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Fine-tuned interaction between reacting molecules and metal surface is of great importance in heterogeneous catalysis for the design of highly selective processes. Conventional strategies based on adjusting the intrinsic catalyst properties such as particle size, metal-support interaction and morphology suffer from complicated and time-consuming synthetic procedures. Recently, the modification of metal nanoparticles with nonmetallic promoters has been demonstrated as an effective tool to regulate the interfacial environment of metallic catalysis. Herein, we will give an overview of recent progress in this area. A general analysis will be proposed about the electronic, steric effects and new functionalities imposed by nonmetallic promoters of metal catalysts. The potential for the selectivity enhancement of the promoted metal catalysts in various industrially important reactions is discussed.

Introduction

General introduction

Due to the high density of active sites, stability and recyclability, metal nanoparticles are widely used in industrial catalytic processes such as hydrogenation, oxidation, amination, cascade reactions, and so on [START_REF] Li | Well-Defined Materials for Heterogeneous Catalysis: From Nanoparticles to Isolated Single-Atom Sites[END_REF][START_REF] Liu | Metal Catalysts for Heterogeneous Catalysis: From Single Atoms to Nanoclusters and Nanoparticles[END_REF][START_REF] Zhang | Selective Hydrogenation over Supported Metal Catalysts: From Nanoparticles to Single Atoms[END_REF][START_REF] Wang | Surface strategies for catalytic CO2 reduction: from two-dimensional materials to nanoclusters to single atoms[END_REF][START_REF] Zhong | State of the art and perspectives in heterogeneous catalysis of CO2 hydrogenation to methanol[END_REF][START_REF] Mäki-Arvela | One-pot amination of aldehydes and ketones over heterogeneous catalysts for production of secondary amines[END_REF] . However, one of the main challenges in metal catalysis is insufficient selectivity to target products, which requires additional energy consumption for separation and recycling of by-products. It causes numerous environmental problems and increases the technological costs. The insufficient selectivity is a result of low specificity of interaction between the active site and reacting molecules leading to undesirable side reactions.

On the other side, industrial processes require catalysts with uniform and welldefined properties, especially for fine chemical manufacturers. Various reactions towards different products proceed on the surface of metal nanoparticles with different environments [START_REF] Lu | The Critical Impacts of Ligands on Heterogeneous Nanocatalysis: A Review[END_REF][START_REF] Gu | Mobility and versatility of the liquid bismuth promoter in the working iron catalysts for light olefin synthesis from syngas[END_REF][START_REF] Owen | Nanocrystal structure. The coordination chemistry of nanocrystal surfaces[END_REF][START_REF] Kano | Nanoparticle characterization based on STM and STS[END_REF][START_REF] Norskov | The nature of the active site in heterogeneous metal catalysis[END_REF][START_REF] Liang | Structure-Sensitive and Insensitive Reactions in Alcohol Amination over Nonsupported Ru Nanoparticles[END_REF][START_REF] Wu | Surface and interface control of noble metal nanocrystals for catalytic and electrocatalytic applications[END_REF][START_REF] Liu | Surface Coordination Chemistry of Metal Nanomaterials[END_REF][START_REF] Nguyen | Understanding Catalyst Surfaces during Catalysis through Near Ambient Pressure X-ray Photoelectron Spectroscopy[END_REF] . The parameters that affect the catalytic properties of metal nanoparticles include electronic structure, surface texture, metal-support interaction, particle size and morphology, and so on. Normally, these parameters are well-optimized for commercial catalysts. For this reason, the design of new catalytic materials based on the existing commercial catalysts via their modification with non-metallic promoters is an attractive and economic way. However, in most cases, screening of the existing industrial catalysts with various metals, loadings, and supports in new catalytic processes does not give satisfactory results because of insufficient selectivity.

Inspired by enzymatic and homogeneous organometallics catalysis, tuning the electronic and steric effects of metal nanoparticles by organic ligands such as polymers, amines, thiols, halogens etc has attracted a lot of attention [START_REF] Li | Carboxylate Ligands-Promoted Superior Electrocatalytic Performance for Oxygen Evolution Reaction and Their Mechanisms[END_REF][START_REF] Gavia | Catalytic Properties of Unsupported Palladium Nanoparticle Surfaces Capped with Small Organic Ligands[END_REF][START_REF] Samantaray | The Comparison between Single Atom Catalysis and Surface Organometallic Catalysis[END_REF][START_REF] Niu | Removal and Utilization of Capping Agents in Nanocatalysis[END_REF][START_REF] Rossi | The role and fate of capping ligands in colloidally prepared metal nanoparticle catalysts[END_REF][START_REF] Wu | The surface science of nanoparticles for catalysis: electronic and steric effects of organic ligands[END_REF] . Surface modification with non-metallic promoters avoids the complex catalyst synthesis procedures and could be easily adapted to the existing commercial catalysts.

A literature analysis using Web of Science indicates an exponential growth of number of publications dedicated to the surface modification of metallic catalysts (Figure 1). Most recently, a large number of works are devoted to the selectivity control in the hydrogenation of biomass-derived platforms by modification of the metal catalysts with non-metallic promoters such as thiols and halogens [START_REF] Zhang | Catalytic Lignin Depolymerization to Aromatic Chemicals[END_REF][START_REF] Chen | How Catalysts and Experimental Conditions Determine the Selective Hydroconversion of Furfural and 5-Hydroxymethylfurfural[END_REF][START_REF] Xu | Recent catalytic routes for the preparation and the upgrading of biomass derived furfural and 5hydroxymethylfurfural[END_REF][START_REF] Van Scodeller | A Combined Experimental-Theoretical Study on Diels-Alder Reaction with Bio-Based Furfural: Towards Renewable Aromatics[END_REF][START_REF] Jiang | Conversion of furfural to tetrahydrofuran-derived secondary amines under mild conditions[END_REF][START_REF] Sergeev | A heterogeneous nickel catalyst for the hydrogenolysis of aryl ethers without arene hydrogenation[END_REF][START_REF] Liu | Heterogeneous catalysis for green chemistry based on nanocrystals[END_REF][START_REF] Zhang | Control of interfacial acid-metal catalysis with organic monolayers[END_REF][START_REF] Questell-Santiago | Stabilization strategies in biomass depolymerization using chemical functionalization[END_REF][START_REF] Sergeev | Selective, nickel-catalyzed hydrogenolysis of aryl ethers[END_REF][START_REF] Zhang | Polyethylene upcycling to long-chain alkylaromatics by tandem hydrogenolysis/aromatization[END_REF] .

Figure 1. Numbers of publications related to surface modification of heterogeneous metal catalysts. From Web of Science TM all collections, Booleans: TS=(metal AND heterogeneous catalysis AND ( ligand OR stabilizer OR modifier OR capping agent OR surfactant OR selective poisoning OR promoters) )

Catalysis over metal surfaces involves molecule adsorption, diffusion, reaction, and desorption [START_REF] Du | Atomically Precise Noble Metal Nanoclusters as Efficient Catalysts: A Bridge between Structure and Properties[END_REF][START_REF] Xie | Defect Chemistry in Heterogeneous Catalysis: Recognition, Understanding, and Utilization[END_REF][START_REF] Schlogl | Heterogeneous catalysis[END_REF][START_REF] Medlin | Heterogeneous catalysis: Scaling the rough heights[END_REF][START_REF] Calle-Vallejo | Introducing structural sensitivity into adsorption-energy scaling relations by means of coordination numbers[END_REF][START_REF] Jin | Toward Active-Site Tailoring in Heterogeneous Catalysis by Atomically Precise Metal Nanoclusters with Crystallographic Structures[END_REF] . The reactant molecules firstly diffuse from the reactant phase to the catalytic interface. In this case, a steric effect might be introduced by the promoters, which tune the configuration and orientation of the molecules approaching the metal surface. Moreover, the molecular affinity between the surface and reactant molecules will determine the concentration of reactant molecules on the catalyst. For example, hydrophobic promoters endow quick diffusion and enhanced adsorption of hydrophobic reactants, while hydrophilic promoters favor diffusion and adsorption of hydrophilic reactant molecules. When the orientations of the reactant molecules have been preadjusted, they can readily adsorb in a specific configuration on the metal surface. In this case, the nature of active sites will determine the activation and transformation of the reactant molecules. The electronic effects and bifunctionality introduced by promoters will tune the reaction activity and selectivity. Usually, these effects are strongly interconnected with each other (Figure 2).

Figure 2. Multifunctional effects of surface modification in the design of metal catalysts.

The scope of this review covers steric, electronic and bifunctionality effects in the metal catalysts (e.g. Pd, Pt, Au, Ni, Cu, Co, et al.) modified with non-metallic promoters (polymers, thiols, amines, halogens, et al.). The common feature of these metals is that they have incompletely filled d-orbitals. These metals are characterized by a relatively low energy transitions between possible oxidation states. They are commonly used as catalysts for industrial production of chemicals.

Different non-metallic promoters

Numerous non-metallic promoters have been used for modification of metallic catalysts. The representative promoters/metal combinations and the corresponding reactions are summarized in Table 1. In this review, the non-metallic promoters are divided into five categories: (1) Heavy molecules, e.g. polyvinylpyrrolidone (PVP), polyvinyl alcohol ((PVA), polyethylene (PE), 4-ethynytoluene, 1,2-di-p-tolyethyne, and HHDMA [START_REF] Zhang | Alkyne-Functionalized Ruthenium Nanoparticles: Impact of Metal-Ligand Interfacial Bonding Interactions on the Selective Hydrogenation of Styrene[END_REF][START_REF] Dai | C2H2 treatment as a facile method to boost the catalysis of Pd nanoparticulate catalysts[END_REF][START_REF] Niu | Catalyst Deactivation for Enhancement of Selectivity in Alcohols Amination to Primary Amines[END_REF][START_REF] Tsunoyama | Effect of electronic structures of Au clusters stabilized by poly(N-vinyl-2-pyrrolidone) on aerobic oxidation catalysis[END_REF][START_REF] Chen | Enhancing catalytic selectivity of supported metal nanoparticles with capping ligands[END_REF][START_REF] Freakley | Gold-palladium colloids as catalysts for hydrogen peroxide synthesis, degradation and methane oxidation: effect of the PVP stabiliser[END_REF][START_REF] Yang | Hydrogenolysis of 5-Hydroxymethylfurfural to 2,5-Dimethylfuran under Mild Conditions without Any Additive[END_REF][START_REF] Zhao | Nanocell type Ru@quinone core-shell catalyst for selective oxidation of alcohols to carbonyl compounds[END_REF][START_REF] Jones | Prominent electronic and geometric modifications of palladium nanoparticles by polymer stabilizers for hydrogen production under ambient conditions[END_REF][START_REF] Shifrina | Role of Polymer Structures in Catalysis by Transition Metal and Metal Oxide Nanoparticle Composites[END_REF][START_REF] Campisi | Selectivity Control in Palladium-Catalyzed Alcohol Oxidation through Selective Blocking of Active Sites[END_REF][START_REF] Villa | Sol immobilization technique: a delicate balance between activity, selectivity and stability of gold catalysts[END_REF] ; (2) N-based compounds, e.g. long-chain alkylamines, alkanolamines, ethylenediamine, quinoline, N-heterocyclic carbenes [START_REF] Xia | Aerobic Oxidation of 5-Hydroxymethylfurfural over Ag Nanoparticle Catalysts Stabilized by Polyvinylpyrrolidone with Different Molecular Weights[END_REF][START_REF] Schrader | Asymmetric Heterogeneous Catalysis: Transfer of Molecular Principles to Nanoparticles by Ligand Functionalization[END_REF][START_REF] Witte | BASF NanoSelect™ Technology: Innovative Supported Pd-and Ptbased Catalysts for Selective Hydrogenation Reactions[END_REF][START_REF] Kwon | Capping ligands as selectivity switchers in hydrogenation reactions[END_REF][START_REF] Duran Pachon | Chiral imprinting of palladium with cinchona alkaloids[END_REF][START_REF] Neal | Effect of Nanoparticle Ligands on 4-Nitrophenol Reduction: Reaction Rate, Induction Time, and Ligand Desorption[END_REF][START_REF] Chu | Electronic Tuning of Metal Nanoparticles for Highly Efficient Photocatalytic Hydrogen Peroxide Production[END_REF][START_REF] Vile | From the Lindlar catalyst to supported ligand-modified palladium nanoparticles: selectivity patterns and accessibility constraints in the continuous-flow three-phase hydrogenation of acetylenic compounds[END_REF][START_REF] Shen | Highly Robust but Surface-Active: An N-Heterocyclic Carbene-Stabilized Au25 Nanocluster[END_REF][START_REF] Chen | Interfacial electronic effects control the reaction selectivity of platinum catalysts[END_REF][START_REF] Šulce | Kinetic analysis of the asymmetric hydrogenation of ß-keto esters over α-amino acid-functionalized Pt nanoparticles[END_REF][START_REF] Albani | Ligand ordering determines the catalytic response of hybrid palladium nanoparticles in hydrogenation[END_REF][START_REF] Šulce | Ligand-functionalized Pt nanoparticles as asymmetric heterogeneous catalysts: molecular reaction control by ligand-reactant interactions[END_REF][START_REF] Irtem | Ligand-Mode Directed Selectivity in Cu-Ag Core-Shell Based Gas Diffusion Electrodes for CO2 Electroreduction[END_REF][START_REF] Ernst | Molecular Adsorbates Switch on Heterogeneous Catalysis: Induction of Reactivity by N-Heterocyclic Carbenes[END_REF][START_REF] Cure | Monitoring the coordination of amine ligands on silver nanoparticles using NMR and SERS[END_REF][START_REF] Witte | NanoSelect Pd Catalysts: What Causes the High Selectivity of These Supported Colloidal Catalysts in Alkyne Semi-Hydrogenation?[END_REF][START_REF] Fiorio | Piperazine-promoted gold-catalyzed hydrogenation: the influence of capping ligands[END_REF][START_REF] Wu | Selective hydrogenation of alpha, beta-unsaturated aldehydes catalyzed by amine-capped platinum-cobalt nanocrystals[END_REF] ; (3) P-base compounds, e.g. triphenylphosphine [START_REF] Cano | Air-stable gold nanoparticles ligated by secondary phosphine oxides for the chemoselective hydrogenation of aldehydes: crucial role of the ligand[END_REF][START_REF] Ortuño | Creating Cavities at Palladium-Phosphine Interfaces for Enhanced Selectivity in Heterogeneous Biomass Conversion[END_REF][START_REF] Chatterjee | A Heterogeneous Catalyst for the Transformation of Fatty Acids to α-Olefins[END_REF][START_REF] Guo | Improving Catalytic Hydrogenation Performance of Pd Nanoparticles by Electronic Modulation Using Phosphine Ligands[END_REF][START_REF] Liu | Palladium phosphide nanoparticles as highly selective catalysts for the selective hydrogenation of acetylene[END_REF][START_REF] Rafter | Secondary phosphineoxides as pre-ligands for nanoparticle stabilization[END_REF][START_REF] Fedorov | Silica-Supported Cu Nanoparticle Catalysts for Alkyne Semihydrogenation: Effect of Ligands on Rates and Selectivity[END_REF][START_REF] Mccue | Triphenylphosphine: a ligand for heterogeneous catalysis too? Selectivity enhancement in acetylene hydrogenation over modified Pd/TiO2 catalyst[END_REF][START_REF] Snelders | Tuning the Chemoselectivity of Rh Nanoparticle Catalysts by Site-Selective Poisoning with Phosphine Ligands: The Hydrogenation of Functionalized Aromatic Compounds[END_REF] ; (4) S-base compounds, e.g. alkanethiols, diphenyl sulfide, H2S ; (5) Halogens-based compounds, e.g. ethyl iodide, dichloromethane, bromobenzene [103][104][105][106][107][108][109][110][111][112][113][114][115][116][117][118] . In some cases, these molecules not only act as promoters but also as capping agents for the synthesis of metal nanoparticles [119][120][121][122] . Usually, the promoters anchor on the metal surface via their "headgroups". There are two kinds of interactions between promoters and metal surfaces. The first one is covalent bonding (mostly via coordination bonds), and the second one involves noncovalent interactions (such as van der Waals forces and electrostatic interactions).

The headgroups usually contain heteroatoms e.g. nitrogen, phosphorus, oxygen and sulfur, or electron-donating functional groups e.g. -C=C-, and -C≡C-. These headgroups coordinate to the metal surface by charge-transfer interactions. Polymeric promoters without electron-donating groups are attached to the metal surface via van der Waals forces. Ionic, amphiphilic surfactants such as HHDMA and CTAB absorb over the metal surface via their ionic headgroups and the strong electrostatic interactions with the metallic surface play a dominant role in promoter immobilization on the surface.

Stability of promoters

The presence of promoters on the metal surface creates steric, electronic and bifunctionality effects, which could enhance the catalytic properties of metal catalysts.

The stability of promoters on the metal surface is an important issue for the catalyst design, catalyst reusability and manufacturing of clean chemical products, which are nonpolluted with the promoters [123][124][125] .

Due to the high electron-donating ability, coordination bonds formed by heteroatoms such as oxygen, nitrogen, sulfur, phosphorus and halogens with the catalyst surface are usually more stable than the -C=C-and -C≡C counterparts [START_REF] Liu | Surface Coordination Chemistry of Metal Nanomaterials[END_REF]126 . The electrostatic interactions between ionic, amphiphilic surfactants such as HHDMA and metal surfaces are also strong and avoid their desorption during several reaction cycles.

It is worth noting, the stability of the promoters is affected by the reaction conditions such as water content, solvent properties, H2 pressure, temperature and so on.

Specifically, heavy molecules as ionic surfactants may suffer from leaching problems, however, they could be more stable in low-temperature gas-phase reactions [START_REF] Liu | Palladium phosphide nanoparticles as highly selective catalysts for the selective hydrogenation of acetylene[END_REF] . Thus, the use of surface promoters bearing strong coordination to the catalyst surface and often containing chelating groups (e.g. thiolates, diamines) is usually required for the design of stable catalysts.

Direct preparation or post modification?

The strategies for anchoring non-metallic promoters on the surface of metal nanoparticles can be summarized in two groups. The first one is direct-preparation, in which the non-metallic promoters are mixed with the metal precursors during the catalyst synthesis and after reduction of the metal precursors, the promoters directly localize on the surface of metal nanoparticles [START_REF] Rossi | The role and fate of capping ligands in colloidally prepared metal nanoparticle catalysts[END_REF][START_REF] Fiorio | Piperazine-promoted gold-catalyzed hydrogenation: the influence of capping ligands[END_REF][127][128][129][130][131][132] . The second strategy is post-modification.

In this strategy, the non-metallic promoters are anchored on the metal surface by posttreatment of the earlier prepared catalysts [START_REF] Niu | Catalyst Deactivation for Enhancement of Selectivity in Alcohols Amination to Primary Amines[END_REF]106,108,109 .

Direct-preparation is applied usually for the synthesis of ligand-protected colloidal metal nanocrystals (MNCs), where the promoters normally act as capping or protecting agents. They confine the over-growth and aggregation of MNCs 133 . This approach is known to produce high-quality MNCs with tunable size and shape, narrow size dispersion and high crystallinity. Generally, MNCs with capping agents exhibit lower activity than the bared metal nanoparticles. This phenomenon is mainly due to the partial blockage of active sites by capping agents. However, it was recently found that the capping agent could endow some abnormally catalytic properties to MNPs [START_REF] Chen | Enhancing catalytic selectivity of supported metal nanoparticles with capping ligands[END_REF][START_REF] Wu | Selective hydrogenation of alpha, beta-unsaturated aldehydes catalyzed by amine-capped platinum-cobalt nanocrystals[END_REF] . Thus, the role of the capping agent on the catalytic properties of MNCs is more complex. Direct-preparation of MNCs with different capping agents has been intensively reported and reviewed 171- 174 . Some of them focused on the utilization of capping agents in heterogeneous catalysis.

Due to the easy realization and close to industrial application, post-modification has been attracting more and more attention. Post-modification was extensively used to modify supported metal catalysts and colloidal metal NPs [START_REF] Dai | C2H2 treatment as a facile method to boost the catalysis of Pd nanoparticulate catalysts[END_REF] . Various post-modification methods have been reported: (1) On-metal-surface polymerization [START_REF] Niu | Catalyst Deactivation for Enhancement of Selectivity in Alcohols Amination to Primary Amines[END_REF]110 ; (2) Selfassemble monolayers (SAM) 80-83 ; (3) Atomic element decoration 106, 108, 109, 113 . On-metalsurface polymerization is used when the promoters have the polymerizable functional groups and the polymerization could be initiated by the metal surface. The formation of self-assemble monolayers requires the promoters to have the long-alkane tails. And the atomic element decoration happens, when the metal nanoparticles interact with sulfur and halogens.

Role of the promoters

Coordination of non-metallic promoters on the active metal surface results in several effects on the catalytic process. First of all, the presence of promoters can change the structural geometry as well as the spatial arrangement of the catalyst surface. The onsurface change involves blocking the active sites, which prevents adsorption of reactant molecules as well as limits the diffusion of intermediates on the surface. The outer-surface changes derive from the promoters, which have long and bulky "tails" such as the amphiphilic modules. These tails can interact with the reactant molecules via creating steric space hindrances and introducing weak interactions (e.g. van der Waals forces, hydrogen bonding, aromatic ring stacking), when the reactant molecules approach the catalyst surface [START_REF] Liu | Surface Coordination Chemistry of Metal Nanomaterials[END_REF]125 . Besides the steric effects, the coordination of promoters will change the electronic structure of metal surface, e.g. the Fermi core level 134 .

Understanding the electronic effects could be more difficult compared to the steric effects. The electronic effect is relevant to changing the electronic structure of surface metal atoms and the intrinsic activity of surface sites [START_REF] Chen | Interfacial electronic effects control the reaction selectivity of platinum catalysts[END_REF] . During the real catalytic process, both the steric and electronic effects can impact the catalytic behavior. Identification of steric and electronic effects and their contributions to catalysis is therefore the primary task. In addition to steric and electronic phenomena, the non-metallic promoters can also introduce new types of active sites in the metallic catalysts. Bifunctional catalysts and sites derived from non-metallic promoters attract a lot of attention 135 . Notably, bifunctional catalysts produced by the promotion of metallic catalysts with non-metallic promoters possess proximate metal-acid or metal-base sites, which are important for many catalytic processes.

Steric effects

The steric effects strongly affect the accessibility of reactant molecules on the metal surface. The steric effects can be more significant for large molecules [START_REF] Niu | Catalyst Deactivation for Enhancement of Selectivity in Alcohols Amination to Primary Amines[END_REF] . Numerous papers have ascribed to steric effect the abnormal catalytic behavior after the modification, but only a few of them focus on understanding the interaction mechanism between the reactants and promoters. The understanding of the way how the steric effects change the behavior of reactant molecules is important, because it can guide the rational design of the smart catalytic surfaces.

The steric effect can have different nature and can involve different promoters. For example, the non-metallic promoters could be polymers, N-, S-based organic molecules.

The presence of steric effects usually decreases the overall activity and changes the selectivity. Several mechanisms have been proposed to explain the abnormal catalytic performance by comparing it with the non-modified catalyst. These mechanisms involve on-surface effects of (1) selective sites blocking [START_REF] Campisi | Selectivity Control in Palladium-Catalyzed Alcohol Oxidation through Selective Blocking of Active Sites[END_REF]109 , (2) active sites isolation [START_REF] Liu | Surface Coordination Chemistry of Metal Nanomaterials[END_REF]101 , and outer-surface effects of (3) surface wettability [START_REF] Schoenbaum | Controlling the surface environment of heterogeneous catalysts using self-assembled monolayers[END_REF]102 , (4) molecular orientation 69, 99 (5) surface molecular imprinting 136 (Figure 3). Let us discuss them in greater detail. The sulfur-based modifiers like thiols have been extensively used as selective blocking agents for metal catalysts [START_REF] Schoenbaum | Controlling the surface environment of heterogeneous catalysts using self-assembled monolayers[END_REF]125 . For example, the reaction pathways for furfural hydrogenation have been well-controlled on supported Pd catalysts with self-assembled thiols monolayers [START_REF] Pang | Directing reaction pathways by catalyst active-site selection using self-assembled monolayers[END_REF] . As shown in 

Active sites isolation

In heterogeneous catalysis, the reactant molecules are adsorbed and activated on the metal surface. This process may require the participation of multiple metal atoms on the surface. The active site isolation reduces the size of active assembles and results in a change of the catalytic behavior for some specific reactions [START_REF] Makosch | Organic Thiol Modified Pt/TiO2 Catalysts to Control Chemoselective Hydrogenation of Substituted Nitroarenes[END_REF][START_REF] Mccue | Selective hydrogenation of mixed alkyne/alkene streams at elevated pressure over a palladium sulfide catalyst[END_REF]101 . One of the important features in catalysis is selective activation of terminal functional groups. The terminal part of a molecule can much more easily access the active site than the internal part. For example, when the cobalt nanoparticles were treated with 1-butanol at a high temperature, the polymeric carbon species were produced on the cobalt surface. The carbon species may introduce a strong steric effect on the amination of 1-butanol to 1-butyl amine [START_REF] Niu | Catalyst Deactivation for Enhancement of Selectivity in Alcohols Amination to Primary Amines[END_REF] . The hydrogenation of internal imine groups has been suppressed because of the steric effect (Figure 7). The Pd NanoSelect catalyst developed by BASF is prepared by a chemical reduction method employing HHDMA as a reducing agent, stabilizer, and modifier consequently [START_REF] Witte | BASF NanoSelect™ Technology: Innovative Supported Pd-and Ptbased Catalysts for Selective Hydrogenation Reactions[END_REF] . This catalyst consists of palladium nanoparticles of 5 ~ 8 nm supported on carbon or titanium silicate that exhibit alkene selectivity comparable to that provided by Lindlar's catalyst in the semi-hydrogenation of alkynes. Pérez-Ramírez et al. have studied the promotion effect of HHDMA on the Pd NanoSelect catalyst by experimental and theoretical methods [START_REF] Rossi | The role and fate of capping ligands in colloidally prepared metal nanoparticle catalysts[END_REF] . According to DFT calculations, HHDMA is adsorbed rigidly over the Pd surface and restricts the accessibility of the substrate to the active sites of the catalyst (forming cavities with the elliptical shape), providing exceptional performance for the hydrogenation of terminal alkynes but low activity for disubstituted and bulky alkynes (Figure 9). Meanwhile, the presence of rigidly adsorbed HHDMA reduced the hydride coverage on the Pd surface via electronic effects. interactions between the reactant and the modifier. Cinnamaldehyde is an α, βunsaturated aldehyde of significant industrial importance 143 . Typically, on transition metal catalysts, the major product is formed via hydrogenation of the double bond to produce hydrocinnamaldehyde. However, the more industrially valuable product is cinnamyl alcohol formed by hydrogenation of the aldehyde. Platinum is one of the most selective metals for producing cinnamyl alcohol [START_REF] Kahsar | Control of metal catalyst selectivity through specific noncovalent molecular interactions[END_REF] . To demonstrate this concept, a variety of SAMs with organic tails were tested to determine their effect on selectivity. The results demonstrate that the selectivity could be increased from ∼25% on the uncoated Pt catalysts to over 95% using the catalyst modified with 3-phenylpropanethiol. This modifier provides aromatic stacking interactions between the modifier and reagent for selective conversion of the aldehyde moiety.

The proposed adsorption mechanism for this highly selective system is shown in The spatial hindrance of promoters allowed the penetration of the reactant molecules with a small functional group to the catalytic surface. Thus, molecular orientation favors the reactions happening on the small functional group of the molecules. One example is the hydrogenation of cinnamaldehyde over amines-capped Pt3Co nanoparticles [START_REF] Wu | Selective hydrogenation of alpha, beta-unsaturated aldehydes catalyzed by amine-capped platinum-cobalt nanocrystals[END_REF] . It is well known that hydrogenation of unsaturated aldehydes (CAL) over metal catalysts thermodynamically favors the formation of saturated aldehydes (hydrocinnamaldehyde, HCAL) rather than unsaturated alcohol (hydrocinnamyl alcohol, HCOL). OAm can form an ordered arrangement on the Pt surface and the long carbon chains impart steric hindrance, so that the CAL molecules do not lie flatly on the nanoparticle surface.

Computationally, the CAL molecules can only enter into the array of oAm molecules with their aldehyde groups interacting with the Pt3Co (100) surface. The C=C bonds are far away from the catalytically active surface (Figure 13). Besides performing molecular imprinting over TiO2 surface, most recently, our group developed the surface molecular imprinting method over the metal surface for sizedependent hydrogenation reactions 147 . Our strategy involves the sequential adsorption over the Pd surface of an aromatic template molecule (e.g., benzene) followed by poisoners (3-Dimethylaminopropylamine, DMAPA) resulting in the formation of nonpoisoned active islands with pre-determined shape and size. Because of steric constraints, these active islands exhibit high selectivity in the hydrogenation of the aromatic molecules with the size and shape corresponding to the templates (Figure 16).

Furthermore, we applied the molecularly imprinted Pd catalyst for selective hydrogenation of benzene from the mixture of aromatics. The elaborated process exhibited excellent catalytic performance and indicated the potential application in selective benzene removal. 

Electronic effects

The electronic structure and density of active sites in metal catalysts are important for heterogeneous catalysis. The electronic effect is due to the surface metal atoms in the catalysts having different local electronic structures, which interact differently with the reacting molecules. Several theories have been developed to define the relationship between the electronic state of metal and its catalytic activity. For example, a d-bond The electronic structure of the metal surface strongly affects the catalytic properties.

center
Figure 18 shows a volcano-type curve that relates the intrinsic activity and adsorption energy for different metals. This curve illustrates the Sabatier principle [START_REF] Norskov | The nature of the active site in heterogeneous metal catalysis[END_REF] . It states that the interactions between the catalyst and the substrate should be "just right", neither too strong nor too weak. If the interaction is too weak, the substrate will fail to bind to the catalyst and no reaction will take place. On the other hand, if the interaction is too strong, the product fails to desorb. The observed abnormal catalytic results derived from electronic state changes could be often explained as the movement of the modified catalyst on the volcano-type curve.

Figure 18. Volcano-type relationship between metals and their catalytic activity [START_REF] Norskov | The nature of the active site in heterogeneous metal catalysis[END_REF] .

Electronic donation

The electronic donation effect normally exists in the elements that have a lone pair of electrons. The usually used promoters for electronic donation are N-based, P-based, and carbenes. Polymers with good solubility are widely used as capping agents to control the growth of nanoparticles and protect them from aggregation. The polymers on the metal surface act as promoters during heterogeneous catalysis. For example, PVP has been widely used as a capping agent for the transition metal nanoparticle synthesis. The electronic effects of Au nanoparticles modified by PVP have been studied by Hironori et al [START_REF] Tsunoyama | Effect of electronic structures of Au clusters stabilized by poly(N-vinyl-2-pyrrolidone) on aerobic oxidation catalysis[END_REF] . The electronic density of PVP@Au nanoclusters was investigated by CO-FTIR. It is known that the CO molecules adsorb over clusters of Au atoms. Thus, the stretching frequency of adsorbed CO mainly reflects the electron density on the adsorption sites.

The shifts of vibration frequency (νCO) towards higher and lower wavenumbers are relative to that of free CO, when CO is adsorbed over positively and negatively charged Au sites, respectively. Larger Au particles are less affected by PVP and the CO adsorption spectra are comparable to that for the bulk gold. However, the CO adsorption peaks over small Au nanoparticles significantly shift to lower frequency from those of large ones.

The lower-frequency shift of νCO on small Au nanoparticles has been assigned to CO adsorbed on negatively charged Au sites.

Sebastiano et al. have reported using diffuse reflectance infrared spectroscopy (DRIFTS) the accessibility and electronic effect of metal sites by monitoring the adsorption of CO as a probe molecule [START_REF] Campisi | Selectivity Control in Palladium-Catalyzed Alcohol Oxidation through Selective Blocking of Active Sites[END_REF] . Pd NPs were synthesized with coating by PVA and deposited on Al2O3 supports by sol immobilization. As shown in Figure 19, adsorbed CO on Pd/Al2O3 exhibits three main signals. The signal at 2098 cm -1 is due to CO linearly bound to the Pd particle corners. The signal at 1980 cm -1 is related to µ 2 bridge-bonded CO on the Pd (100) facets, while that at 1945 cm -1 is attributed to µ 2 bridge-bonded CO on the Pd (111) planes. After PVA coating, the new peak appears at 1960 cm -1 and 1925 cm -1 , which were ascribed to the perturbation of the µ 2 bridge-bonded CO on Pd (100) facets and µ 2 bridge-bonded CO on Pd (111) planes, respectively. This shift is due to the electron donation effect of PVA on the Pd surface. The back-donation from Pd to the π* antibonding orbitals of CO lowers the vibrational frequency of adsorbed CO. Comparison of the catalytic performances for the hydrogenation of substituted nitrobenzene over the commercial Pt black before and after EDA modification [START_REF] Chen | Interfacial electronic effects control the reaction selectivity of platinum catalysts[END_REF] .

Recently, N-heterocyclic carbenes (NHCs) have been proposed as a class of electronic donation promoters for metal nanocatalysts. NHCs are a unique class of ligands, which is widely applied in the fields of coordination chemistry and homogeneous catalysis. Their electron-rich nature leads to strong bonding to metals. In general, they act as strong σ-donor and weak π-acceptor ligands and are capable to influence the reactivity and selectivity of homogeneous transition metal catalysts. For example, Johannes et al.

have investigated the influence of the NHC ligands on the activity of the Pd/Al2O3 catalyst [START_REF] Ernst | Molecular Adsorbates Switch on Heterogeneous Catalysis: Induction of Reactivity by N-Heterocyclic Carbenes[END_REF] . They choose the hydrogenolysis of bromobenzene as the benchmark reaction to investigate the activating effect of NHCs. The activation of bromobenzene should be facilitated in the presence of electron-donating ligands similar to homogeneous catalysis.

A significant accelerating effect of ImesNHCs was observed with aromatic Nsubstituents being the most effective ligands (IPr, IMes). NHCs bearing alkyl Nsubstituents (ICy, IMe) were less efficient in the promotion of hydrogenolysis but superior to unmodified Pd/Al2O3.

Electronic withdrawal

The electronic withdrawal effects relevant to the use of non-metallic promoters for metal catalysts have been less reported. The most-reported promoters for electronic 

Bifunctionality

Design of efficient chemical processes requires integration of multiple catalytic steps in a one-pot catalytic system [148][149][150][151] . Besides modulation of the activity and selectivity of metal sites, the presence of the non-metallic promoters can create bifunctional active sites like metal-acid or metal-basic sites. The introduction of bifunctionality on metal catalysts by surface modification is an alternative way for the design of a single heterogeneous catalyst for multiple-step or cascade reactions (e.g. hydrogenation and deoxygenation, acetalization and hydrogenolysis). Bifunctionality of heterogeneous metal catalysts takes the advantage of both homogeneous and heterogeneous catalysts affording simultaneous high activity and easy separation.

Moreover, in comparison with the conventional bifunctional catalysts (e.g., deposition of metal nanoparticles on acidic or basic supports), modification by non-metallic promoters provides tunability of the strength and spatial location of bifunctional sites. Depending on the nature of promoters, the bifunctional sites could be introduced on the surface of the support or metal nanoparticles or on both entities. Different position of promoters leads to different distances between metal and acid/base sites, which is of significant importance in catalysis. While the location of acid/base sites on the metal surface creates intimate bifunctional sites, the deposition of promoters on the supports leads to spatially separated metal-acid (or metal-base) sites.

Spatially separated bifunctional sites

Several papers have reported the construction of spatially separated bifunctionality over heterogeneous catalysts by modifications of the support surface. For example, Zhang and in situ reduction of gold precursor (Figure 23). Schiff base on the Au@Schiff-SiO2 catalyst facilitates the O-H bond dissociation of FA to produce CH2=NH + -species. Such protonated Schiff base promotes the β-hydride elimination in the gold-formate complex to produce CO2 and H2. Thus, the cooperation of Au and Schiff base at the interface of the catalyst leads to efficient H2 production from formic acid (Figure 23). 

Conclusion and perspective

To conclude, this review summarizes the recent progress related to surface modification of metal catalyst by non-metallic elements for a major enhancement of catalytic performance. We discussed steric, electronic effects and bifunctionality introduced by non-metallic promoters and presented their applications in cascade reactions, e.g. hydrodeoxygenation. However, the surface coordination chemistry of metal nanoparticles is complex, especially in the presence of non-metallic promoters.

Intentional design of selective catalysts by surface modification is still a challenge due to the lack of deep understanding of surface chemistry over the metal nanoparticles. Several challenges limit further application of this strategy in real industrial processes.

(1) Construction of smart catalytic surfaces affording simultaneous high activity and selectivity is still challenging. Normally, the steric effect increases the selectivity but lowers the activity. The electronic effect mostly increases the activity.

Bifunctionality increases both activity and selectivity. Thus, the synergy of several effects in one catalytic system makes it possible high activity and selectivity.

(2) The stability of the non-metallic promoters on the catalyst surface is an important issue for real application. Leaching of promoters in the catalysis will cause loss of the catalytic performance and pollute the products. The development of robust modified catalysts is important and requires more attention. Notably, the stability depends only on the promoters and metals but also on the operating conditions such as temperature, solvent, external pressure and so on. In some cases, a modifier can highly efficient for achieving excellent performance, however, it is not stable and its leaching during catalysis is inevitable. Continuous feeding of promoters into the catalytic systems can be a solution. However, it can affect the cost of the final product, which will require further purification.

(3) The understanding of the promotion effect relies on deep characterizations of the materials. For example, XAS would be a powerful tool to identify the coordination chemistry and electronic state of metal nanoparticles imposed by the promoters.

Also, modeling can offer great help for the understanding of the multiple interactions between promoters and catalyst surface, reactants and catalyst surface, as well as promoters and reactants.

(4) Kinetic studies are useful to determine the roles of promoters in catalysis. The influence of promoters could be better ascribed to steric or electronic effects by the changes of apparent activation energy and intrinsic activity of surface sites often expressed as Turnover Frequency (TOF). While the steric effect changes the numbers of active sites, the electronic and bifunctional effects alter the intrinsic properties of active sites. Thus, the changes of activation energy are normally accompanied by the changes of intrinsic activity of surface sites, which could be imposed by electronic effect or bifunctionality or by both phenomena. It is worth noting that the same specific promoter can work differently in different reactions.

Another point regarding reactions is the development of intimate bifunctionality on the supported metal catalyst. The bifunctional catalyst prepared by surface modifications integrates both advantages of homogeneous and heterogeneous catalysis, that is high activity and catalyst stability, which could have further applications in the industrial important reactions such as isomerization, biomass conversions and CO2 conversions.
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 3 Figure 3. Different kinds of steric effects: On-surface effects of selective sites blocking,
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 4 Figure 4. Adsorption configurations of terminal alkyne and internal alkyne on Ru nanoparticles for selective hydrogenation of styrene 39 .
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 5 two different thiol molecules: linear 1-octadecanethiol (C18) and bulky 1-adamantanethil (AT) were used to modify the Pd surface for catalytic hydrogenation of furfural. The C18 thiols selectively block the terrace sites, while AT thiols sparsely block the terraces, edges, and corners sites without discrimination. It means that the catalyst modified by the C18 thiol has the only accessible sites at the particle edges and steps, whereas the AT modified catalyst provides access for the reacting molecules only to the sites on the particle terraces. The accessibility of different active sites results in different catalytic behaviors in the furfural hydrogenation.Pd modified by C18 thiol showed higher activity in the hydrogenation and deoxygenation of carbonyl groups, while AT modified Pd exhibited decarbonylation of aldehyde group and hydrogenation of furan rings.

Figure 5 .

 5 Figure 5. Proposed adsorption mechanism of furfural on C18 and AT modified catalysts84 .

Figure 6 .

 6 Figure 6. Selective poisoning of terrace sites over Ru nanoparticles by Br for selective hydrogenation of diphenyl ether to benzene and phenol 109 .

Figure 7 .

 7 Figure 7. Prevention of the reaction of the internal imine groups by a steric effect overCo catalysts with deposed carbon species[START_REF] Niu | Catalyst Deactivation for Enhancement of Selectivity in Alcohols Amination to Primary Amines[END_REF] .Partial hydrogenation of alkynes to alkenes is the most widely studied model reaction over modified metal catalysts 137 due to the industrial significance of this reaction

Figure 8 .

 8 Figure 8. DFT analysis for the hydrogenation of acetylene over Pd (111), Pd4S (200), Pd3S (001) and Pd3S (202). Left: Structural resemblance of Pd3S and Pd4S to pristine Pd surfaces; Right: Energy differences: HCCH adsorption (black bars), H2CCH2 desorption (gray bars), and the difference in activation energy between H2CCH2 (ethene) and HCCH3 (ethylidene) formation (red bars), H2CCH2 desorption and H2CCH3 formation (orange bars), and for oligomerization (blue bars).
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 9 Figure 9. Illustration of the preparation of Pd catalyst capped with HHDMA 53 .

Figure 10 .

 10 Figure 10. Static water contact angle and nitrobenzene hydrogenation catalytic activity over Pd nanosheet before and after C2H2 treatment 40 .Besides hydrogenation of nitrobenzene, the introduction of surface hydrophilic

Figure 11 .

 11 Figure 11. Effect of various ligands on the selectivity to H2O2 over Pd catalyst. The selectivity to H2O2 enhanced by the ligands with H-bonding functionality 102 .

Figure 12 .

 12 Figure 12. Linear alkane chains with no specific interaction with cinnamaldehyde

Figure 12 .

 12 Figure 12. Proposed adsorption mechanism depicting the favorable orientation of cinnamaldehyde induced by 3-phenylpropanethiol SAM modifiers 143 .

Figure 13 .

 13 Figure 13. Optimized structure of CAS adsorption on the Pt3Co (100) surface capped by oAm 69 .Adjusting the adsorption configuration of oxygen molecules on the Pd surface can

Figure 14 .

 14 Figure 14. Activation energies for the direct synthesis of H2O2 and the side reactions leading to water formation by H2O2 hydrogenation and decomposition 144 .

Figure 15 .

 15 Figure 15. Surface molecular imprinting over TiO2 with organic template and its steric hindrance in photocatalytic oxidation and reduction 136 .

Figure 16 .

 16 Figure 16. Surface molecular imprinting over metal surface for size-dependent hydrogenation reactions 147 .

  theory was proposed and developed by Norskov et al. for transition metal catalysis[START_REF] Norskov | The nature of the active site in heterogeneous metal catalysis[END_REF] . It has been reported that the modification of Pt (111) surface with subsurface 3d transition metals changes the d-band center of surface Pt. The dissociative adsorption energy of H2 and O2 on such Pt (111) surface exhibited a linear trend with the d-band center. The more positive is the d-bond center, the lower is the dissociative adsorption energy of H2 and O2. The description of the electronic effects of non-metallic promoters on the metal surface is still a challenge. Although the electronic effects of ligands have been widely applied to optimize homogeneous catalysis by metal complexes, it has been much less recognized in the field of heterogeneous catalysis. The interactions between non-metallic promoters and metal atoms are more complex. The electronic effect of the modified metal catalysts is usually interpreted in terms of electron donation and electron withdrawal.The universal consequence of electron donation and the electron withdrawal effect of promoters is the modification of the electronic density of the surface metals. For example, the electron donation promoters such as N-and P-based elements result in negatively charged active sites. Catalyst modification with electron withdrawal promoters like S-and halogen-based species leads to the positively-charged metal surface. The change of the electronic density of the metal surface consequently alters the catalytic properties. For example, the negatively charged metal surface enhances the adsorption of electron-deficient molecules but suppresses the reaction with electron-rich counterparties. Guo et al. have investigated the effect of the electronic density of Pd nanoparticles on the hydrogenation reactions 73 . As shown in Figure 17, the authors deposited Pd nanoparticles on a PPh3 cross-linked in the FDU-12 support. The electron-donating effect of PPh3 increased the surface electronic density of Pd NPs as well as the activity in the reactions involving electrophilic substrates.

Figure 17 .

 17 Figure 17. Hydrogenation reactions over Pd/PPh3@FDU-12 catalyst 73 .

Figure 19 .

 19 Figure 19. DRFTIR spectra of adsorbed CO on (a) 5 wt% Pd/Al2O3, (b) 5 wt% Pd@PVA/Al2O3 and (c) calcined 5 wt% Pd@PVA/Al2O3 49 .

Figure 20 .

 20 Figure 20. Mechanism of catalytic selectivity of EDA-Pt NWs. Left: Free energies (ΔGpo)

  withdrawal are S-based species. For example, Zhao et al. have used the thiol-treated ultrathin Pd nanosheets as a model catalyst for semi-hydrogenation of internal alkynes 101 . The ultrathin structure of Pd NSs makes it feasible to directly visualize the change in the surface structure of Pd NSs upon their reaction with thiols via electron microscopy.They revealed that upon adsorption of 3,4-difluorothiol (HSPhF2), C-S bonds in thiols can be broken forming a Pd surface modified with both thiolates and sulfides.As shown in Figure21, the XPS data confirmed the co-presence of S 2-and thiolate on the thiol-treated Pd NSs. Two main sulfur components at 162.9 and 163.8 eV were assigned to S 2-and SR -, respectively. The presence of S 2-proves the S-C bond cleavage in the thiol modification process. Moreover, the binding energy of Pd 3d in distorted Pd NSs displayed a slight shift toward higher binding energy than that of unmodified NSs, indicating that Pd had been partially oxidized. It is worth noting that modification with sulfur will lead to the sulfur atoms entering the first coordination shell around the Pd atoms. The 3D distributions of Pd and S elements were characterized by high-sensitivity low-energy ion scattering spectroscopy (Figure21). Even with the increased depth of analysis enabled by Ar ion sputtering, the presence of sulfur species was still revealed, indicating the incorporation of S 2-into the inner lattice of Pd.

Figure 21 .

 21 Figure 21. Structure analysis of the Pd@SPhF2 (1:1) catalyst. Top: High-resolution XPS

  et al. have reported modification of the Pt/Al2O3 catalysts with organic phosphonic acids by grafting phosphonate ligands on the Al2O3 support[START_REF] Zhang | Control of interfacial acid-metal catalysis with organic monolayers[END_REF] . As shown in Figure22, 5 wt% Pt/Al2O3 catalyst modified by methyl phosphonic acid (MPA) was characterized by STEM-EDS, XPS, and FTIR. The deposition of MPA on Al2O3 was demonstrated by STEM-EDS. The EDS peak deconvolution demonstrated negligible phosphorus content on the platinum nanoparticles. Deposition of MPA on platinum black showed minimal phosphorus signal (phosphorus 2p) according to XPS analysis, whereas MPA/5%Pt/Al2O3 showed significant phosphorus coverage. Also, the MPA deposition on 5%Pt/Al2O3 does not alter the platinum 4d binding energy, further confirming the absence of MPA on platinum. The FTIR spectra showed the appearance of C-H stretching vibration peaks after the MPA deposition on 5%Pt/Al2O3. Moreover, phosphonic acid deposition was found to introduce Brønsted acid sites to the catalyst. A characteristic pyridinium ion peak around 1540 cm -1 was observed in the diffuse reflectance infrared Fourier transform spectra (DRIFTS) after pyridine adsorption. The introduced Brønsted acidity suggests retention of P-OH groups, when phosphonic acids were bound on the Al2O3 support. Overall, the characterization results showed that: (1) phosphonic acid was bounded selectively to Al2O3 rather than platinum, (2) modification with phosphonic acid introduced Brønsted acid sites and (3) phosphonic acid retained their organic functionality and did not restructure Al2O3.

Figure 22 .

 22 Figure 22. Phosphoric acid modified Pt/Al2O3 catalysts. Top: STEM-EDS elemental mapping and XPS analysis; Bottom: FTIR and pyridine DRIFTS spectra 29 .

Figure 3 .

 3 Figure 3. Schiff base modified Au catalysts. Left: preparation procedures; Right: Proposed reaction mechanism for the dehydrogenation of formic acid 153 .

Figure 24 .

 24 Figure 24. In-situ Brønsted acidity generation over Pd-I catalyst. Left: pyridine-FTIR

Figure 25 .

 25 Figure 25. Dual Metal-Acid Pd-Br Catalyst. Top: Illustration of hydrodeoxygenation of
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 1 Summary of the representative promoters in various catalytic systems

		dimethyl ammonium			
		dihydrogen phosphate			
		(HHDMA)			
		HHDMA	Pt	Hydrogenation of nitroarene	
		HHDMA	Pt	Hydrogenation of levulinic acid	158
		HHDMA	Pd	Hydrogenation of benzonitrile and benzaldehyde	
		HHDMA	Pt	Semi-hydrogenation of alkynes	
		HHDMA	Ni	Direct synthesis of H2O2	144
		Ethylenediamine	Pt	Hydrogenation of nitroaromatics	
		Long-chain alkylamines	Pt3Co	Hydrogenation of cinnamaldehyde	
		N-heterocylic carbenes (NHCs)	Pd	Hydrogenolysis of bromobenzene	
		l-proline (PRO)	Pt	Hydrogenation of acetophenone	159
	N-based compounds	PRO Oleylamine, and trioctylphosphine	Pt Ni	Asymmetric hydrogenation of methylacetoacetate Hydrogenation of furfural	160
		NHCs	Au	Cycloisomerization of alkynyl amines to indoles	
		Ethylenediamine	Ni	Hydrogenative coupling of nitrobenzene	161
		α-Amino acids	Pt	Hydrogenation of β-keto esters	162
		Aspatic acid	Pt	aldehydes Hydrogenation of α, β-unsaturated	163
		Piperazine	Au	Semi-hydrogenation of alkynes	68, 164
		Primary alkylamines	Pt	Semi-hydrogenation of alkynes	
		Triphenylphosphine (PPh3)	Pd	Hydrogenation of acetophenone, phenylacetylene, and nitrobenzene	
		PPh3	Pd	Acetylene hydrogenation	
		Trioctylphosphine (TOP)	Ni	Hydrogenation of furfural	160
		Phosphine ligand	Rh	Hydrogenation of phenylacetone	
		TOP	Pd	Acetylene hydrogenation	
	P-base compounds	Secondary phosphine oxides (SPOs) Tert-butyl	Ru	Hydrogenation of aromatics	
		(naphthalen-1-yl)	Au	Hydrogenation of substituted aldehydes	
		phosphine oxide			
		Tricyclohexylphosphi ne (PCy3)	Cu	Hydrogenation of 1-phenyl-1-propyne	
		NH4H2PO2	Pd	Acetylene hydrogenation	
		Phosphonic acids	Pt	Hydrodeoxygenation of aromatic alcohols and phenolics	
		SPL8-4 and SPL8-6	Pd	Semi-hydrogenation of alkynes	165
		n-Alkanethiol	Pd	Hydrogenation of 1-epoxy-3-butene	
		1,6-Dithiolhexane	Pt	Hydrogenation of nitroarenes	
		Diphenyl sulfide	Pd	Acetylene hydrogenation	100
		3,4-Difluorothiol	Pd	Semi-hydrogenation of internal alkynes	101
		Na2S	Pd	Semi-hydrogenation of alkynes	
	S-base compounds	1-Dodecanethiol Phenyl sulfide	Pd Pd	Hydrogenation of polyunsaurated fatty acid Acetylene hydrogenation	
		1-Octadecanethiol and benzene-1,2-dithiol	Pd	Hydrogenation of furfural	
		1-Dodecanethiol	Au	n-Butanolysis of dimethylphenylsilane	
		Diphenyl Sulfide	Pd	Hydrogenation of p-Chloronitrobenzene	166
		3-Phenyl-1-propanethiol	Pt	Hydrogenation of cinnamaldehyde	
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