,
TEM and HRTEM are unable to provide further information concerning composition and structure,
since Au and Pd share the same crystal structure and similar lattice parameters. A variety of other
techniques are employed to reveal the exact structure of the Au—Pd NPs.

Au—Pd NPs prepared in molecular solvents can adapt both alloy [80] and core-shell structures (see
Scheme 2). By combined techniques, we are able to determine the structure of the Au—Pd NPs
synthesized in [C;,OHmim][NTf;] to be an incomplete core-shell structure—with Au atoms staying in
the core, and Pd atoms enriched in the shell (see Scheme 2, right). The key evidences leading to this
conclusion include: (1) STEM-EDX (both selected area scan and selected line scan modes)
demonstrates that the NPs are bimetallic in nature, instead of mixed Au NPs and Pd NPs; (2) in the
XRD pattern, only the diffraction peaks for pure Au are observed, suggesting the NPs have a
crystalline Au core; (3) XPS analysis indicates a surface enrichment of Pd; (4) XAFS curve fitting
satisfies the core-shell model better than the alloy model.

Scheme 2. The possible structures of the Au—Pd NPs. (Left) alloy structure; (Middle)
core-shell structure (Au atoms as the core; however, Pd atoms could, in principle, also
occupy the core); and (Right) partial core-shell structure (Pd-enriched surface layers).
Reprinted from Ref. [78], with permission from Wiley.
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Au has relatively higher electron negativity than Pd. It could be anticipated that Pd will donate
electrons to Au when the two are mixed, which is nicely corroborated by the XPS analysis. The Au
3f7/2 peak moves to lower BEs when Pd is incorporated into the NP, and the shift increases with
increased Pd percentage. The BEs for Pd, on the other hand, exhibit exactly the opposite trend. The Pd
3d5/2 peak for the pure Pd NPs has a value of 335.5 eV, slightly higher than that of Pd metal
(335.1 eV). With Au incorporation, the value increases until it reaches a maximum of 335.8 eV with
the highest Au content (80%).

We believe the surface enrichment of Pd and the electronic interplay between Au and Pd in the NPs
would influence the catalytic properties. To demonstrate this, the Au-Pd NPs were used to catalyze the
dehalogenation of 2-chloronitrobenzene, 4-bromotoluene and 3,5-dibromotoluene (see Scheme 3).
This type of reaction is important, as they are relevant to the removal of toxic organic halides in
environmental remediation. Not unexpected, in all cases, the bimetallic Au-Pd NPs were superior to
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the Pd NPs, whereas the Au NPs were completely inactive. The AuggPdp, NPs are about ten-times
more active than the Pd NPs. We attribute the enhanced catalytic activity to two major factors. One is
that the Pd atoms, which are responsible for catalysis, are enriched in the NP surface. In addition, the
Pd atoms are electron positive, due to electron donation to Au atoms within the NPs, and this should
facilitate reductive elimination of the product that is presumably the rate-determining step.

Scheme 3. Au-Pd NP catalyzed hydrodehalogenation reaction in [C;OHmim][NTf;].
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This work demonstrates that IL could be used as an effective media to protect bimetallic NPs.
Through the fabrication of NP composition and structure, the electronic and geometric features of NPs
can be manipulated, which, in turn, would affect the catalytic property of NPs in ILs.

5. Designing of Multifunctional System

It is always desirable that NP catalysts in ILs are highly effective. In this regard, multifunctional
systems that integrate a few catalytic steps into a one-pot, catalytic cascade process would prove
advantageous, as they could significantly save time and energy, while reducing the waste [26]. Indeed,
it represents one of the future trends in green chemistry [81]. Metal NPs and ILs appear to be an ideal
couple in constructing multifunctional catalytic systems. Metal NPs will be able to catalyze
hydrogenation, oxygenation and coupling reaction, whereas acid or base functionalized ILs could
promote dehydration, esterification and alkylation, among many others [82—84].

With this in mind, the possibility of upgrading phenolic compounds derived from lignin into alkane
fuels by employing multifunctional NP-IL systems was explored [85]. The essence of transformation
from phenol to alkane is the hydrogenation of the aromatic ring and deoxygenation. The conventional
hydrodeoxygenation processes is based on NiMo and CoMo sulfite catalysts. To convert a phenolic
compound into an alkane, the substrate undergoes hydrogenation and hydrogenolysis, or the other way
around (see upper part of Scheme 4 with phenol as an example). Direct deoxygenation of phenol
requires high temperature, typically above 400 °C, which makes the traditional catalytic systems
problematic, due to high energy consumption, coke accumulation and water-induced catalyst
deactivation. Alternatively, phenol can be transformed into cyclohexane by tandem
hydrogenation-dehydration reactions under much milder conditions [86—88] (see the lower part of
Scheme 4) and would overcome the above mentioned limitations.
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Scheme 4. Two reaction pathways from phenol to cyclohexane: (top) direct

hydrodeoxygenation over traditional catalyst; (bottom) tandem hydrogenation-dehydration
over multifunctional systems.
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As hydrogenation reactions can be readily catalyzed by metal NPs in ILs, the major remaining
challenge is to develop functionalized ILs that could promote the dehydration reaction under mild
conditions. Twelve Bronsted acidic ILs were synthesized, most of which were based on sulfonic acid
functionalized ILs. The Hammett acidity functions (Hy) of these ILs were determined
spectrophotometrically by evaluating the protonation of an uncharged indicator in acetonitrile [89].
With the same cationic structure, the acidity of the Bronsted acidic ILs differs markedly with different
counter anions. Among seven anions being screened, the IL with [CF3;SOs3] as counter anion exhibits
the highest acidity. These ILs were used as additives in promoting the dehydration reaction of
cyclohexanol into cyclohexene in [C4smim][BF4], with a good correlation between the strength of the
acid and the yield of cyclohexene observed. Following that, metal NP catalysts, including Rh, Pt, Pd
and Ru NPs were combined with the optimized Brensted acidic IL to convert phenols to their
corresponding alkanes in a one-pot process. The Rh-[C4SO3;Hmim][CF3SOs3] system proved to be most
active—high alkane yields were achieved over a wide range of substrates, including methyl phenol,
ethyl phenol, anisole and even branched phenols at temperatures as low as 130 °C, with a small
metal-to-substrate ratio of 1:300, demonstrating the effectiveness of NP-functionalized IL
multifunctional systems (see Figure 6).

Figure 6. Graphic illustration of acid-NP multifunctional system for the upgrading of
phenolic compounds into alkanes. Reprinted from Ref. [85], with permission from Wiley.
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6. Conclusion and Perspectives

For metal NPs dispersed in non-functionalized ILs, anion plays a more significant role in stabilizing
NPs, as it interacts more strongly with the metal surface than the cation. By changing the anion, the
stability and the activity of NPs can be modified to some extent. Nevertheless, these NPs are only
kinetically stable and neither anion nor cation could prevent them from agglomeration. The weak
interaction between NPs and non-functionalized ILs is the major reason for high catalytic activity, but
also induce poor stability/recyclability of NPs. Employing hydroxyl group functionalized ILs can
alleviate the problem, as the hydroxyl group provides more stabilization to NPs. Moreover, the
hydroxyl group can strongly interact with halide anion, which proved advantageous in generating and
stabilizing the catalytically active Pd species in Suzuki reactions.

To further improve the stability of NPs, ILs can be used in conjunction with other stabilizers, such
as polymers and ligands. There are three main stabilization mechanisms based on the interaction of the
additional stabilizer with the metal surface, namely electrostatic, steric and coordination. We proposed
a general strategy for synthesizing stabilizers that provide the NPs with enhanced stability without
compromising activity. The strategy is to design a stabilizer that can provide all three stabilization
mechanisms. Each of the three stabilizations is manipulated to be not too strong to interfere catalytic
activity, but combined, they endow the NPs with excellent stability. The usefulness of the strategy was
demonstrated by a carboxylate functionalized PVP polymer. For ligand type stabilizers, a systematic
investigation of the ligand electronic effect was conducted. NPs stabilized by less electron donating
ligands exhibited higher activity, but lower stability. Based on this, a dimeric ligand with two weakly
coordination moieties was designed. This ligand can dissociate from the NP surface easier (to maintain
high activity), due to the presence of an electron withdrawing group, but is unlikely to undergo
complete dissociation, due to the dimeric nature (so that the stability is maintained).

Bimetallic catalysts have a long history in classical heterogeneous catalysis. Adding a second metal
to the first metal can tune catalytic performances, such as activity, selectivity, durability, efc. These
benefits seem to be overlooked in the domain of NP catalysis in ILs. With a detailed study on Au-Pd
NPs in ILs, it is demonstrated that the addition of Au into Pd modifies both the electronic and
structural factors of the original Pd NPs, resulting in a significant increase in catalytic activity. So far,
such examples are very rare, and we anticipate many more examples to come in the future.

Constructing multifunctional systems that are able to catalyze a few reactions in a row is another
promising approach to improve the efficiency of NP catalysis. Careful selection of the catalysts
combination and the reaction condition suitable for all the reaction steps to occur are the keys. It is
desired that future studies concentrate on the development of catalysts based on inexpensive metals
(e.g., Fe, Ni, Co) for the production of highly value-added chemicals in a one-pot manner.

Compared to homogeneous catalysts, determining the molecular-level mechanistic steps involved
in transformations with NP catalysis in ILs is considerably more challenging. Nevertheless, in situ
XAFS appears to be a good technique to reveal some aspects of the NPs during reaction. This
technique has been applied to follow the formation mechanism of metal NPs in molecular
solvents [90,91]. We anticipate that the employment in situ XAFS for NP catalysis in the IL phase
would bring more fundamental understanding.
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Finally, nanoclusters (NCs) in which the number of metal atoms can be precisely controlled have
received considerable research interest. For example, Au;s, Aujg, Aups[92], Auss [93] and Aujas NCs [94]
can all be prepared, and some of them have been fully characterized by single crystal X-ray
diffraction [95]. These clusters break down the barriers between molecular systems and NP systems
and are potential catalysts with unusual properties. As we are aware, there are no reports concerning
the synthesis and catalytic application of NCs in ILs to date. Whether it is possible that ILs
can stabilize these NCs, in a similar way as they stabilize NPs, remains a fundamental and
intriguing question.
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