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ABSTRACT 
  

Ethylene is the building block for many chemical intermediates in the 

petrochemical industry. The current worldwide ethylene production is over 150 million 

tons per year and demand increases by 3-5% annually. However, ethylene produced from 

steam cracking of light naptha contains up to 2% acetylene which acts as a poison for the 

downstream ethylene polymerization catalysts. Selective hydrogenation of acetylene in 

the ethylene stream using supported Pd catalysts is the industrially preferred method of 

lowering acetylene to acceptable ppm levels (< 5 ppm). Due to inferior selectivity at high 

acetylene conversion and the formation of “green oil”, or ethylene/acetylene oligomers, 

during reaction, small amounts of Group IB metals have been added to improve the 

performance of current generation catalysts. However, the bimetallic effects of the above 

additives have not been experimentally confirmed, possibly because the conventional 

methods of catalyst preparation result in both monometallic and bimetallic particles with 

varying compositions. This in turn makes it difficult to determine the position of the two 

metallic components, and bimetallic interactions typically occur only when the two 

metals form proximal contact instead of separate particles. 

In this study, a series of Ag- and Au-Pd/SiO2 bimetallic catalysts were prepared 

by electroless deposition (ED) with incremental and controlled coverages of Ag and Au 

on Pd. The selectivity of acetylene to ethylene and turnover frequencies of acetylene 

conversion were enhanced at high coverages of Ag and Au on Pd surfaces due to the 
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transition of acetylene adsorption modes, which was further confirmed by the kinetics of 

acetylene hydrogenation. The similar performance trends for Ag- and Au-Pd/SiO2 

suggest that the bimetallic effect for these catalysts was likely geometric and not 

electronic in nature. For comparison, a series of reverse Pd-Ag/SiO2 bimetallic catalysts 

where variable coverages of Pd were deposited onto Ag surfaces was prepared using 

galvanic displacement (GD) of Ago by Pd2+ to further explore the nature of bimetallic 

effects for selective acetylene hydrogenation. Unlike for the earlier case for Ag on Pd 

surfaces using ED, for samples prepared by GD there was considerably diffusion of Pd 

into the Ag lattice to give greater electronic interactions between these two metals, which 

limited selectivity of acetylene hydrogenation to form ethylene. 



vii 

TABLE OF CONTENTS 

DEDICATION ....................................................................................................................... iii 

ACKNOWLEDGEMENTS ........................................................................................................ iv 

ABSTRACT ............................................................................................................................v 

LIST OF TABLES .................................................................................................................. ix 

LIST OF FIGURES ...................................................................................................................x 

LIST OF SYMBOLS .............................................................................................................. xii 

LIST OF ABBREVIATIONS ................................................................................................... xiii 

CHAPTER 1 INTRODUCTION AND LITERATURE REVIEW .........................................................1 

 1.1 OVERVIEW AND BACKGROUND .............................................................................2 

 1.2 SELECTIVE HYDROGENATION OF ACETYLENE .......................................................5 

 1.3 PREPARATION METHODS OF BIMETALLIC CATALYSTS ........................................10 

 1.4 ELECTROLESS DEPOSITION ..................................................................................19 

 1.5 GALVANIC DISPLACEMENT..................................................................................29 

CHAPTER 2 EXPERIMENTAL PROCEDURES ..........................................................................32 

 2.1 LIST OF CHEMICAL MATERIALS ...........................................................................33 

 2.2 CATALYST PREPARATION ....................................................................................33 

 2.3 CATALYST CHARACTERIZATION ..........................................................................40 

 2.4 CATALYST EVALUATION .....................................................................................44 

CHAPTER 3 SELECTIVE HYDROGENATION OF ACETYLENE IN EXCESS ETHYLENE USING AG- 

AND AU-PD/SIO2 BIMETALLIC CATALYSTS PREPARED BY ELECTROLESS DEPOSITION ......48

 



viii 

 3.1 ABSTRACT ...........................................................................................................49 

 3.2 INTRODUCTION ....................................................................................................49 

 3.3 RESULTS AND DISCUSSION ..................................................................................52 

 3.4 CONCLUSIONS .....................................................................................................66 

CHAPTER 4 PD-AG/SIO2 BIMETALLIC CATALYSTS PREPARED BY GALVANIC 

DISPLACEMENT FOR SELECTIVE HYDROGENATION OF ACETYLENE IN EXCESS ETHYLENE .68 

 

 4.1 ABSTRACT ...........................................................................................................69 

 4.2 INTRODUCTION ....................................................................................................69 

 4.3 RESULTS AND DISCUSSION ..................................................................................72 

 4.3 CONCLUSIONS .....................................................................................................90 

CHAPTER 5 CONCLUSIONS ..................................................................................................91 

REFERENCES .......................................................................................................................94 

APPENDIX A – LIST OF PUBLICATIONS ..............................................................................102 

APPENDIX B – PERMISSION TO REPRINT ............................................................................103



ix 

LIST OF TABLES 

Table 1.1 Common metal ion sources for electroless deposition. .....................................22 

 

Table 1.2 Complexing agents used in the electroless deposition for common metals. .....25 

 

Table 1.3 Stabilizing agents used in the electroless deposition for common metals. ........26 

 

Table 2.1 Standard reduction potentials for different Pd salts. ..........................................38 

 

Table 3.1 Ag-Pd/SiO2 and Au-Pd/SiO2 bimetallic catalysts that were evaluated for 

acetylene hydrogenation. Base catalyst is 1.85 wt% Pd/SiO2. Theoretical coverage in 

monolayers (ML) represents monodisperse coverage of Ag or Au on Pd surface, 

assuming 1:1 adsorption stoichiometry. ............................................................................53 

 

Table 4.1 Composition of Pd-Ag catalysts after galvanic displacement experiments. 

Actual catalyst compositions based on analyzed Ag and Pd loadings, not predictive 

stoichiometries. ..................................................................................................................77 



x 

LIST OF FIGURES 

Figure 1.1 Network of the main reactions that may occur during acetylene  

hydrogenation in excess ethylene. .......................................................................................6 

 

Figure 1.2 Scheme of acetylene and ethylene adsorbed states identified on palladium 

surface during acetylene and ethylene chemisorption, decomposition, and  

hydrogenation. .....................................................................................................................7 

 

Figure 1.3 Electrostatic adsorption mechanism. ................................................................15 

 

Figure 1.4 Electroless deposition mechanism. ...................................................................21 

 

Figure 1.5 Catalytic activities of metals for anodic oxidation of different reducing  

agents. ................................................................................................................................24 

 

Figure 1.6 Schematic diagram of mixed potential concept................................................27 

 

Figure 3.1 Adsorption modes of acetylene on Pd surface. ................................................51 

 

Figure 3.2 Actual coverage of Ag or Au on Pd/SiO2 as a function of moles of Ag or Au 

deposited. Black line is the theoretical coverage of Ag or Au metal on Pd surface at a  

1:1 deposition stoichiometry. Dashed lines show coverage based on chemisorption  

of Pd sites. ..........................................................................................................................54 

 

Figure 3.3 (A) Conversion of acetylene and selectivity of acetylene to ethylene and 

(B) selectivity of acetylene to ethane and C4s as a function of Ag coverage on Pd/SiO2. 

Reaction conditions: 65°C and feed composition of 1% C2H2, 5% H2, 20% C2H4, and 

balance He at GHSV = 6.0 × 105. Representative error bars for all data are shown for 

samples having θAg = 0.92. ................................................................................................55 

 

Figure 3.4 (A) Conversion of acetylene and selectivity of acetylene to ethylene and (B) 

selectivity of acetylene to ethane and C4s as a function of Au coverage on Pd/SiO2. ......56 

 

Figure 3.5 Effect of (A) Ag and (B) Au coverage on Pd for TOF of acetylene 

hydrogenation. ...................................................................................................................61 

 

Figure 3.6 The C2H2 pressure dependencies for Pd/SiO2 and Ag-Pd/SiO2 (θAg = 0.92)  

at 50°C and H2 pressure of 0.05 atm. .................................................................................63



xi 

Figure 3.7 The H2 pressure dependencies for Pd/SiO2 and Ag-Pd/SiO2 (θAg = 0.92) at 

50°C and C2H2 pressure of 0.01 atm. .................................................................................64 

 

Figure 3.8 Arrhenius plots for the temperature dependencies of C2H2 conversion for  

(A) Pd/SiO2 and (B) Ag-Pd/SiO2 (θAg = 0.92) at C2H2 pressure of 0.01 atm and H2 

pressure of 0.05 atm.   ........................................................................................................65 

 

Figure 4.1 Uptake curves for H2 titration of O-precovered Ag sites at 170 °C for  

2 wt% Ag/SiO2. ..................................................................................................................73 

 

Figure 4.2 XRD pattern of 2 wt% Ag/SiO2. ......................................................................73 

 

Figure 4.3 Ag dissolution from 2 wt% Ag/SiO2 in pH 2 HNO3 solution at room 

temperature. .......................................................................................................................75 

 

Figure 4.4 Time-dependent galvanic displacement profiles of (A) deposited Pd2+ from 

bath solution and (B) galvanically displaced Ag+ from 2 wt% Ag/SiO2 at room 

temperature with different initial Pd2+ concentrations. ......................................................76 

 

Figure 4.5 First order plots for Pd2+ disappearance vs. time for (A) 0.09, (B) 0.28, (C) 

0.32 wt% Pd on Ag/SiO2. A straight line correlation confirms first order dependency. ...79 

 

Figure 4.6 Time-dependent galvanic displacement profiles of (A) deposited Pd2+ from 

bath solution and (B) galvanically displaced Ag+ from 2 wt% Ag/SiO2 at 25, 50 and  

75 °C with same initial Pd2+ concentration. .......................................................................80 

 

Figure 4.7 FTIR spectra for CO adsorption on various Pd-Ag/SiO2 bimetallic catalysts. 82 

 

Figure 4.8 XPS spectra of (A) Pd 3d on 2 wt% Pd/SiO2 and Pd-Ag/SiO2 and (B) Ag 

 3d on 2 wt% Ag/SiO2 and Pd-Ag/SiO2. All samples were reduced in situ at 200 °C in 

100% H2 for 2 h. ................................................................................................................85 

 

Figure 4.9 Ag 3d spectra of 2 wt% Ag/SiO2 for (1) ex situ pretreatment in air at 300 °C 

for 2 h and in 10% H2/He at 300 °C for 2 h, (2) in situ pretreatment in 100% H2 at  

200 °C for 2 h, and (3) in situ pretreatment in 100% O2 at 200 °C for 2 h. .......................86 

 

Figure 4.10 (A) Conversion of acetylene and selectivity of acetylene to ethylene and (B) 

selectivity of acetylene to ethane and C4s as a function of Pd weight loadings on Ag/SiO2. 

Reaction conditions: 65°C and feed composition of 1% C2H2, 5% H2, 20% C2H4, and 

balance He at GHSV = 6.0 × 105 h-1. Error bars represent maximum and minimum  

values for each data point; data point is average value. .....................................................88



xii 

LIST OF SYMBOLS 

ΔEo  Total cell potential 

Eo
ox  Oxidation potential 

Eo
red  Reduction potential 

ia  Partial anodic current 

ic  Partial cathodic current 

θ  Coverage of secondary metal on primary metal 

K  Adsorption rate 

PC2H2  Partial pressure of C2H2 

PH2  Partial pressure of H2 

K  Reaction rate constant 

wt%  Percentage of metal weight 

 

 



xiii 

LIST OF ABBREVIATIONS 

AA ............................................................................................................ Atomic absorption 

BE ................................................................................................................. Binding energy 

BET ......................................................................................... Brunauer, Emmett and Teller 

DMAB.............................................................................................. Dimethyl amine borane 

ED ...................................................................................................... Electroless deposition 

FTIR ............................................................................................ Fourier transform infrared  

GD ..................................................................................................... Galvanic displacement 

GHSV ........................................................................................... Gas hourly space velocity 

ID .................................................................................................................. Inside diameter 

MCT-B .................................................................................. Mercury-cadmium-telluride B 

ML........................................................................................................................ Monolayer 

OD .............................................................................................................. Outside diameter 

PZC ....................................................................................................... Point of zero charge 

Redox .................................................................................................... Reduction-oxidation 

RT ............................................................................................................ Room temperature 

SEA ....................................................................................... Strong electrostatic adsorption 

SFE ......................................................................................................... Surface free energy 

TCD....................................................................................... Thermal conductivity detector 

TOF ........................................................................................................ Turnover frequency 

UHV .........................................................................................................Ultra high vacuum



xiv 

XPS ................................................................................. X-ray photoelectron spectroscopy 

XRD ........................................................................................................... X-ray diffraction 

 



1 

CHAPTER 1: 

 

INTRODUCTION AND LITERATURE REVIEW  
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1.1 Overview and background 

Ethylene, the simplest olefin, is used as a starting point for many syntheses in the 

petrochemical industry. Ethylene is highly reactive, due to its double bond, allowing it to 

be converted to a large assortment of products by addition [1], oxidation [2], and 

polymerization [3]. It is the building block for the production of plastics, solvents, 

cosmetics, fibers, films, adhesives, paints and packaging [4]. Today, the yearly 

worldwide ethylene capacity is over 150 million tonnes with a growth rate of 3.5% per 

year [5]. Ethylene is produced commercially through steam or catalytic cracking of a 

wide range of light naphtha feedstocks. In the cracking process, impurities such as 1-3% 

acetylene are also introduced in addition to the desirable ethylene [6]. Acetylene acts as a 

severe poison for downstream ethylene polymerization catalysts in even ppm 

concentrations and can actually degrade the quality of polyethylene. Industrial feedstocks 

for the production of ethylene polymers must contain no more than 5 ppm of acetylene 

[7]. However, conventional distillation cannot reduce acetylene concentration to the 

necessary level. Therefore, selective hydrogenation of acetylene in these cracking 

feedstocks is a critical industrial process for the purification of ethylene.  

Although all Group VIII catalysts can be used to hydrogenate a double bond, 

palladium is superior to all of the others for promoting this reaction at low temperatures 

and pressures [8]. Industrially, low weight loading-supported palladium catalysts are used 

in selective hydrogenation of acetylene in high concentration ethylene streams to improve 

the quality of raw ethylene produced in steam crackers [9]. Acetylene is converted to 

ethylene, but it is important to prevent over hydrogenation to ethane, since ethane is itself 

the primary feedstock used for the formation of ethylene by cracking. In addition to 
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unwanted ethane, the accumulation of oligomers (known as “green oil”) produced from 

strongly adsorbed ethylene and acetylene moieties, and C4s and C6s on the surfaces of 

catalysts shorten the lifetime of these catalysts as the catalyst becomes fouled [6,10]. 

Therefore, selectivity of acetylene to ethylene rather than ethane, C4s and C6s, is a key 

objective. Since the 1940s, addition of various metals to Group VIII-based systems has 

attracted considerable attention from scientists to improve the activity and selectivity of 

these catalysts [11-13]. Multi-metallic catalysts were initially industrially applied in the 

1960s and 1970s for hydrocarbon reforming. Nowadays, it is well known that bimetallic 

catalysts can exhibit catalytic properties different from their corresponding monometallic 

components. Such bimetallic catalysts can provide enhanced stability, activity and 

selectivity because of interactions between the two metals [14,15]. Therefore, bimetallic 

and, in some cases, multimetallic catalysts have replaced many monometallic catalysts in 

industrial catalytic processes. Various additives, such as Ag, Cu, Au, Ga, Pb, Zn and K 

have been reported to improve the performance of Pd catalysts for high selectivity of 

acetylene hydrogenation to ethylene [7,16-21]. Currently, Pd catalysts promoted by Ag 

are used industrially for the selective hydrogenation of acetylene.  

The structural and mechanistic effects of the above additives are not yet well 

understood, possibly due to the conventional methods of catalyst preparation. Co-

impregnation and successive impregnation are the two commonly used industrial 

procedures [22-24]. Both metal salts can be simultaneously deposited on the support 

through co-impregnation or successively deposited following stabilization of the first 

metal component. However, these two methods typically produce both monometallic and 

bimetallic catalyst particles with varying compositions. This complex mixture of 
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monometallic and bimetallic particles results in poor control of the final catalyst 

performance, and makes it difficult to characterize these catalysts to determine the 

position of the two metallic components and impossible to correlate catalyst performance 

with bimetallic catalyst composition. Because bimetallic interaction occurs only when the 

two metallic components form bimetallic compositions instead of separate particles, it is 

desirable to develop a preparation method in which the second metal only deposits on the 

surface of the first metal particles.  

Electroless deposition (ED) and galvanic displacement (GD) are alternative, 

industrially feasible methods to produce true bimetallic catalysts. Electroless deposition 

deposits a secondary metal onto a pre-existing monometallic catalyst surface from a 

solution containing a reducible metal salt and a reducing agent [25-27]. Because the 

reducing agent is catalytically activated by the pre-existing metallic surface to produce an 

active hydrogen species, the secondary metal is only deposited on the primary metal. 

Galvanic displacement occurs when the base monometallic catalyst is displaced by a 

metallic ion in solution that has a higher reduction potential than the base metal [28-30]. 

The base material dissolves into solution while the metallic ions in the solution are 

reduced on the surface of the base material. Unlike ED, GD does not require chemical 

reducing agents since the base metal itself already serves as the reducing agent. However, 

GD is usually limited by the accessibility of the base metal, resulting in passivation of the 

reaction when a critical fraction of the base metal is covered. In contrast, ED can deposit 

multilayers of secondary metal over the base material. Since both methods are kinetically 

controlled, the final composition of a particular bimetallic catalyst can be controlled to 
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give rather precise combinations of the two metallic components. Consequently, both ED 

and GD can provide many potential advantages over conventional preparation methods.  

ED has been well studied and used in our laboratory for the preparation of 

different bimetallic catalysts systems, and these catalysts showed improved catalytic 

performance for various applications compared to the monometallic catalysts or 

bimetallic catalysts prepared by conventional methods, such as Cu-Pd and Ag-Pt catalysts 

for the selective hydrogenation of 3,4-epoxy-1-butene [31,32], Pt-Rh, Pt-Pd, Co-Pt, and 

Pt-Ru electrocatalysts for fuel cell applications [33-38], Au-Pd catalysts for propylene 

hydrogenation and liquid phase oxidation of glycerol [39,40], and Ag-Ir catalysts for CO 

oxidation [41]. The primary goals of the current study is to use ED and GD to prepare 

truly bimetallic Group IB-Pd catalysts, and to investigate the nature of bimetallic effects 

of these catalysts for the selective hydrogenation of acetylene in excess ethylene [42,43]. 

The current literatures related to the preparation of bimetallic catalysts and selective 

hydrogenation of acetylene will be reviewed before the experimental procedures and the 

discussion of current results. 

 

1.2 Selective Hydrogenation of Acetylene 

1.2.1 Background 

 Studies of the selective hydrogenation of acetylene to ethylene in the presence of 

high excess of ethylene have continued during the past few decades for not only 

industrial interest but also fundamental importance where acetylene hydrogenation serves 

as a model reaction for selective hydrogenation of alkynes and conjugated dienes in both 

practical and theoretical studies. Since this catalytic process may proceed through several 
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parallel and sequential steps on different types of active metal sites, it remains to be a 

widely studied topic in catalysis. 

 

1.2.2 Reaction Mechanism 

The network of the main reactions that take place during acetylene hydrogenation 

in excess ethylene is shown in Figure 1.1 [44-47]. The only desired reaction is reaction 

①, the half hydrogenation of acetylene to ethylene. At steady state conditions, the rates 

of reactions ③-⑥ are typically small compared to the rates of reaction ① and ②. 

However, reactions ④-⑥are also important, since reaction ④ produces C4 hydrocarbons 

which are the precursors of C6+ hydrocarbon oligomers and carbonaceous residues. The 

liquid part of the hydrocarbons denoted as “green oil” accumulates on the catalyst surface 

and in the pores of catalysts, resulting in catalyst deactivation. 

 
 

Figure 1.1 Network of the main reactions that may occur during acetylene hydrogenation 

in excess ethylene [44]. 
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During acetylene and ethylene hydrogenation, adsorbed C2 species and 

carbonaceous deposits are present in different forms on the surface of Pd, depending on 

temperature, hydrogen surface coverage and the morphology of the Pd surface [44]. 

Figure 1.2 shows some of the identified adsorbed states of acetylene and ethylene on Pd 

[10,47-49]. The adsorption modes such as ethylidyne and ethylidene favor the formation 

of ethane, while the other adsorption can give rise to ethylene formation. When the 

adsorption temperature increases, hydrogen atoms will be lost from adsorbed C2 species, 

leading to formation of multiply-bonded species on the metal surface. As temperatures 

increase further, the strongly bonded species can condense to form CnHm oligomers 

and/or undergo C-C bond breaking to form amorphous carbon or a graphitic layer 

[E1,E5]. If the coverage of hydrogen on the surface is increased, the carbonaceous 

deposits can be partially hydrogenated to form additional and strongly-bonded oligomeric 

 
 

Figure 1.2 Scheme of acetylene and ethylene adsorption states identified on Pd surfaces 

during acetylene and ethylene chemisorption, decomposition, and hydrogenation [44]. 
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species. Interestingly these carbonaceous deposits can play an important role for 

hydrogenation of acetylene in the absence of ethylene [48,50,51]. Ponec et al. proposed 

[50,51] that the formation of carbonaceous deposits as well as alloying of Pd with Cu and 

Au can decrease the size of large Pd ensembles that account for formation of non-

selective ethane, but not adversely affect the small ensembles of Pd required for 

hydrogenation to ethylene. Therefore, selectivity of acetylene to ethylene is increased.  

Borodziński et al. [52-54] developed a kinetic model that was in agreement with 

the above idea that carbonaceous deposits can increase selectivity by covering parts of a 

Pd surface to create small arrays of contiguous Pd sites for acetylene hydrogenation to 

ethylene. They proposed that the formation of a hydrocarbonaceous layer produces two 

types of catalytic sites: A and E sites which account for the conversion of Acetylene and 

Ethylene, respectively. The active sites are the small (A site) and large (E site) exposed 

Pd ensembles on the surface of Pd among the carbonaceous species. During acetylene 

hydrogenation in the presence of ethylene, A sites are inactive for ethylene hydrogenation 

because while these sites are large enough to adsorb π-bonded ethyne, acetylide, 

vinylidene, vinyl and hydrogen, they are too small to adsorb ethylidyne and ethylidene 

based on small steric differences between ethylene and acetylene. On the other hand, E 

sites adsorb all reactants, which leads to both acetylene hydrogenation and ethylene 

hydrogenation. Thus, selectivity of the catalyst depends on the proportions and specific 

activities of A and E sites.  

The above statement can be considered as kind of geometric (ensemble) effect 

caused by the formation of carbonaceous deposits but not by a bimetallic component. To 

achieve the same effect as the carbonaceous deposits, monometallic Pd catalysts can be 
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modified to change the Pd ensemble size to restrict ethylene adsorption.  The use of a 

second metallic component, such as Ag or Au, is preferable to deposition of 

carbonaceous deposits since the latter choice is essentially uncontrollable in both extent 

and position of placement of the carbonaceous component. There are also many other 

proposed mechanisms [47,55] which are still controversial, since the reaction processes 

and various transformations undergone by the catalyst are complicated.  

 

1.2.3 Modifiers 

 There are usually two kinds of modifiers used in acetylene hydrogenation in the 

presence of ethylene. One is a process modifier, such as gas co-feeds of carbon 

monoxide, amines, or sulfur compounds [56-58]. For instance, ppm amounts of CO can 

be added to the feed stream to act as a selective, reversibly-adsorbed inhibitor since it 

competes with ethylene but not acetylene for adsorption sites. Addition of CO is complex 

since it is a transient poison and the addition of too much can reduce catalyst activity. 

Thus, the effect of CO on catalyst performance depends on the reaction conditions and 

catalyst type, as well as its content in the inlet reaction mixture. More detail discussions 

on the effect of CO addition can be referred to other literature and reviews [44,57,59]. 

The other type of modifier is called a promoter, which is a solid phase component of a 

catalyst system that improves the performance of the active substance without having any 

significant activity of its own [44]. This kind of modifier is used in our study, such as Ag, 

Cu, Au, and even TiO2 to control Pd ensemble sizes, particle shapes or morphologies, 

alter the electronic properties of Pd, and affect the formation of β-PdH [44,45,60]. 

Classical examples of the promoters for acetylene selective hydrogenation are the Group 
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IB metals (Ag, Au, and Cu). Almost all industrial Pd catalysts for this reaction are 

modified with Ag or Au, although there is still active discussion about their function. 

They may act as site blocking promoters by changing Pd ensembles size to create smaller 

groups of Pd atoms which are responsible for acetylene hydrogenation to ethylene 

[21,42]. This kind of function is similar to the effect caused by carbonaceous deposits 

discussed in the previous section. These promoters may also act as electronic promoters 

by interacting with adjacent Pd surface sites to change the electronic properties of Pd 

which can alter bond strengths between adsorbed reactants and Pd atoms [16,43]. Some 

have argued the IB promoters can also hinder the formation of the presumed, non-

selective β-PdH phase by decreasing hydrogen solubility in the Pd lattice [60]. However, 

whether these promoters have one or more simultaneous function is not well studied, 

since the structure of the working catalyst is generally unknown or not well-enough 

defined due to uncontrolled, conventional preparation methods. Thus, it is critical to 

develop preparation methods that control the extent of and sites of promoter deposition 

(on Pd) to better determine the reaction mechanism for the selective acetylene 

hydrogenation reaction.    

 

1.3 Preparation Methods of Bimetallic Catalysts  

Bimetallic catalysts can be prepared by various methods. Each method includes a 

series of certain steps, and every step contains several parameters which can control the 

catalytic properties of the final heterogeneous catalysts. A slight change of any parameter 

can dramatically alter the catalyst properties and its performance for a given reaction. The 

choice of preparation method is based on the physical and chemical characteristics 

required for the final composition. Although many different preparation methods have 
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been developed over the decades, only few are used at the industrial scale because of 

scale-up issues, cost of raw material, and performance of the catalysts. The most widely 

used methods involve ion exchange [61], impregnation [23], homogeneous deposition 

precipitation [22], strong electrostatic adsorption [62], and redox reactions [63]. 

 

1.3.1 Ion Exchange 

This method involves the displacement of an ion from an electrostatic interaction 

with the surface of a support by another ion species of the same positive or negative 

charge [22,61,64,65]. In practice, the support containing ions A is immersed in an excess 

volume (compared to the pore volume) of solution containing ions B which are to be 

introduced. Ions B gradually penetrate into the pores of the support and exchange with 

ions A which dissolve into the solution. This exchange will continue until equilibrium is 

obtained to give a distribution of the two ions between the solid and the solution. The 

exchange rate of ions depends on the properties of the support and the concentration of 

ions B in solution. This method provides especially good control of deposition of small 

amounts of metal on supports with large surface areas. Almost all solid mineral supports 

are oxides and exhibit ion exchange ability when the surface bears electrostatic charge. 

Zeolites, composed of trivalent cations Al3+ and quadrivalent cations Si4+ located in 

tetrahedral building blocks, are the most commonly used support in ion exchange 

methods. This framework exhibits a negative charge distributed on bridging oxygen 

atoms, and this charge is typically neutralized by cations including H+ and alkali ions. 

These cations are often accessible to ion exchange through the zeolite pore system. 

Cationic species such as [Pd(EN)]2+, [Pt(NH3)4]
2+  and [Ru(NH3)6]

3+ etc. can be added to 
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exchange with the pre-existing cations on a zeolite until cations in the aqueous solution 

and cations on the zeolite reach equilibrium. This material can then be calcined to remove 

the ligands and reduced to the metallic state. To prepare bimetallic catalysts, a solution 

containing the second metal salt is added to further exchange with the excess cations. 

Thus, this method cannot produce catalysts with high metal weight loadings and does not 

guarantee proximal contact of the two metals.  

 

1.3.2 Impregnation 

By far the most widely used preparation route is impregnation, which is often 

referred to as impregnation and drying [22-24,64-66]. From an industrial point of view, 

impregnation is extremely important in the preparation of supported catalysts. The most 

attractive advantage of this method is its simplicity in practical operation on both the 

laboratory and industry levels. Many types of catalysts are produced by impregnation of 

porous supports with a solution containing a precursor of the active components, 

followed by the drying and calcination and /or reduction of the impregnated support. 

There are two different procedures of contacting depending on the volume of solution, 

which can be employed with impregnation of supports with active components. The first 

procedure, known as incipient wetness or dry impregnation, restricts the volume of the 

impregnation solution to be equivalent to or slightly less than the pore volume of the 

support. The procedure occurs rapidly, and the active components are transported by 

convection into the pores of the support. The operation must be controlled rather 

precisely, and the solution needs to be added gradually. The other procedure is wet 

impregnation, where the support is immersed in a solution containing the catalyst 
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precursor with a volume larger than the pore volume of the support. After a certain time, 

the excess solution can be removed either by decanting or evaporating the excess liquid. 

In this way, the active components in the excess solution diffuse into the pores of the 

support, taking several hours to obtain uniform concentration in the pores of the support. 

In most cases, the composition of the batch solution changes during the process and the 

release of debris can form a “mud” which makes it difficult to completely use the 

complete solution. In addition to variations of impregnation, drying also plays an 

important part in this preparation method. Geus [23,24] gives a complete illustration of 

the effect of redistribution during the drying step. For the preparation of bimetallic 

catalysts, the precursors for two metals can be added to the support by co-impregnation 

(two metal salts are simultaneously deposited) or successive impregnation (two metal 

salts are successively deposited) using the basic procedures described above. However, 

neither of these two ways can provide truly bimetallic catalysts with close contact of two 

metals, but instead results in the formation of both monometallic and bimetallic particles 

with variable compositions.    

 

1.3.3 Deposition Precipitation 

The limits of impregnation and drying as well as ion exchange often relates to 

poor reproducibility, a very broad distribution of particle size, and low to medium 

loadings of the active phase. For that reason, homogeneous deposition precipitation has 

become as an attractive alternative. This method involves the conversion of a soluble 

metal precursor into a precipitate on a support [22,23,64,65,67-69]. Typically, change of 

solution pH, addition of a precipitation agent or a reducing agent, or change in the 
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concentration of a complexing agent can achieve the above phase change. There are two 

processes involved: (1) precipitation from bulk solutions or from filled pores; (2) 

interaction with the support surface. To ensure that the precipitation takes place only on 

the surface of the support and not in the bulk solution, two conditions must be met. There 

must be an interaction between the soluble metal precursor and the surface of the support, 

and the concentration of the precursor must be maintained at a value to avoid the 

precipitation in solution. In practice, the support is slurried in the solution containing the 

soluble precursor in amounts sufficient to give the desired loading. The suspension is 

thoroughly stirred, and the precipitating agent is added. To achieve a successful 

deposition precipitation, the precipitating agent needs to be added gradually to avoid a 

rapid nucleation of the precipitation in solution. In principle, this strong precursor-

support interaction increases the concentration of the metal precursor at the surface of the 

support, so that precipitation occurs initially on the surface. Once nucleation has 

occurred, precipitation continues to occur at the surface. Thermal/chemical treatment of 

the precipitate leads to the formation of a highly-dispersed metallic phase. To form 

bimetallic catalysts, two metal precursors can be precipitated simultaneously or 

sequentially, based on the desired catalytic composition. 

 

1.3.4 Strong electrostatic adsorption 

The main consideration for the preparation of bimetallic catalysts is to create 

close interaction between the two metals since bimetallic interaction appears only when 

the two metal components form bimetallic clusters instead of separate particles. The 

above preparation methods, impregnation, deposition-precipitation and ion exchange, are 
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often proven to be unsatisfactory. Thus, methods based on strong electrostatic adsorption 

between the charged metal precursor and support and reduction-oxidation (following 

section 1.3.5) reactions have been developed to prepare bimetallic catalysts which have 

close interaction.  

The mechanism of SEA method was first postulated by Brunelle [70] and further 

refined by Regalbuto [62,71]. Hydroxyl groups on the surface of an oxide can be 

protonated or deprotonated depending on the pH of the contacting solution. The pH at 

which the hydroxyl groups are neutral and no precursor-support interactions occur is 

called the point of zero charge (PZC). As shown in Figure 1.3, above the PZC, the 

hydroxyl groups deprotonate and become negatively charged, and the surface can 

electrostatically adsorb cationic metal complexes such as [Pt(NH3)4]
2+ and [Ru(NH3)6]

3+. 

Conversely, below the PZC the hydroxyl groups protonate and become positively 

charged, and anionic metal complexes such as [PtCl6]
2- and [Ru(CN)6]

4- can be strongly 

adsorbed. In both cases, the metal complexes are deposited on the support surface with 

highly-dispersed metal particles with narrow size distributions. The desired weight 

loading of the catalyst can be achieved by adjusting solution pH and the concentration  of 

 
 

Figure 1.3 Electrostatic adsorption mechanism [62]. 
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metal ions in the solution.  Higher weight loadings can be achieved by repeating the SEA 

sequence, typically after a calcination step to make the initially deposited metal insoluble 

in the subsequent step. 

 Bimetallic catalysts can be prepared by simultaneous SEA (co-SEA) or sequential 

SEA [62,71]. In case of simultaneous SEA, a mixture of cationic precursors of both 

metals is used if solution pH is above PZC. A mixed monolayer of precursors will be 

electrostatically adsorbed onto the surface, which results in well-dispersed particles with 

even distribution and hopefully homogeneous compositions after reduction. If sequential 

SEA is used, the primary metal is initially deposited by SEA and then oxidized to form a 

supported metal oxide. If the PZC values of the support and primary metal oxide are 

different enough, opposite charges can be induced on them so that a secondary metal 

precursor can be selectively deposited onto the primary metal oxide to form a metal core-

shell structure after reduction.  

 

1.3.5 Redox  

Methods based on reduction-oxidation (redox) reactions have been developed to 

prepare bimetallic catalysts having close interaction between the two metals. The addition 

of the second metal takes place exclusively on the monometallic particles of the base 

catalyst. There are three major types of redox procedures based on various reductants: 

direct redox reaction, redox reaction of adsorbed reductant, and catalytic reduction [63].  

Direct redox reactions methods (also known as galvanic displacement or 

immersion plating) take place when the primary metal is oxidized by reaction with the 

oxidized form of a metal salt in solution to effect reduction of the salt [25,28-
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30,63,72,73]. Therefore, the redox reaction is driven by the difference in their respective 

reduction potentials. In practice, this method can be used to deposit a noble metal with a 

higher standard reduction potential onto a non-noble metal with a lower standard 

reduction potential. When the difference between reduction potentials of two metals is 

small, displacement is sluggish and typically occurs only at the more energetic sites (such 

as corners and edges) of the primary metal. Thus, this direct redox reaction method can 

potentially be used to prepare bimetallic catalysts with close interaction between the two 

metals, and also to deposit the second metal selectively on particular sites of the primary 

metal. This method is usually limited by the accessibility of the primary metal, resulting 

in passivation of the reaction when a critical portion of the primary metal is covered. 

Therefore, this method allows for the precise and reproducible control of the surface 

coverage, which may form up to a one monolayer structure and not three-dimensional 

depositions. Direct redox reactions (galvanic displacement) will be discussed in more 

detail in a following Section. 

In the adsorbed reductant method, a reductant is selectively pre-adsorbed on the 

primary metal [22,63,74]. The ions of the second metal are then reduced by this reductant 

from solution. Dissociatively adsorbed hydrogen is commonly used as the pre-adsorbed 

reductant for this method; this requires that (1), the primary metal (Pt, Pd, Rh, Ru, etc.) 

be capable of dissociative adsorption of H2, (2), the adsorbed H species is stable in the 

aqueous solution, and (3), the second metal (Cu, Re, Ir, Rh, Pd, Pt, Au, etc.) is 

thermodynamically reducible by H2. Many combinations of above metals have been 

prepared and characterized using this method. Even though this method can provide the 

desired intimate interaction between two metals, it is not applicable for bimetallic 
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compositions that employ Group IB metals as the primary metal since these metals do not 

readily dissociatively adsorb hydrogen. It is also rather cumbersome and complex since 

several successive steps are needed, and the whole process is slow since the solubility of 

hydrogen in water is quite low. In addition, if the second metal has a higher reduction 

potential than that of the primary metal, the overall reaction will be complicated since it 

involves not only a redox reaction by adsorbed reductant but also a direct redox reaction.  

The last type of redox reaction method is preparation of bimetallic catalysts by 

catalytic reduction [25-27,63,72,75]. The catalytic properties of the primary metal are 

used to activate a reducing agent to effect the reduction of the second metal precursor. 

Thus, the second metal is placed on the catalytic site of the primary metal where 

activation of a reducing agent has occurred. This method can be applied to a variety of 

combination of primary metal and reductants. Some reduction reactions may be structure 

sensitive due to the nature of the reductant. Therefore, the second metal can be selectively 

deposited on specific sites of the primary metal. This method provides a way to design 

bimetallic catalysts which can give optimum activity, selectivity and lifetime for certain 

reactions. Electroless deposition (ED) is included in this method. It is a catalytic or 

autocatalytic process for deposition of the second metal precursor onto the primary metal 

which has activated the reducing agent. Electroless deposition will be discussed in more 

detail in the following Section.  

In addition to the above methods, other techniques such as chemical vapor 

deposition [22], sol-gel [76], and dendrimer [77] have been also developed to prepare 

bimetallic catalysts. Each method has advantages and disadvantages, and is used 

according to the application required by the bimetallic catalysts. Some methods have 
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little or no control of the metal distribution, thus the close contact between the metals 

cannot be assured. Methods such as impregnation and precipitation are difficult to 

achieve uniform bimetallic compositions and often exhibit both monometallic and 

bimetallic property. Other methods use colloidal or ligated species to help deposit the 

metals, but the removal of these species may cause agglomeration or segregation which 

can alter the properties of the catalysts. Redox reaction methods are promising, since they 

provide the ability to prepare true bimetallic catalyst with controlled composition and 

sometimes permit the second metal to be deposited on specific sites which can influence 

the properties of the resulting catalysts. Catalytic deposition, especially electroless 

deposition, is more attractive for industrial applications, due to its simplicity of 

preparation and control of the final composition.  

 

1.4 Electroless Deposition 

1.4.1 Background 

In 1835, electroless deposition was first mentioned by von Liebig when he used 

aldehydes to reduce Ag (I) salts to Ag metal [25]. Development in this field was slow 

until Brenner and Riddell first successfully used electroless deposition to form smooth Ni 

films in 1946 [25]. They first named the process electrodeless plating [78]. Electroless 

deposition was originally used to describe an autocatalytic process by which a metal was 

deposited without the use of an external source of electrical current. Much attention has 

been devoted to find systematic and reproducible electroless deposition solutions which 

can be used industrially [26]. Since electroless deposition is a simple and inexpensive 

process, it has been applied in many fields, including electronics, corrosion prevention, 
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decorative purposes, batteries, and medical devices. Electroless deposition is attractive 

since most of the metals that can be deposited by electrodeposition can also be deposited 

electrolessly when proper deposition conditions are used. Currently, electroless 

deposition has been used for deposition of a wide variety of metals, including Ni, Co, Cu, 

Cd, Ag, Au, Cr, Sn, Sb, In, Pd, Pt, Ru, Rh, Pb, and Bi [25-27,79]. This method has 

replaced electrodeposition in many cases due to several practical reasons. It allows 

plating of very complex shapes and through holes, and produces more dense deposits that 

show better properties for corrosion prevention and electronics applications than those 

from electrodeposition [25]. Electroless deposition can selectively deposit metals on 

certain metal-seeded areas of the substrate, and apply to both conductive and 

nonconductive surfaces whereas electrodeposition is only practical on conductive 

materials [25-27,72]. Since ED does not need an external current source, it avoids the 

problem of current density uniformity that is encountered in electrodeposition. Therefore, 

it can obtain coatings with more uniform thickness and composition.  

Electroless deposition may provide both catalytic and autocatalytic depositions, 

which are shown in Figure 1.4. Catalytic deposition is a controlled chemical reaction 

where a second metal ion is selectively reduced on the primary metal that has been 

activated by a reducing agent. However, if the second metal that has just been deposited 

can activate the reducing agent, the process becomes autocatalytic since the second metal 

ion is also deposited on itself [25,28]. It is sometimes difficult to distinguish between 

catalytic and autocatalytic deposition, since they can take place simultaneously or 

successively depending on the activation trends of the primary and secondary metals. 

Nevertheless, electroless deposition always begins with catalytic deposition where the 
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primary metal acts as catalyst to activate the reducing agent. Since electroless deposition 

may use an excess of second metal salt and reducing agent relative to monolayer 

coverage on the primary metal surface, it allows further deposition of multilayers even 

after the primary metal is completely covered, making it different from galvanic 

displacement.  

 

Figure 1.4 Electroless deposition mechanism. 

 

1.4.2 Bath Composition 

Most electroless deposition baths have similar components. The bath is usually 

aqueous and consists of a metal ion source, a reducing agent, a complexing agent, and a 

stabilizer [25,26]. A monometallic supported catalyst is used as substrate for synthesis of 

bimetallic catalysts. Since these baths are thermodynamically unstable, kinetic stability of 

the bath must be maintained to obtain successful electroless deposition. Otherwise, the 

metal ion will be reduced and precipitate from the bath, instead of being deposited on 

active sites of the primary metal.  
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1.4.2.1 Metal Ion Source 

Generally speaking, the metal ion source can be any water soluble salt such as 

sulfates, chlorides, acetates, and cyanides. Some of the common metal ion sources used 

for electroless deposition are listed in Table 1.1 [25]. The selection of the metal ion 

sources depend on stability in the bath, properties of the deposits, and environmental 

concerns. The effects of impurities and byproducts on the final deposits also play an 

important role in metal source selection. For instance, secondary metal ions with cyanide 

ligands act both as complexing agents and high stability ions due to high formation 

constants of metal cyanides, but their toxicity hinders extensive industrial use. Metal 

chloride sources are safer but can induce dissolution of certain supports; further, residual 

chloride ions in the final catalyst may adversely affect catalyst performance.  

In electroless deposition, metal precursors should react with reducing species 

adsorbed on the primary metal, instead of being adsorbed onto the support. To avoid such 

strong electrostatic adsorption (SEA) of a metal precursor on the support, the selection of 

 

Table 1.1 Common metal ion sources for electroless deposition [25]. 

 

Metal Metal precursors 

Ni NiSO4, NiCl2, Ni(H2PO2)2, Ni(CH3COO)2 

Co CoSO4, CoCl2 

Au KAu(CN)2, KAuCl4, Na3Au(SO3)2 

Ag AgNO3, KAg(CN)2 

Pd PdCl2, Pd(NH3)4Cl2 

Pt Na2Pt(OH)6, Pt(NH3)4Cl2, Na2PtCl6 

Cu CuSO4, KCu(CN)2 
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cationic or anionic metal source needs to be taken into consideration. If we conduct the 

ED experiment below the point of zero charge (PZC) of the catalyst support where the 

surface is positive, cationic precursors should be chosen to avoid SEA, and vice versa.  

 

1.4.2.2 Reducing agent 

The reducing agent provides electrons to the secondary metal cation that is being 

reduced. Selection of the reducing agent is also important since it affects the stability of 

the electroless bath and the rate of the deposition process. Commonly used reducing 

agents include hydrazine (N2H4), formaldehyde (HCHO), sodium hypophosphite 

(NaH2PO2), sodium borohydride (NaBH4), and dimethylamine borane (DMAB) [25,80]. 

For electroless deposition to occur, the reducing agent most have a more negative 

standard reduction potential than the second metal cation that is being reduced. In 

addition, the order of reducing agent activation on metals should be considered for 

synthesis of true bimetallic catalysts; the reducing agent should prefer to activate on the 

surface of the primary metal rather than the secondary metal, in order to produce a 

bimetallic surface. The catalytic activities of different metals (Au, Pd, Pt, Ag, Ni, Co and 

Cu) for activating the above reducing agents were measured and compared by Ohno et al. 

[80]. Figure 1.5 shows comparison of the anodic oxidation potential of these reducing 

agents for different metals at a reference current density. Catalytic activity increases with 

decreasing anodic potentials. To prepare a bimetallic catalyst, it is recommended from 

Figure 1.5 that a reducing agent should be selected when the primary metal has a higher 

catalytic activity than the secondary metal. Under such circumstance, deposition of the 

second metal on the first metal (i.e., catalytic deposition) will be favored over 

autocatalytic deposition. For example, to deposit Ag on Pd, sodium borohydride, 
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dimethylamine borane and hydrazine would be good choices, as Pd shows higher 

catalytic activity for these reducing agents. The bath stability of the metal source and 

reducing agent without the presence of primary metal should be investigated before ED 

experiment. If the bath is unstable, complexing agents or stabilizing agents should be 

added or other combinations of metal source and reducing agent should be selected. 

Another consideration is that reducing agents containing phosphorus and boron may co-

deposit with the secondary metal salt or become occluded in the deposition layer to give 

incorporation of these elements into the metal coating. Other reducing agents such as 

hydrazine or formaldehyde do not have this kind of problem so they permit an 

alternative. 

   
 

Figure 1.5 Catalytic activities of metals during anodic oxidation of different reducing 

agents [80]. 
 

 
1.4.2.3 Complexing agent 

Complexing agents are employed for several functions to achieve successful 

electroless deposition. The principal purpose is to increase kinetic stability of the 
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electroless bath by preventing the precipitation of metal salts as well as the thermal 

reaction of metals salts with reducing agents [25]. Complexing agents can also be used to 

change the cationic metal source from cationic to anionic metal or vice versa, to avoid 

SEA. In some cases as mentioned in Section 1.4.2.1, the metal source itself can also 

function as a complexing agent, such as for Ag(CN)2
-. The commonly used complexing 

agents for some metals are listed in Table 1.2 [25]. They work effectively at different pH 

values, but will not be discussed in detail here. More discussions can be found in 

reference [81]. 

 

Table 1.2 Complexing agents used in the electroless deposition for common metals [25]. 

 

Metal  Complexing agents 

Ni, Co propionate, succinate, citrate, EDTA, ethylenediamine  

Cu cyanide, triethyl amine, EDTA, glycolic acid 

Au cyanide, sulfite, citrate, chloride 

Ag cyanide, ammonium 

Pd, Pt, Ru citrate, acetate, ammonium, ethylenediamine 

 

 

1.4.2.4 Stabilizing agent 

Stabilizing agents have similar functions as complexing agents. These chemical 

compounds are used to prevent the precipitation of the metal ions from the bulk solution 

and to increase the thermal stability of baths [25]. Reduction of secondary metal salts to 

form suspended metal nuclei also is catalytic for further metal reduction in the ED bath. 

Since the concentration of stabilizing agents can determine the rate of deposition, they 

can be used to optimize the rate of catalytic deposition which may ensure distribution of 
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the second metal on the primary metal surface. A representative list of commonly used 

stabilizing agents for some metal salts is listed in Table 1.3.  

 

Table 1.3 Stabilizing agents used for the electroless deposition of common metals [25]. 

 

Metal  Stabilizing agents 

Ni metals (S, Se, Te), oxyanions (AsO2
-, IO3

-, MoO4
2-), metal cations, organic acids 

Cu cyanide, thiourea, mercury compounds, butyrol, propionitrile 

Au cyanide, nitrilotriacetic acid, mercaptosuccinic acid 

Ag cyanide, metal ions (Cu2+, Ni2+, Co2+, Zn2+), NaSCN, mercaptopropane sulfonate 

Pd mercaptoformazon compounds 

 

1.4.2.5 Bath medium 

Apart from the above constituents of electroless deposition baths, an aqueous 

medium is also preferred for most of electroless deposition processes, since it can provide 

OH- and H+ ions to promote the electron transfer. In addition, the pH of the solution may 

change the oxidation potential of the reducing agent and the ionic charge on the surface 

of the catalyst support to prevent SEA. Therefore, the composition of an effective 

electroless deposition bath is based on consideration of all bath factors to achieve a 

balance between stability and rate of deposition.  

 

1.4.3 Mechanism 

1.4.3.1 Mixed potential theory 

Paunovic [82] and Saito [83] were the first to promote the idea that a simple 

electrochemical method can be used to model the electroless deposition process. Today, it 
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is well understood that since cathodic and anodic partial reactions occur simultaneously 

on the surface of the same substrate, the overall electroless deposition process is 

electrochemical in nature [26,27,75]. These electroless deposition reactions can be 

expressed as [26,27,75]: 

Overall reaction:                  M𝑧+ + Red
   𝐶𝑎𝑡𝑎𝑙𝑦𝑠𝑡 𝑠𝑢𝑟𝑓𝑎𝑐𝑒   
→               M+ Oxz+  (1) 

Cathodic partial reaction:    M𝑧+ + z𝑒−
   𝐶𝑎𝑡𝑎𝑙𝑦𝑠𝑡 𝑠𝑢𝑟𝑓𝑎𝑐𝑒   
→               M    (2)  

Anodic partial reaction:       Red 
   𝐶𝑎𝑡𝑎𝑙𝑦𝑠𝑡 𝑠𝑢𝑟𝑓𝑎𝑐𝑒   
→               Oxz+ +  z𝑒−   (3) 

where Mz+ is the metal ion source, Red is the reducing agent, M is the reduced metal and 

Ox is the oxidized product of reducing agent. The two partial reactions (2) and (3) 

determine the potential of a surface undergoing electroless deposition, which is called the 

mixed potential [26,27,75]. This concept can be understood better by the plot shown in 

Figure 1.6 [26].  

 
 

Figure 1.6 Schematic diagram of mixed potential concept [26]. 

 

The dashed line represents the electroless deposition process; ia and ic represent 

the partial anodic and cathodic currents, respectively. The anodic oxidation and cathodic 
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metal deposition take place at the catalytically activated metallic surface. As the partial 

reactions proceed, they reach their individual equilibrium potentials at Eo
Red and Eo

M
z+ on 

the surface. Eo
Red must be more negative than Eo

M
z+ so that the reducing agent Red can 

function as an electron donor and Mz+ as an electron acceptor. When the difference 

between these two potentials is too low or negative, the metal reduction process stops. On 

the other hand, when the difference is too high, decomposition of the bath occurs 

spontaneously. Somewhere between Eo
Red and Eo

M
z+, when the anodic and cathodic 

currents are equal, is the potential where electroless deposition takes place, thus this point 

is called the mixed potential, Emp. 

 

1.4.3.2 Unified mechanism 

To account for some deficiencies of the mixed potential theory, other mechanisms 

have been proposed for various electroless deposition processes, but most are specific to 

particular systems with different reducing agents. However, Van Den Meerakker [84] 

observed that there are some common characteristics for all electroless systems: (1) 

evolution of H2 gas from the reducing agent, (2) primary metals are effective 

hydrogenation-dehydrogenation catalysts, (3) poisons for the above hydrogenation-

dehydrogenation process act as stabilizing agents, (4) rates of electroless deposition are 

promoted by an increase of solution pH. He then proposed a unified mechanism that can 

be employed for all electroless systems:  

Anodic:  

Dehydrogenation:  RH 
MA
→ R + H                                                      (4) 

Oxidation:   R + OH− → ROH + e−                                      (5) 
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Recombination:  H + H → H2                                                        (6) 

Oxidation:   H + OH− → H2O + e
−                                       (7) 

Cathodic: 

Metal deposition:  MB
n+ + ne− → MB                                              (8) 

Hydrogen evolution:  2H2O + 2e
− → H2 + 2OH

−                              (9) 

where MA and MB are the primary and secondary metals; RH represents the reducing 

agent. RH dissociates to form the radical R and atomic H upon adsorption at the surface 

of the deposited metal. The electrons supplied by oxidation steps (eqn. (5) and eqn. (7)) 

go towards metal ion reduction. The above equations are considered to represent the core 

steps in electroless deposition. However, when it comes the reducing agents such as 

NaH2PO2 and DMAB which contain phosphorus and boron, one or more reactions need 

to be added to account for co-deposition of P and B along with metals [25,26].  

 

1.5 Galvanic displacement 

1.5.1 Background 

 In galvanic displacement (also called cementation or immersion plating), cations 

of more noble metals (secondary metal) with higher reduction potential are spontaneously 

reduced by the less noble metal (primary metal) with a lower reduction potential [25,28-

30,63,72,73], which can be expressed as 

MB
z1
+

+
z1

z2
MA → MB +

z1

z2
MA
z2
+

    (10) 

where MA represents the less noble metal (primary metal) and MB is the more noble metal 

(secondary metal). Upon contact in a solution phase, the base material is oxidized and 

dissolved into the solution while the metallic ions of the secondary metal in the solution 
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are reduced on the surface of the base material, which differs from electroless deposition 

since GD does not require a reducing agent and the surface of the primary metal erodes 

into solution during GD. At the beginning of the immersion, the rate of the deposition is 

fastest, since the full primary metal surface is available for reaction. As more of the 

primary metal is covered by the secondary metal, the rate of deposition decreases. 

Ideally, the deposition should stop as soon as the entire surface of the primary metal is 

covered and the coverage should be limited ≤ 1 monolayer, depending on the redox 

stoichiometry.    

Over the past decade, galvanic displacement has been used for the development of 

metal nanostructures with highly active surfaces for for electrocatalysts [30], biomedicine 

[29], and functional coatings [85]. This simple preparation method can be applied to 

synthesize a wide variety of bimetallic catalysts such as Pd-Ir, Au-Ag, Pd-Ag, Pt-Ag, Pt-

Cu, as long as the reduction potentials of the two metals differ sufficiently [29,86-89]. 

There are several advantages of this method. Firstly, the composition of the final 

bimetallic catalyst can be controlled by adjusting the initial amount of secondary metal 

precursor. Secondly, since the secondary metal only deposits on the primary metal, the 

surface of final product reproduces almost exactly the same shape of base material with 

only a slight increase in dimensions. Thirdly, some studies [29,90,91] have shown that 

the oxidation and dissolution of the primary metal begins at certain sites of the base 

material, giving the ability to target the second metal to some extent. Thus, galvanic 

displacement is a simple, effective and versatile method to prepare true bimetallic 

catalysts with close contact of two metals and controlled composition, shape and 

structure.  
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1.5.2 Bath composition 

 Compared to electroless deposition, galvanic displacement does not require a 

reducing agent , which makes the development of galvanic displacement bath much easier 

since thermal stability of the bath is not an issue. A galvanic displacement bath is simply 

an aqueous solution consisting of a salt of a metal precursor with optional additive (i.e., 

complexing agent) at a given temperature and pH. The only requirements to ensure that 

GD can occur are the metal salt source must have a higher reduction potential than the 

primary metal and that there is no adsorption of the metal salt on the catalyst support. To 

avoid SEA of metal precursor onto the support, cationic precursors should be chosen if 

we conduct the GD experiment under the point of zero charge (PZC) of the catalyst 

support where the support surface exhibits positive, and vice versa. Displacement 

temperature can be adjusted according to the desired reaction rate. 
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CHAPTER 2: 

 

EXPERIMENTAL PROCEDURES 
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2.1 List of chemical materials 

Pd/SiO2: BASF, CD04183, 1.85 wt% Pd on SiO2 #1, dispersion = 8.6%  

SiO2 #1: BASF, surface area = 100m2/g, pore volume = 0.75 cc/g 

SiO2 #2: Evonik Degussa, AEROSIL® OX 50, hydrophilic and fumed, surface area = 50 

± 15 m2/g  

Potassium silver cyanide (KAg(CN)2): Technic, Inc., 99% purity 

Potassium dicyanoaurate (KAu(CN)2): Sigma-Aldrich, 99% purity 

Hydrazine (N2H4): Sigma-Aldrich, 35 wt% solution 

Sodium hydroxide (NaOH): J.T. Baker, pellets 

Nitric acid (HNO3): BDH, 68.0-70.0% 

Hydrochloric acid (HCl): BDH, 36.5-38.0% 

Silver nitrate (AgNO3): Alfa Aesar, 99.9+% 

Palladium nitrate (Pd(NO3)2): Alfa Aesar, 99.9% 

Lanthanum chloride (LaCl3): Sigma-Aldrich, 99.999% 

Au, Ag, Pd Atomic Absorption standards: EMD, each 1000 mg/L or ppm 

 

2.2 Catalyst preparation 

2.2.1 Ag- and Au-Pd/SiO2 prepared by electroless deposition 

As stated in Section 1.4, an electroless deposition bath is an aqueous solution 

consisting of a metal source, a reducing agent and optional additives (i.e., stabilizing 

agent, complexing agent) at a given temperature and pH. The conditions for ED baths in 

this study were chosen based three requirements. Firstly, there must be no adsorption of 

the reducible metal salt on the catalyst support, since bimetallic catalyst formation 
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requires that all reducible metal ions must be deposited on only the primary metal 

surface. In this case, Ag or Au ions must be deposited only on the Pd surface and not the 

silica support. Secondly, the thermal stability of the bath with respect to reduction of the 

reducible metal salt with the reducing agent must exceed the time frame required for 

electroless deposition, which would avoid the spontaneous precipitation of the metal salt 

in the solution. Thirdly, the primary metal surface (Pd, in this study) must be capable of 

activating the reducing agent to provide sites for reduction of the reducible metal ion (Ag 

or Au, in this study). 

 Regarding the first requirement, the PZC of the silica support of the base catalyst 

1.85 wt% Pd/SiO2 was approximately pH 4. At pH < 4, the silica support was positively 

charged and capable of adsorbing the negatively-charged metal anions. Since most 

aqueous reducing agents are more active at basic conditions (pH ≥ 9), pH 9 was selected 

for the ED bath in this study. This pH is higher than the PZC of the silica support, so 

Ag(CN)2
- and Au(CN)2

- were selected as the metal sources for Ag and Au deposition, 

respectively, on Pd/SiO2. The cyanide salts also provide higher kinetic stability for the 

ED baths due to their high formation constants, precluding the need for stabilizing agents, 

and galvanic displacement will be avoided compared to AuCl4
- since 

Au(CN)2
− + e− → Au0 + 2CN−    Er

o = −0.60 V  (11) 

Pd0 → Pd2+ + 2e−      Eox
o = −0.95 V (12) 

Au(CN)2
− +

1

2
Pd0 → Au0 +

1

2
Pd2+ + 2CN−   ∆Eo = −1.55 V (13) 

 

AuCl4
− + 3e− → Au0 + 4Cl−     Er

o = 1.00 V  (14) 

Pd0 → Pd2+ + 2e−      Eox
o = −0.95 V (12) 
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AuCl4
− +

3

2
Pd0 → Au0 +

3

2
Pd2+ + 4Cl−   ∆Eo = 0.05 V  (15) 

the overall potential of the redox system is negative for Au(CN)2
- with Pdo, which means 

that galvanic displacement is not thermodynamically favored. Galvanic displacement of 

AuCl4
- with Pdo is slightly positive, suggesting that some GD might occur which could 

complicate the overall deposition of Au.  

 The combination of Ag(CN)2
- with Pdo/SiO2 and Au(CN)2

- with Pdo/SiO2  were  

experimentally tested to determine stability of the baths with respect to GD and the 

absence of SEA on SiO2 at pH electroless systems without the addition of reducing agent. 

The concentrations of Ag(CN)2
- and Au(CN)2

- in the electroless baths were found to be 

unchanged over time and no Pd2+ was detected, indicating no dissolution of primary 

metal Pd or deposition of second metal Ag or Au had occurred. To satisfy bath stabilities, 

the reducing agent should be selected so that stabilities existed for a satisfactory period of 

time (at least 2 h) in the absence of Pdo but that reduction readily occurred in the presence 

of Pdo. In this study, hydrazine (N2H4) was selected as the reducing agent based on 

anodic oxidation trends for oxidation of hydrazine by different metals [80]. Hydrazine is 

preferentially oxidized on Pd rather than Ag or Au, making hydrazine an ideal candidate 

for the catalysts in this study. Hydrazine is activated faster by Pd than Ag or Au so that 

catalytic deposition of Ag or Au on Pd dominates and the autocatalytic deposition of Ag 

on Ag or Au or Au is inhibited. This trend was in our interest since we wanted to study 

and evaluate catalysts with variable and controlled coverages of Ag on Pd and Au on Pd, 

up to high coverages of each Group 1B metal on Pd. Competitive rates of autocatalytic 

deposition of Ag and Au limit the ability to achieve high coverages of these components.  
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 To ensure thermal stabilities of the ED baths, the maximum concentrations of 

N2H4 with Ag(CN)2
- or Au(CN)2

- were thoroughly explored. Likewise, the effect of 

deposition temperatures on near-optimum bath compositions was also determined. A 

master batch of 1.85 wt% Pd/SiO2 (sieved to 60/80 mesh particles) was used as the base 

monometallic Pd catalyst. The surface area of the silica was measured by the BET 

method to be 100 m2/g. The dispersion of Pd was determined by hydrogen titration of 

oxygen pre-covered Pd sites at 40oC using a Micromeritics AutoChem 2920 Automated 

Analyzer, which is described in detail in Section 2.3.2. The dispersion of 8.6% 

corresponded to Pd particles of 13.2 nm diameter and 9.0 × 1018 surface Pd sites/g cat. 

Controlled loadings of Ag and Au on the Pd surface were added using the electroless 

deposition method. Briefly, potassium silver cyanide (KAg(CN)2) and potassium 

dicyanoaurate (KAu(CN)2) were used as the metal sources, and hydrazine (N2H4) was 

used as the reducing agent. Initial concentrations of the metal salts were selected based 

on the desired, theoretical coverage of Ag or Au on Pd, assuming monolayer deposition 

and 1:1 surface stoichiometry of Ag or Au to Pd. The molar ratio of the reducing agent to 

metal salt was initially selected at 10:1. To deposit higher amounts of Ag or Au, a 20:1 

ratio was used to compensate for time-dependent, thermal decomposition of the reducing 

agent in the ED bath. Typically, the volume of the electroless bath was 50 – 100 mL for 

each gram of the monometallic catalyst. The deposition of Ag and Au was conducted at 

room temperature, and the baths were placed in disposable polyethylene beakers to 

prevent cross-contamination. The experiments were carried out while stirring on a 

magnetic stirring plate to minimize external mass transfer limitations. Dropwise addition 

of a concentrated solution of sodium hydroxide (NaOH) was used to maintain pH of the 
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bath solution at ~9.0 ± 0.5 during the entire experiment; a pH probe was immersed in the 

ED bath to monitor the pH throughout the deposition. Baths were prepared by adding all 

the required components except the monometallic Pd/SiO2 catalyst. An aliquot (≤ 1 mL) 

was first taken from the bath to determine the initial Ag or Au concentration. Addition of 

the monometallic Pd/SiO2 catalyst initiated the deposition. To monitor the concentration 

of Ag+ and Au+ remaining in the bath, liquid aliquots were periodically taken and filtered 

using 4.5 µm mesh syringe filters to remove catalyst particles at different time intervals. 

These liquid samples were diluted and analyzed for Ag and Au concentrations by atomic 

absorption spectroscopy, which is described in details in Section 2.3.1. After 4 h of 

deposition time, the slurry was filtered and the catalyst was washed thoroughly with 2 L 

of de-ionized water to remove unreacted metal and all other soluble ligands and salts. The 

filtrates were then dried in vacuo at room temperature and stored at ambient conditions. 

Thus, complete series of Ag-Pd/SiO2 and Au-Pd/SiO2 bimetallic catalysts were prepared 

with varying weight loadings of Ag and Au metals on the Pd surface. 

 

2.2.2 Pd-Ag/SiO2 prepared by galvanic displacement 

 The galvanic displacement bath in this study was an aqueous solution of 

KAg(CN)2 at a given temperature and pH. Compared to electroless deposition, galvanic 

displacement does not require chemical reducing agent, which makes the selection of GD 

bath conditions easier as we do not need to consider the bath thermal stability. Thus, 

there are only two requirements. Firstly, GD can occur only when the metal source have a 

higher reduction potential than the primary metal. Secondly, there must be no adsorption 

of the metal salt on the catalyst support, since bimetallic catalyst formation requires that 
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all metal ions must be deposited on only the primary metal surface. For the first 

requirement, the oxidation potential for Ago = Ag+ + e- was -0.799 V meaning the 

reduction potential for Pd salts must be greater than +0.799V.  From Table 2.1 below, the 

Pd2+ salt is basically limited to non-ligated Pd2+ salts [such as Pd(NO3)2] with a reduction 

potential of +0.915V. The PZC of the silica support of the base catalyst 2 wt% Ag/SiO2 is 

pH 4. To avoid SEA of the Pd metal salt onto the support, the positively charged metal 

cation Pd2+ must be used below the PZC. This, the bath solution for GD of Pd2+ was 

maintained at pH 2.  

Table 2.1 Standard reduction potentials for different Pd2+ salts. 

 

Formula (aqueous) Eo (V) 

Pd2+ 0.915 

PdCl4
2- (1M HCl) 0.62 

PdBr4
2- 0.49 

PdI4
2- 0.18 

Pd(NO2)4
2+ 0.34 

Pd(OH)2 0.07 

Pd(EN)2
2+ -0.79 

Pd(NH3)4
2+ 0.0 

Pd(CN)4
2- -1.52 

 

 

The base catalyst 2.0 wt% Ag/SiO2 was prepared by conventional incipient 

wetness of silver nitrate (AgNO3) dissolved in de-ionized water and added to 

AEROSIL® OX 50 hydrophilic, fumed silica with a specific surface area of 50 ± 15 m2/g. 

The fresh catalyst was dried under vacuum in a rotary evaporator at 60 °C before 

calcination at 300 °C in flowing air for 2 h. Finally, the catalyst was reduced at 300 °C in 
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flowing 10% H2/He for 2 h in a horizontal furnace. The dispersion of Ag was determined 

by hydrogen titration of oxygen pre-covered Ag sites at 170oC. The detailed 

chemisorption procedures are described in Section 2.3.2. The dispersion of 4.9% 

corresponded to Ag particles of 23.8 nm diameter and 5.52 × 1018 surface Ag sites/g cat. 

Controlled loadings of Pd were added to the silica-supported Ag surface by 

galvanic displacement. Briefly, (Pd(NO3)2) was dissolved in 5% nitric acid (HNO3) and 

used as the metal source of Pd2+. Initial concentrations of the metal salts were selected 

based on the desired, theoretical coverage of Pd on Ag, assuming monolayer deposition 

and 1:1 surface stoichiometry of Pd on Ag. The volume of the galvanic displacement bath 

was 100 mL for each gram of the monometallic catalyst. The deposition of Pd was 

conducted at room temperature in disposable polyethylene beakers to prevent cross-

contamination. The experiments were carried out while stirring on a magnetic stirring 

plate to ensure there were no external mass transfer limitations. A concentrated solution 

of nitric acid was added dropwise to the bath to maintain pH at ~2.0 ± 0.1 during the 

entire experiment; a pH probe was immersed in the galvanic displacement bath to 

monitor the pH throughout the 1 h reaction time. Baths were prepared by adding all the 

required components except the monometallic Ag/SiO2 catalyst. An aliquot (≤ 1 mL) was 

taken from the bath to determine the initial Pd concentration. Addition of 1.0 g Ag/SiO2 

catalyst initiated the deposition. To monitor the concentrations of both Pd2+ remaining in 

solution and the Ag+ displaced in the bath, liquid aliquots were periodically taken at 

different time intervals and filtered using 0.2 µm PTFE membrane syringe filters to 

remove catalyst particles. These liquid samples were diluted separately and then analyzed 

for Pd2+ and Ag+ concentrations by atomic absorption spectroscopy, which is described in 
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details in Section 2.3.1. After 1 h of reaction time, the solution was filtered and the 

filtrate was washed thoroughly with 2 L de-ionized water to remove all soluble salts. The 

catalyst was then dried in vacuo at room temperature and stored at ambient conditions. 

Thus, a complete series of Pd-Ag/SiO2 bimetallic catalysts was prepared with varying 

weight loadings of Pd exchanged on the Ag surface.  

 

2.3 Catalyst characterization 

2.3.1 Atomic absorption spectroscopy (AA) 

 Atomic absorption spectroscopy was performed on a PerkinElmer AAnalyst 400 

spectrometer to analyze the elemental concentrations of Ag, Au and Pd in ED and GD 

solutions and solid catalysts. A set of standards with known concentrations were prepared 

to calibrate the instrument before the actual measurements were conducted. In case of 

solid catalysts, the weight percentages of metals in the final bimetallic catalysts were 

determined by digesting 0.04 g of samples in aqua regia (3:1 of HCl to HNO3 by volume) 

at 120 °C for 4 h and then diluting with de-ionized water prior to AA analysis. All the 

liquid samples (both from solid catalysts and aliquots of ED and GD) were further diluted 

to lower the concentrations of metals within the AA spectroscopy detection limits. For 

Ag samples (except containing cyanide), 5 vol% HNO3 was added along with the dilution 

to keep Ag from oxidation. For Au samples (except containing cyanide), only de-ionized 

water is needed for the dilution. For Pd samples, 10 vol% HCl and 0.5% LaCl3 were 

added to the samples for better sensitivity and accuracy. For the samples containing 

cyanide, basic solutions were required for the dilution to avoid hazardous HCN 

formation.  
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2.3.2 Chemisorption 

 The concentrations of Pd surface sites for the base monometallic Pd/SiO2 as well 

as the bimetallic Ag-Pd/SiO2, Au-Pd/SiO2 and Pd-Ag/SiO2 catalysts were determined by 

chemisorption using hydrogen pulse titration of oxygen pre-covered Pd sites at 40 °C. 

Chemisorption was performed using a Micromeritics Autochem II 2920 automated 

chemisorption analyzer. All samples were reduced in situ at 200 °C in 10% H2/balance 

Ar for 2 h and then purged with Ar for 1 h to remove any residual H2, before cooling 

down to 40 °C in Ar. Next, 10% O2/balance He was flowed over the catalyst for 30 min 

to form Pd-O surface sites (see Eq.16), and then purged with Ar for 30 min to remove 

any residual gas phase oxygen and weakly adsorbed oxygen on the support. Finally, 10% 

H2/balance Ar was dosed until all surface Pd-O species reacted with H2 to form H2O and 

Pd-H surface species (see Eq.17). For each Pd atom, 1.5 H2 molecules are accounted. 

Hence, the amount of consumed H2 is corresponded to amount of Pd surface sites. 

Hydrogen consumption was quantitatively measured using a high sensitivity thermal 

conductivity detector (TCD). 

O2 treatment:    Pd +
1

2
O2 → Pd − O    (16) 

H2 titration of O-covered sites: Pd − O +
3

2
H2 → Pd − H+ H2O  (17) 

Since Ag or Au is inactive for H2-O2 titration, the coverage θ of Ag or Au metals 

can be calculated from the following Eq.18. The corresponding metallic dispersion and 

particles size can also be determined.  

θ =
#Pd sites in Pd/SiO2 −#Pd sites in Group IB−Pd/SiO2

#Pd sites in Pd/SiO2
   (18) 

The concentration of Ag surface sites for the base monometallic Ag/SiO2 catalyst 

was determined using same chemisorption equipment and same procedures. The only 
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differences are the temperatures for pretreatment and titration, which were developed by 

Vannice [92]. The Ag/SiO2 sample was reduced at 250 °C, and then cooled down to 170 

°C for titration. The reactions are shown in Eq.19 and Eq.20. For each Ag atom, a single 

H2 molecule is consumed.  

O2 treatment:    Ag +
1

2
O2 → Ag − O    (19) 

H2 titration of O-covered sites: Ag − O + H2 → Ag + H2O   (20) 

 

2.3.3 Powder X-ray diffraction (XRD) 

 For further reference, powder XRD on 2 wt% Ag/SiO2 was conducted using a 

Rigaku Miniflex II benchtop diffractometer with a CuKα radiation source (λ = 1.5406 Å) 

operated at 30 kV and 15 mA. Powder sample was loaded on an amorphous glass-backed, 

low background holder. Scanning was done over the 2θ range of 10-80° with sampling 

width of 0.02° and dwell time of 1°/min. The diffractometer was fitted with a Rigaku 

D/tex Ultra silicon strip detector which is capable of detecting nanoparticles in samples 

with metal loadings as low as 1 wt% and particles as small as 1 nm. 

 

2.3.4 Fourier transform infrared spectroscopy (FTIR) of CO adsorption 

 In situ FTIR of CO adsorption on the bimetallic Pd-Ag/SiO2 prepared by GD was 

performed by using a Thermo Electron Nicolet Nexus 4700 spectrometer with a liquid 

nitrogen-cooled MCT-B (mercury-cadmium-telluride B) detector. Approximately 0.030 g 

catalyst was pressed into a self-supporting pellet with 12 mm diameter and then fixed in a 

sample holder that was placed in the middle of a cylindrical stainless steel cell. The 

sample temperature was monitored by a thermocouple placed near the catalyst and 
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controlled by external heating tape wrapped around the cell. All samples were pretreated 

in situ at 200 °C in flowing 10% H2/balance He for 2 h followed by flowing He for 30 

min before cooling to room temperature in He.  For each sample, a background spectrum 

of pure metal surface in flowing He was first taken and subtracted from all subsequent 

spectra. The sample was exposed to 1% CO/balance He for 30 min followed by a flow of 

pure He for 30 min to remove any gas phase and reversibly-adsorbed CO. The spectra of 

chemisorbed CO on Pd were continuously collected for 1 h in single beam absorbance 

mode with a resolution of 4 cm-1, and then referenced to the initial He background 

spectrum. The spectra were baseline corrected and smoothed as needed to remove the 

noise due to water.  

 

2.3.5 X-ray photoelectron spectroscopy (XPS) 

XPS measurements of bimetallic Pd-Ag/SiO2 prepared by GD were conducted 

using a using a Kratos Axis Ultra DLD system with a hemispherical energy analyzer and 

a monochromatic Al Kα source operated at 15 keV and 150 W. The X-rays were incident 

at an angle of 45° with respect to the surface normal and the pass energy was fixed at 40 

eV for the detailed scans. The powder samples were pressed into a cup of Mo stub and 

mounted in a catalysis cell that was attached to the XPS main chamber for in situ sample 

pretreatment. After the sample was reduced at 200 °C for 2 h, it was transferred into the 

UHV chamber for XPS analysis without exposure to air. A charge neutralizer was applied 

to compensate the residual positive charge present on the non-conductive silica support 

during photoemission. The Si 2p binding energy was used as a reference and was 

compared to the literature value of 103.3 eV. The same difference (charging correction) 
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in eV was applied to all other XPS peaks to give corrected binding energy of Ag 3d and 

Pd 3d for both monometallic and bimetallic catalysts. For comparison, a reduced and 

commercially-available 2 wt% Pd/SiO2 (BASF) was used as reference for the binding 

energy of Pd0. 

 

2.4 Catalyst evaluation 

The monometallic Pd/SiO2 and the series of bimetallic Ag-Pd/SiO2 and Au-

Pd/SiO2 catalysts prepared by ED, as well as the monometallic Ag/SiO2 and the series of 

bimetallic Pd-Ag/SiO2 catalysts prepared by GD were evaluated for selective 

hydrogenation of acetylene in the presence of excess ethylene. Catalysts were evaluated 

in a single pass, 0.19 in ID, packed bed, tubular reactor (316 stainless steel). The reactor 

was encased in a 1.0 in OD, jacketed shell with liquid inlet and exit ports at the bottom 

and top of the shell, respectively, which was connected to an ethylene glycol/H2O 

recirculation bath to maintain isothermal behavior at 65 °C for this highly exothermic 

reaction. The reactor was wrapped with heating tape outside the jacket to heat the reactor 

to 200 °C when the catalyst was pretreated in situ. For the monometallic Pd/SiO2 and the 

series of bimetallic Ag-Pd/SiO2 and Au-Pd/SiO2 catalysts prepared by ED, the reactor 

was loaded with 0.005 g of catalyst diluted by 0.030 g of the silica support (20/40 mesh) 

to form the catalyst bed that was supported on glass wool in the middle of the reactor. As 

for the monometallic Ag/SiO2 and the series of bimetallic Pd-Ag/SiO2 catalysts prepared 

by GD, 0.050 g of catalyst was used. A thermocouple was inserted into the catalyst bed to 

accurately monitor the reaction temperature and to ensure isothermal behavior. All 
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catalysts were pretreated in situ at 200 °C in flowing 10% H2/balance He for 2 h before 

being cooled to 65 °C for evaluation. 

All gas flows were maintained by mass flow controllers. To roughly approximate 

the tail-end feed of an ethylene cracker, the reaction feed stream for catalyst screening 

consisted of 1% C2H2, 20% C2H4, 5% H2, balance He at a total flow rate of 50 SCCM 

corresponding to a GHSV value of 6.0 x 105 h-1. To ensure kinetic measurements were 

free from external mass transfer limitations, a standard loading (0.005 g) of the most 

active catalyst, 1.85 wt% Pd/SiO2, was evaluated over the flow range 50 – 250 SCCM, 

corresponding to GHSV values 6.0 × 105 to 3.0 × 106 h-1. In all cases the turnover 

frequency (TOF) values for C2H2 conversion varied between 4.2 and 4.6 s-1 indicating no 

external mass transfer limitations over this flow range. Acetylene at 1% concentration 

was added from a pre-mixed cylinder of 10% C2H2/balance He by making the proper 

dilution. Both reaction feed and product streams were evaluated using an automated, on-

line Hewlett-Packard 5890 Series II gas chromatograph using flame ionization detection. 

The feed and product analyses were typically made every 1.5 h. In addition to C2H2, 

C2H4, and C2H6, a number of C4 hydrocarbons (n-butane, 1-butene, cis-2-butene, trans-2-

butene, and 1,3-butadiene) were identified and quantitatively analyzed. These products 

can be considered as precursors to the “green oil” or C2 oligomers commonly observed 

during industrial operation. All C4 products were combined to give a total product and 

rates of formation that were normalized to C2 feeds, i.e., the molar quantities of C4 

products were multiplied by 2. All catalysts exhibited high, initial activities that 

underwent varying degrees of deactivation for the approximately first 20 h on line. 

Therefore, all the summary reaction data reported here were based on stable catalyst 
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performance after 20 h on line to eliminate transient behavior. Similar deactivation trends 

have been observed by others and have been attributed to carbon-based fouling due to 

C2H2 oligomers on fresh catalyst surfaces. 

Conversion of C2H2 and selectivity of C2H2 to C2H4, C2H6 and C4s were also 

defined from the following relationships:  

Conversion of C2H2 =
C2H2 reacted

C2H2 (in)  
       (21) 

Selectivity of C2H2 to C2H4 =
C2H2 reacted

C2H2 reacted + C2H6 formed + C4s formed×2  
   (22) 

Selectivity of C2H2 to C2H6 =
C2H6 formed

C2H2 reacted + C2H6 formed + C4s formed×2  
   (23) 

Selectivity of C2H2 to C4s =
C4s formed×2

C2H2 reacted + C2H6 formed + C4s formed×2  
   (24) 

C2H2 reacted = C2H2 (in) − C2H2 (out)      (25) 

C2H6 formed = C2H6 (out) − C2H6 (in)      (26) 

C4s formed = n– C4H10 (out) + t–2– C4H8 (out) + 1– C4H8 (out) + c– 2– C4H8 (out)  +

1,3– C4H6 (out)         (27) 

where (in) and (out) represent the feed stream and the product stream, respectively. This 

method of calculation cannot accurately be used for C2H4 hydrogenation, since C2H4 is a 

reaction product from selective C2H2 hydrogenation, and is also present in great excess as 

a feed component, making gas chromatographic analysis inaccurate.  

 For the monometallic Pd/SiO2 and the series of bimetallic Ag-Pd/SiO2 and Au-

Pd/SiO2 catalysts prepared by ED, the kinetic measurements for acetylene hydrogenation 
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were studied using the same reactor system. In order to maintain differential conversion 

conditions, flow rates were varied between 50 and 200 SCCM and the reaction 

temperature was lowered from 65 to 50 °C. For determination of C2H2 reaction orders, 

partial pressures were varied between 0.005 – 0.015 atm while holding PH2 constant at 

0.05 atm, and for calculation of H2 dependencies, partial pressures ranged between 0.02 – 

0.10 atm and PC2H2 was kept constant at 0.01 atm. The activation energies at differential 

conversion conditions were determined between 40 to 80 °C using the standard feed 

composition of 1% C2H2, 20% C2H4, 5% H2, balance He. 
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CHAPTER 3: 

 

SELECTIVE HYDROGENATION OF ACETYLENE IN EXCESS ETHYLENE USING 

AG- AND AU-PD/SIO2 BIMETALLIC CATALYSTS PREPARED BY ELECTROLESS 

DEPOSITION 
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3.1 Abstract 

Selective hydrogenation of acetylene in excess ethylene has been investigated for 

a series of Ag- and Au-Pd/SiO2 bimetallic catalysts having incremental surface coverages 

of Ag and Au on the Pd surface. The catalysts were prepared by electroless deposition 

and characterized by atomic absorption spectroscopy and selective chemisorption. Both 

Ag- and Au-Pd/SiO2 catalysts showed increased selectivity of acetylene conversion to 

form ethylene, rather than ethane, at high coverages. The catalyst performance results 

suggest that at high coverages of Ag or Au on Pd, that result in small ensembles of Pd 

sites, acetylene is adsorbed as a π-bonded species that favors hydrogenation to ethylene. 

At low coverages, where ensemble sizes of contiguous Pd surface sites are much larger, 

acetylene is strongly adsorbed as a multi-σ-bonded species which preferentially forms 

ethane, lowering the selectivity to ethylene. Both kinetic analyses and the calculated 

turnover frequencies of acetylene conversion and ethane formation were consistent with 

the above explanation. The similar performance trends for Ag- and Au-Pd/SiO2 suggest 

that the bimetallic effect for these catalysts is geometric and not electronic in nature.  

 

3.2 Introduction 

Ethylene is used as a starting point for many chemical intermediates in the 

petrochemical industry. The yearly demand for ethylene is over 150 million tons with an 

annual growth rate of 3.5% [5]. It is predominantly produced through steam cracking of 

higher hydrocarbons (ethane, propane, butane, naphtha, and gas oil). During the cracking 

process, a small amount of acetylene is produced as a side product. However, acetylene 

must be removed since it acts as a poison for ethylene polymerization catalysts at even 
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ppm concentrations (> 5 ppm) [93]. Thus, the selective hydrogenation of acetylene to 

ethylene is an important process for the purification of ethylene. Conventional, low 

weight loading Pd catalysts are used for this selective reaction in high concentration 

ethylene streams. Selectivity of acetylene to ethylene is a key objective, since over 

hydrogenation of acetylene to ethane results in a decrease in yield and must be recycled 

back to the ethane cracking unit.  

To understand the factors that influence the selectivity in acetylene 

hydrogenation, it is important to consider the adsorption modes of acetylene on the 

catalyst surface. Figure 3.1 shows identified adsorption modes of acetylene on a Pd 

surface, some in the presence of pre-adsorbed H [47,94-96]. Both associative and 

dissociative acetylene adsorption can occur. Margitfalvi et al. [97] showed that the 

adsorption mode of multi-σ bonded ethylidyne can lead to the formation of ethane as it 

undergoes sequential hydrogenation steps: ethylidyne → ethylidene → ethyl → ethane 

[96,97]. The formation of ethylidyne requires Pd ensembles that have three adjacent 

adsorption sites on the catalyst surface. Therefore, it is reasonable to assume the 

selectivity of acetylene hydrogenation can be controlled by changing the ensemble sizes 

of catalytic surface atoms to influence the forms of the adsorbed species on the catalyst 

surface. In more recent work, Neurock [98] has used a combination of Monte Carlo and 

DFT computations to study hydrogenation of acetylene and ethylene mixtures over 

Pd(111) and a Pd50%Ag50% structure on the Pd(111) surface and concluded that while 

strongly-adsorbed, three-fold ethylidyne species are adsorbed on Pd ensembles on the 

(111) surface, they are largely unreactive and lead to catalyst fouling. His calculations 

suggest that a three-fold, adsorbed vinyl species (C=CH2) is adsorbed on the Pd surface 
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which is reactive for the formation of both ethylene and some of the ethane. Addition of 

Ag to the Pd surface lowers the overall rate of hydrogenation but shifts product 

selectivity to ethylene. What is common between three-fold, adsorbed ethylidyne and 

adsorbed vinyl species is that large Pd ensembles favor strongly adsorbed, multi-σ-

intermediates that favor the formation of ethane. 

 
 

Figure 3.1 Adsorption modes of acetylene on Pd surface [47,94-96]. 

 

Thus, over the years, bimetallic Pd catalysts have been developed for the selective 

hydrogenation of acetylene. Various additives, such as Ag, Ni, Cu, Au, Pb, Tl, Cr and K, 

have been reported to improve the performance of Pd catalysts, especially in achieving 

high selectivity for ethylene production [16,19,99,100]. However, the bimetallic effects 

of the above additives are not yet well understood, possibly because the conventiona  l 

methods of bimetallic catalyst preparation (co-impregnation and successive 

impregnation) result in both monometallic and bimetallic particles with varying 

compositions which make it difficult to determine the position of the two metallic 

components. The bimetallic interaction occurs only when the two metallic components 

form bimetallic surface compositions instead of separate particles. An alternative method 

to prepare bimetallic catalysts with controlled and proximal contact between the two 

metals is electroless deposition (ED), which can be applied to a wide range of metals. ED 

is an industrially feasible method which has been widely studied in our laboratory to 
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synthesize many different bimetallic catalyst compositions [31,32,34,35,39,101-103]. 

Since the ED process is kinetically controlled, the final composition of a particular 

bimetallic catalyst can be controlled to give rather precise combinations of the two 

metallic components.  

In this paper, catalyst evaluation and kinetic data are presented for the selective 

hydrogenation of acetylene in excess ethylene over Ag-Pd/SiO2 and Au-Pd/SiO2 catalysts 

prepared by the ED method. The goals of this paper are not only to discuss the 

improvements in catalysts selectivity of acetylene to ethylene during acetylene 

hydrogenation, but also to illustrate the roles of Ag and Au additives on the adsorption 

modes of acetylene on Pd.  

 

3.3. Results and discussion  

A series of Ag-Pd/SiO2 and Au-Pd/SiO2 bimetallic catalysts were prepared with 

increasing coverage of Ag and Au on Pd. Table 3.1 shows a summary of the Ag-Pd/SiO2 

and Au-Pd/SiO2 catalysts that were evaluated for the hydrogenation of acetylene. Even 

though catalysts with coverages of Ag and Au lower than those shown in Table 3.1 were 

prepared, they were not evaluated since there were no apparent reaction effects at the 

lower Group IB coverages. To achieve the highest coverages of Ag and Au on Pd, 

autocatalytic deposition of Ag on Ag and Au on Au also occurred, which is observed 

clearly in Figure 3.2. Transition from catalytic deposition to autocatalytic deposition 

occurs at approximately 0.4 monolayer of Ag or Au metal deposited on Pd. Below this 

level of deposition, catalytic deposition predominates. Above this point, both catalytic 

and autocatalytic depositions occur, so the actual coverage deviates substantially from the 
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theoretical coverage, where theoretical coverage in monolayers (ML) is defined as 

monodisperse coverage of Ag or Au on Pd surface sites, assuming 1:1 adsorption 

stoichiometry. In order to obtain the highest fractional coverages of Ag and Au on Pd, it 

was necessary to deposit considerably more than one theoretical monolayer amount of Ag 

and Au. Thus, complete coverage can still be attained after substantial autocatalytic 

deposition. In all cases, autocatalytic deposition increased as the concentration of the 

second metal increased on the surface of Pd, as expected for kinetically-controlled 

deposition processes. Since both Ag and Au were inactive for hydrogenation (2 wt% 

Ag/SiO2 and 2 wt% Au/SiO2 showed no activity for either C2H2 or C2H4 hydrogenation), 

the formation of multilayer aggregates on the Pd surface should have no significant 

effects on catalyst performance. 

 

Table 3.1 Ag-Pd/SiO2 and Au-Pd/SiO2 bimetallic catalysts that were evaluated for 

acetylene hydrogenation. Base catalyst is 1.85 wt% Pd/SiO2. Theoretical coverage in 

monolayers (ML) represents monodisperse coverage of Ag or Au on Pd surface, 

assuming 1:1 adsorption stoichiometry.  
 

Ag 

wt% 

Ag 

mol% 

Theoretical 

coverage 

(ML) 

Actual 

coverage 

(θAg) 
 

Au 

wt% 

Au 

mol% 

Theoretical 

coverage 

(ML) 

Actual 

coverage 

(θAu) 

 0.19 0.0018 1.16 0.44 

 

0.28 0.0014 0.93 0.44 

0.25 0.0023 1.52 0.53 

 

0.58 0.0029 1.93 0.54 

1.07 0.0099 6.52 0.73 

 

2.19 0.0111 7.31 0.69 

1.20 0.0111 7.31 0.83 

 

3.50 0.0178 11.67 0.84 

1.55 0.0144 9.44 0.85 

 

4.40 0.0223 14.68 0.91 

2.05 0.0190 12.49 0.91 

 

5.01 0.0254 16.71 0.96 

2.10 0.0195 12.79 0.99 
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Figure 3.2 Actual coverage of Ag or Au on Pd/SiO2 as a function of moles of Ag or Au 

deposited. Black line is the theoretical coverage of Ag or Au metal on Pd surface at a 1:1 

deposition stoichiometry. Dashed lines show coverage based on chemisorption of Pd 

sites.  

 

The Ag-Pd/SiO2 and Au-Pd/SiO2 catalysts that are listed in Table 3.1 were 

evaluated for selective hydrogenation of acetylene in the presence of ethylene; the results 

are summarized in Figures 3.3 and 3.4, respectively. Figure 3.3A shows conversion of 

acetylene and selectivity of hydrogenation of acetylene to form ethylene as a function of 

Ag coverage on Pd/SiO2. The base Pd/SiO2 catalyst exhibited C2H2 conversion of ~60%, 

which remained essentially constant over the range of θAg from 0 – 0.7. Similarly, over 

this same range, the selectivity to C2H4 remained at approximately 50%. The conversion 

decreased sharply at θAg > 0.7, while the selectivity for C2H2 conversion increased 

notably, rising to 90% at θAg > 0.9; at these high Ag coverages, the remaining Pd 

ensembles are necessarily very small, changing the modes of acetylene adsorption. The 

results for the Au-Pd/SiO2 series of catalysts in Figure 3.4 show similar behavior. 

Conversion and selectivity remain essentially constant up to Au coverages of 0.7. At 

higher Au coverages, the C2H2 conversion  decreases  and  the  selectivity  towards  C2H2 
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Figure 3.3 (A) Conversion of acetylene and selectivity of acetylene to ethylene and (B) 

selectivity of acetylene to ethane and C4s as a function of Ag coverage on Pd/SiO2. 

Reaction conditions: 65°C and feed composition of 1% C2H2, 5% H2, 20% C2H4, and 

balance He at GHSV = 6.0 × 105. Representative error bars for all data are shown for 

samples having θAg = 0.92. 

 

conversion increases similarly to the Ag-Pd/SiO2 series. Somewhat surprisingly, for both 

the Ag-Pd and Au-Pd series of catalysts the selectivities to C4 products are relatively 

constant at 8 – 10% based on C2H2 conversion. The C4 products are derived from C2H2, 

and not C2H4, since no C4 products were observed when C2H2 was not present in the feed. 

The sites that give rise to C4 formation do not appear to be affected by the presence of 
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either Ag or Au on the Pd surface, suggesting that ensemble effects are not responsible 

for oligomerization of C2H2. Others [47] have speculated that influences of the support 

may be a factor in the formation of C4 products, such as those that exist at the Pd-support 

interface. These sites would not be affected by the presence of either Au or Ag on the Pd 

surface. 

 

 
 

Figure 3.4 (A) Conversion of acetylene and selectivity of acetylene to ethylene and (B) 

selectivity of acetylene to ethane and C4s as a function of Au coverage on Pd/SiO2.  
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Somorjai [104] has reported that ethylidyne (Figure 3.1) was formed rapidly upon 

exposure of C2H4 to a Pt(111) surface at ~300 K; similarly, adsorption of C2H2 in the 

presence of pre-adsorbed H also formed ethylidyne at 350 K. This mode of strong 

adsorption required a minimum of three contiguous Pt atoms, preferably on (111) 

surfaces according to Somorjai. Hydrogenation of such intermediates resulted primarily 

in the formation of ethane. Since Pd is similar to Pt in catalytic reactivity trends, 

adsorption of C2H2 and C2H4 on the Pd(111) surface should exhibit the same pattern as 

the adsorption of C2H2 and C2H4 on the Pt(111) surface. In fact, Medlin [105] has 

calculated that C2H2 is preferentially adsorbed over the three-fold hollow sites on the 

(111) surfaces of Pt, Pd, and Rh, confirming similar adsorption modes for these metals. 

However, Medlin concluded that the adsorbed acetylene species reactive toward selective 

hydrogenation was not the highly coordinated species which was bound very strongly to 

the metal surface. Instead, the high-coordination sites likely become irreversibly blocked 

by strongly adsorbed acetylene leaving exposed only the low coordination sites for 

reversible C2H2 adsorption and subsequent hydrogenation. The computational results of 

Neurock [98] likewise support the results of Medlin [105] and Somorjai [104] that 

adorbed ethylidyne is catalytically inactive and/or non-selective to ethylene. Finally, 

Norskov [106,107] has also used computational methods and found that the heats of 

adsorption of acetylene and ethylene were the main factors that determined activity and 

selectivity for hydrogenation on Pd surfaces. Because acetylene and ethylene adsorption 

energies scaled with the carbon-surface bond energies, ethylene which adsorbed as a di-

σ-species was adsorbed at approximately ½ the strength of C2H2 (tetra-σ-species). To be 

both active for C2H2 hydrogenation and selective for C2H4 formation, a Pd catalyst must 
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have sites that bind acetylene strongly enough to undergo hydrogenation, but weakly 

enough to permit desorption as C2H4. This condition is best achieved, not on planar (111) 

surfaces, but on sites where multi- σ-bonded species are not formed. Pd surfaces with 

subsurface carbon or partially covered with other metals such as Ag provided the proper 

balance of activity and selectivity. 

Finally, Freund [108] has also studied the adsorption of ethylene and co-

adsorption of ethylene and H2 on alumina-supported Pd catalysts and concluded that the 

strength of C2H4 adsorption increased gradually with increasing particle size, which led to 

a redistribution of π-bonded and di-σ bonded ethylene, the latter preferentially adsorbed 

on the large particles. Similarly, Li and Shen [109] investigated ethylene adsorption on 

Pd/SiO2, Pd-Ag(1:1)/SiO2 and Pd-Ag(1:4)/SiO2 catalysts at room temperature and found 

that tri-σ-bonded ethylidyne, di-σ bonded surface species, and a π-bonded species were 

formed on the Pd/SiO2 catalyst and among the three adsorption modes ethylidyne was the 

predominant species. The π-bonded and di-σ bonded species was formed on Pd-

Ag(1:1)/SiO2 while only π-bonded was found on Pd-Ag(1:4)/SiO2. Their work showed 

that with addition of Ag the principal mode of ethylene adsorption was altered from 

ethylidyne to a π-bonded species. 

Because the coverage of Ag and Au on the Pd surface can be systematically 

changed by electroless deposition, it is possible to observe the transition for multi-σ to π-

adsorbed species.  At low coverages of Ag on Pd, there is an abundance of contiguous Pd 

surface sites where the strongly adsorbed acetylene and ethylene are adsorbed as multi-σ-

adsorbed species. The formation of ethlidyne is favored when there are three adjacent 

adsorption sites on the catalyst surface, or if 1,1,2,2-tetra-σ-adsorbed acetylene is the 
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preferred mode of adsorption, four adjacent Pd surface sites would be required. These 

species favor hydrogenation of acetylene to form ethane, rather than ethylene. In 

addition, the excess ethylene in the feed stream (at typical ethane cracking conditions) 

can also adsorb as ethylidene, or 1,2-di-σ-ethylene and be hydrogenated to ethane. 

However, at high coverages of Ag most of the Pd surface is covered by Ag, leaving only 

small Pd ensembles, or even single atom sites of Pd on the surface. In this case, acetylene 

is more weakly adsorbed as a π-bonded species requiring potentially only a single Pd 

surface site, which favors formation of ethylene.   

In earlier work from our group [103] FTIR of adsorbed CO on Pd surfaces as a 

function of Ag coverage was used to identify the positions of Ag deposition; Ag 

deposition was favored on the Pd (111) surface up to ~ θAg = 0.4; FTIR peaks for three-

fold adsorption of CO that is favored on (111) surfaces was strongly suppressed over this 

range of Ag coverage. Deposition of Ag from ~ θAg = 0.4–0.75 then occurred primarily 

on (1 0 0) sites as evidenced by decreasing peak intensities for two-fold adsorption of CO 

as Ag coverage increased. Only when Ag coverages were above ~ θAg = 0.8 was Ag 

deposited on the corner and edge sites of Pd, where peak intensities of linearly-bound CO 

decreased with higher Ag coverages. Interestingly, for Au deposition on the same base 

Pd/SiO2 catalyst, FTIR of CO indicated that Au was deposited in a rather non-

discriminate manner on all surface facets and sites of the Pd surface [39]. However, since 

the Pd particles in this study were quite large (average particle diameter of 13.2 nm), the 

Pd surface was composed primarily of (1 1 1) facets with lesser amounts of (1 0 0) and 

even smaller amounts of coordinatively-unsaturated corner and edge sites [110]. Thus, 

even if Au deposition was random while Ag was directed primarily on (1 1 1) surfaces, 
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the positions of IB deposition would necessarily be the same to give similar behavior for 

C2H2 hydrogenation. Thus, both Ag-Pd and Au-Pd catalysts should have similar IB 

coverage effects for selective C2H2 hydrogenation. The existence of only linear CO 

adsorption at high Ag and Au coverages suggests that only isolated Pd sites or very small 

Pd ensembles were responsible for acetylene hydrogenation. Li and Shen [109] observed 

similar CO adsorption results on Pd/SiO2, Pd-Ag(1:1)/SiO2 and Pd-Ag(1:4)/SiO2. Both 

bridged and linear adsorbed CO were seen on the Pd/SiO2 catalyst, but on the surface of 

Pd-Ag/SiO2 catalysts linearly adsorbed CO was the main species.   

Because the concentration of Pd surface sites decreases with Ag and Au coverage, 

it is necessary to determine specific activities of these catalysts in terms of turn over 

frequency (TOF), or the activity per exposed Pd site. Figure 3.5 shows the TOF values 

for C2H2 conversion and C2H6 formation for the Ag-Pd and Au-Pd series of catalyst. The 

TOF for C2H2 conversion and C2H6 formation were calculated as follows:  

TOF of C2H2 conversion =
number of C2H2 molecules reacted

number of Pd surface sites×time (s)  
   (28) 

 TOF of C2H6 formation =
number of C2H6 molecules formed

number of Pd surface sites×time (s)  
   (29) 

where the number of Pd surface sites was determined from chemisorption results for each 

sample. The TOF values for C2H6 formation were relatively constant between 0 and 0.9 

Ag and Au coverages. Conversely, the TOF values for C2H2 conversion increased 

markedly at high Group IB coverages, consistent with the assumptions proposed earlier 

for conversion and selectivity requirements. At low coverages, much of the acetylene is 

strongly adsorbed as multi-σ species, which requires more Pd surface sites than for π-

bonded species at high coverage. Thus, one explanation for the lower TOF of C2H2 
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conversion at low Ag coverage is there are fewer adsorbed C2H2 molecules per Pd 

surface site. Hydrogenation of these strongly bound ethylidyne species leads to the 

preferable formation of C2H6 while hydrogenation of π-complex species favors the 

formation of ethylene. 

 

 
 

Figure 3.5 Effect of (A) Ag and (B) Au coverage on Pd for TOF of acetylene 

hydrogenation. 
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Further, Somorjai [111] has shown that during ethylene hydrogenation the relative 

hydrogenation rates of the species adsorbed on the Pt(111) surface are as follows: π-

bonded ethylene >> di-σ bonded ethylene >> ethylidyne and vinylidene. It would be 

expected that hydrogenation of ethylidyne also occurs more slowly than π-bonded 

acetylene on Pd(111) surfaces during acetylene hydrogenation. The shift to π-adsorbed 

C2H2 also increases the rate of C2H4 formation per Pd site and simultaneously decreases 

the rate of C2H6 formation, giving the behavior seen in Figure 3.5.   

The TOF values for acetylene conversion and C2H6 formation for Au-Pd/SiO2 are 

also quite similar to the corresponding values for Ag-Pd/SiO2. Although there are 

measurable differences in the TOF values, 22 and 12 s−1 for Ag-Pd and Au-Pd, 

respectively, the difference is not significant enough to argue for different types of 

bimetallic effects. Rather, the similar performances for Ag-Pd and Au-Pd catalysts 

suggest the bimetallic effect for these two series catalysts is geometric and not electronic 

in nature, since the electronic properties of Ag and Au should be different enough to 

cause measureable differences in catalyst performance. 

The kinetics of acetylene hydrogenation in excess ethylene over the monometallic 

Pd/SiO2 and bimetallic Ag-Pd/SiO2 catalysts were then investigated to verify the above 

hypotheses. The optimal Ag-Pd/SiO2 catalyst with 0.92 coverage of Ag on Pd was used 

here for kinetic study. Figure 3.3A shows that the C2H2 conversion was ~60% for 5 mg 

Pd/SiO2 and ~35% for 5 mg Ag-Pd/SiO2 with 0.92 Ag coverage at 65 °C and a total flow 

rate of 50 SCCM. In order to obtain differential conversion of C2H2, reaction temperature 

was lowered to 50 °C and flow rates were changed as needed between 50 and 200 

SCCM.  
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The C2H2 pressure dependences for Pd/SiO2 and Ag-Pd/SiO2 are shown in Figure 

3.6 at a reaction temperature of 50 °C and constant H2 pressure of 0.05 atm (5%) over a 

C2H2 pressure range from 0.005 (0.5%) to 0.015 atm (1.5%). The plots give good straight 

line fits with reaction orders of -0.67 ± 0.06 for Pd/SiO2 and -0.20 ± 0.04 for Ag-Pd/SiO2. 

The -0.67 reaction order for Pd/SiO2 is in good agreement with the values of -0.55 to -

0.67 observed by Bond [112] and -0.66 by Tysoe [113]. Further, in the more recent work 

of Neurock [98] calculations gave C2H2 reaction orders of -0.4 and -0.21 for Pd(111) and 

Ag-Pd(111), respectively, showing less kinetic inhibition by C2H2 on the Ag-modified 

Pd(111) surface. The negative C2H2 pressure dependencies for both Pd/SiO2 and Ag-

Pd/SiO2 catalysts confirm that the C2H2 is strongly adsorbed on the Pd surface. The more 

negative  reaction  order  for Pd/SiO2 than Ag-Pd/SiO2 implies that C2H2 is more strongly 

 
 

Figure 3.6 The C2H2 pressure dependencies for Pd/SiO2 and Ag-Pd/SiO2 (θAg = 0.92) at 

50°C and H2 pressure of 0.05 atm. 
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adsorbed on the former catalyst, consistent with the earlier hypothesis that C2H2 is more 

strongly adsorbed as ethylidyne at low coverage and weakly adsorbed as a π-bonded 

species at higher coverages of Ag.  

The H2 pressure dependences for these two catalysts were measured at 50 °C and 

constant C2H2 pressure of 0.01 atm (1%) over a H2 pressure range from 0.02 (2.0%) to 

0.10 (10%) atm. The plots shown in Figure 3.7 also give good fits for reaction orders of 

1.17 ± 0.11 for Pd/SiO2 and 1.18 ± 0.10 for Ag-Pd/SiO2, which are also in agreement 

with the values 1.0 – 1.4 measured by Bond [112] and 1.04 by Tysoe [113]. Neurock’s 

[98] results also showed first order dependencies in H2 pressure for both Pd(111) and Ag-

Pd(111) surfaces. The clear first order H2 pressure dependences suggest that hydrogen is 

weakly adsorbed on the Pd surface of both catalysts relative to the hydrocarbon species. 

 
 

Figure 3.7 The H2 pressure dependencies for Pd/SiO2 and Ag-Pd/SiO2 (θAg = 0.92) at 

50°C and C2H2 pressure of 0.01 atm. 
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Figure 3.8 Arrhenius plots for the temperature dependencies of C2H2 conversion for (A) 

Pd/SiO2 and (B) Ag-Pd/SiO2 (θAg = 0.92) at C2H2 pressure of 0.01 atm and H2 pressure of 

0.05 atm. 

 

The temperature dependencies for acetylene conversion using these two catalysts 

were measured by changing the temperature from 40 °C to 80 °C at C2H2 and H2 partial 

pressures of 0.01 and 0.05 atm, respectively. The apparent activation energy for Pd/SiO2 

shown in Figure 3.8 is 12.1 ± 0.8 kcal/mol in good agreement with 11.0 kcal/mol by 

Bond [112] and 10.6 kcal/mol by Inoue et al. [114]. The activation energy for Ag-

Pd/SiO2 is substantially lower at 8.9 ± 0.6 kcal/mol, which is consistent with less strongly 

adsorbed C2H2 for Ag-Pd/SiO2 at the generally accepted rate determining step of the 

surface reaction between adsorbed C2H2 and H [98]. Again both activation energy values 

agree quite well with the trend seen by Neurock [98], specifically, 7.7 – 10.5 kcal/mol for 

Pd(111) and 6.2 – 7.4 kcal/mol for Ag-Pd(111). The combination of lower activation 

energy and less negative reaction order in C2H2 pressure explains why the TOF values for 
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optimum compositions of Ag-Pd are much higher than for Pd catalysts. The reaction rates 

for C2H2 conversion over Pd/SiO2 and Ag-Pd/SiO2 can be stated as follows, where R has 

the standard value of 1.986 cal/°K-mol: 

For Pd/SiO2,                               

rate =  k1e
−
12100±800

RT [p(C2H2)]
−0.67±0.06[p(H2)]

1.17±0.11 

For Ag-Pd/SiO2 (θAg on Pd = 0.92),   

rate =  k2e
−
8900±600

RT [p(C2H2)]
−0.20±0.04[p(H2)]

1.18±0.10 

 

3.4 Conclusions 

Electroless deposition has been shown to be a very good method for preparation 

of Ag-Pd/SiO2 and Au-Pd/SiO2 bimetallic catalysts with selective and controlled 

coverages of Ag and Au on Pd. The resulting families of catalysts make it more 

straightforward to draw correlations between catalyst performance and bimetallic surface 

compositions. Selectivity of acetylene to ethylene and TOF for acetylene conversion are 

enhanced at high coverages of Ag or Au on Pd, implying that the transition of adsorption 

mode of acetylene on Pd surface from strongly adsorbed ethylidyne on large Pd 

ensembles to weakly adsorbed π-bonded species on small Pd ensembles, is responsible 

for selective conversion of acetylene to ethylene. This explanation of adsorption mode is 

further confirmed by the kinetics of acetylene hydrogenation. The presence of optimal 

coverages of either Ag or Au on Pd lower the reaction order in C2H2 from -0.67 to -0.20 

for Pd and Ag-Pd, respectively. Both catalysts exhibit first order kinetics for H2 

pressures, indicating the surface is near fully covered by adsorbed C2H2. Likewise, the 

apparent activation energies for C2H2 conversion decrease from 12.1 kcal/mol to 8.9 
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kcal/mol at high coverages of Ag on Pd. The combination of lower activation energy and 

less negative reaction order in C2H2 pressure explains why the TOF values for optimum 

compositions of Ag-Pd are much higher than for Pd catalysts. The similar performance 

trends for Ag- and Au-Pd/SiO2 indicate that the bimetallic effect for these catalysts is 

likely geometric and not electronic in nature. 



 

68 

CHAPTER 4: 

 

PD-AG/SIO2 BIMETALLIC CATALYSTS PREPARED BY GALVANIC 

DISPLACEMENT FOR SELECTIVE HYDROGENATION OF ACETYLENE IN EXCESS 

ETHYLENE 
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4.1 Abstract 

A series of bimetallic Pd-Ag/SiO2 catalysts were prepared by galvanic 

displacement with increasing loadings of Pd on Ag. The catalysts were characterized by 

atomic absorption spectroscopy, Fourier-transform infrared spectroscopy of CO 

adsorption and X-ray photoelectron spectroscopy. An actual Pd deposition beyond the 

theoretical limit for galvanic displacement suggested that the large difference in surface 

free energy for Pd and Ag resulted in Pd diffusion into the bulk of Ag particles, or Ag 

diffusion to the surface to provide fresh Ag atoms for further galvanic displacement. 

Characterization results indicated that on this series of catalysts the Pd atoms are 

distributed in very small ensembles or possibly even atomically on the Ag surface, and 

there was a transfer of electrons from Pd to Ag at all Pd loadings. For comparison, the 

catalysts were also evaluated for the selective hydrogenation of acetylene in excess 

ethylene at the conditions used in our previous study of the reverse Ag-Pd/SiO2 catalysts. 

The selectivities for C2H4 formation remained high and constant due to the geometric 

effects that Pd atom existed as small ensembles. However, the electronic effects resulted 

in lower selectivities for C2H4 formation than those from the catalysts with high coverage 

of Ag on Pd. 

 

4.2 Introduction 

It has long been recognized that Pd provides superior performance on both 

activity and selectivity for the hydrogenation of acetylene to ethylene [8,44]. However, at 

high acetylene conversion the formation of ethane, C4 and C6 hydrocarbons is 

accelerated, which leads to the formation of carbonaceous residues that decrease the 
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catalyst lifetime. To increase the selectivity to ethylene, Pd-based catalysts are usually 

modified with promoters, such as Ag, Ni, Cu, and K etc [16,19,99,100]. However, the 

bimetallic effects of the above additives are still not well understood, probably due to the 

conventional catalyst preparation methods that result in both monometallic and bimetallic 

particles with varying compositions. In our previous work [42], we used electroless 

deposition (ED) [31,32,34,102,103] to prepare a series of Ag- and Au-Pd/SiO2 bimetallic 

catalysts with selective and controlled coverages of Ag and Au on Pd. The similar 

performance trends of enhanced selectivity of acetylene to ethylene at high coverages for 

Ag- and Au-Pd/SiO2 suggested that the bimetallic effect for these catalysts was geometric 

and not electronic in nature. That is, at high coverages with smaller ensembles of Pd sites, 

acetylene is weakly adsorbed as a π-bonded species, which favors the hydrogenation to 

ethylene. On the other hand, acetylene is bonded in a multi-σ mode on larger ensembles 

of Pd and desorbs only as fully hydrogenated C2H6. Therefore, inspired by these previous 

results, the primary goal of this work was to prepare a series of reverse bimetallic 

catalysts (i.e. where Pd is deposited onto the Ag surface) in order to further explore the 

nature of bimetallic effects for the selective hydrogenation of acetylene.  

For the synthesis of Pd-Ag bimetallic catalysts, galvanic displacement (GD) of 

Ag0 by Pd2+ salts has been chosen. GD occurs when a base material is displaced by a 

metallic ion in solution that has a higher reduction potential than the displaced metal ion 

[28-30]. The base material is dissolved into the solution while the metallic ions in the 

solution are reduced on the surface of the base material. This method is different from 

ED, in that GD does not require chemical reducing agents since the base metal itself 

already serves as the reducing agent. However, this redox reaction is usually limited by 
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the accessibility of the base metal, resulting in passivation of the reaction when the entire 

surface of the base metal is covered [28].  

Over the past decade, GD has been widely used for the development of metal 

nanostructures with highly active surfaces for a variety of applications such as 

electrocatalysts [30,115-121], biomedicine [29], functional coatings [85,122], and 

deposition of metals on semiconductors [28,123]. Xia et al.[29,86-88] have thoroughly 

studied the mechanism of GD for tuning the properties of metal nanostructures through 

adjustment of composition, size, shape and morphology. Complex hollow nanostructures 

of Pd-Ir, Au-Ag, Pd-Ag, and Pt-Ag have been generated with potential for many 

applications. Yan et al. [30,119-121] also developed electrocatalysts with Pd-Au, Pt-Cu, 

Pt-Pd nanotubes or nanowires prepared by GD for the oxygen reduction and methanol 

oxidation reactions. Lee et al. [116-118] have investigated the performance of different 

forms of hollow and porous Pd-Ag or Pt-Ag nanomaterials prepared by GD as 

electrocatalysts for the oxygen reduction reaction. Maboudian and Carraro 

[28,85,122,123] have used GD to coat Au, Pt, Ag and Cu onto Si in thin film or 

nanoparticle forms for surface-enhanced Raman spectroscopy, and for improved 

interfacial behavior of semiconductors. 

Although GD has been widely used in synthesizing electrocatalysts, it has had 

little application for the development of catalysts used in hydrogenation reactions. Sykes 

et al. [124] investigated the partial hydrogenation of phenylacetylene using PdCu alloy 

nanoparticles prepared by GD, which showed improvement in activity and selectivity 

compared to the corresponding monometallic catalysts. Li et al. [125] demonstrated that 

Pd/Co-B catalysts prepared by GD were extremely active and more selective than 



 

72 

monometallic Pd and a Co-B amorphous alloy for liquid-phase hydrogenation of 2-ethyl-

2-hexenaldehyde to 2-ethyl-1-hexanol. Zhou et al. [126] used modified GD to prepare 

hollow Pt-Ni alloy nanospheres for liquid phase hydrogenation of p-chloronitrobenzene 

to p-chloroaniline. Such materials showed much higher activity, enhanced selectivity, and 

better durability than solid Pt nanoparticles. 

In the present case, to be comparable with our previous work [42], SiO2-supported 

Ag has been chosen as the base material for the preparation of various levels of Pd 

deposited by GD. From examination of standard reduction potentials, it is 

thermodynamically favorable for Pd2+ reduction to occur and to deposit on the Ag surface 

while Ag0 is oxidized to Ag+ (Pd2+ + 2e- = Pd0, E° = 0.915V; Ag+ + e- = Ag0, E° = 

0.799V). These bimetallic compositions have been characterized by Fourier-transform 

infrared (FTIR) spectroscopy of CO adsorption and X-ray photoelectron spectroscopy 

(XPS); catalysts have also been evaluated for the selective hydrogenation of acetylene in 

excess ethylene at the conditions used in our previous publication7. The results indicate 

that GD of Pd readily occurs but that catalyst surfaces are enriched in Ag due to diffusion 

of the Pd and/or the Ag components. Selectivity of acetylene hydrogenation is increased 

when small ensembles of Pd are located on the Ag surface. 

 

4.3 Results and discussion  

Silver dispersion and surface sites were measured for the base 2 wt% Ag/SiO2 

material prepared by incipient wetness. From chemisorption using H2 titration of O-

precovered Ag sites at 170 °C (H2 titration uptake curves shown in Figure 4.1 in 

Supplementary Information), the average Ag dispersion was 4.9%, which corresponds to 
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an average Ag particle size of 23.8 nm and 5.52 × 1018 Ag surface sites per gram of 

catalyst, assuming spherical particle shape. This concentration of Ag surface sites was 

then used to calculate the theoretical coverage of Pd on Ag during GD. For further 

characterization, powder X-ray diffraction (XRD) on 2 wt% Ag/SiO2 was performed and 

the profile was shown in Figure 4.2 in Supplementary Information. The Ag particle size 

obtained from refinement of the XRD pattern was 19.6 nm, which is in good agreement 

with the chemisorption result. 

 
 

Figure 4.1 Uptake curves for H2 titration of O-precovered Ag sites at 170 °C for 2 wt% 

Ag/SiO2. 

 

 
 

Figure 4.2 XRD pattern of 2 wt% Ag/SiO2. 
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The formation of true bimetallic Pd-Ag/SiO2 catalysts prepared by GD requires 

that the Pd2+ cations should only react with Ag sites and not be adsorbed on the silica 

support. To prevent the unwanted strong electrostatic adsorption of Pd2+ cations onto 

silica, the pH of the galvanic displacement bath should be maintained below the point of 

zero charge (PZC) of the support where the SiO2 surface is positively charged and cannot 

adsorb cations [62,70]. The PZC of the silica support used in this study was ~ pH 3.5, so 

the pH of the bath was maintained at 2.0 ± 0.1. The blank experiment with a bath of Pd2+ 

and silica support at pH 2 was conducted, and there was no observed physisorption of 

Pd2+ on the silica support under this condition. On the other hand, at this condition it is 

thermodynamically favorable for Pd2+ reduction to occur by oxidation of Ag0 to Ag+. 

However, when the reaction was conducted in the pH 2 solution containing HNO3, it was 

found that Ag0 metal might be not only displaced by Pd2+ but also be oxidized by HNO3. 

Thus, the dissolution of Ag metal from 2 wt% Ag/SiO2 in pH 2 HNO3 solution was 

investigated prior to the GD experiments. From Figure 4.3, it can be seen that the amount 

of Ag dissolution increased asymptotically with time to approximately 20 μmoles/g cat, 

or approximately 10% of the total Ag content dissolved within 1 h. The limiting value of 

20 μmoles/g cat also suggests that only some of the Ag is susceptible to dissolution, such 

as those Ag atoms existing at corners and edges of 23.8 nm Ag particles. Therefore, to 

determine the concentration of displaced Ag+ from 2 wt% Ag/SiO2 due to GD, the 

amount of Ag+ from HNO3-facilitated Ag dissolution was subtracted from the total 

solution concentration of Ag+. The remaining amount of Ag+ was labeled as “corrected 

Ag+” in figures and tables.  
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Figure 4.3 Ag dissolution from 2 wt% Ag/SiO2 in pH 2 HNO3 solution at room 

temperature. 
 

A series of bimetallic Pd-Ag/SiO2 catalysts were prepared with increasing 

loadings of Pd on Ag. The time-dependent metal displacement profiles are illustrated in 

Figure 4.4. Both the concentrations of deposited Pd2+ and corrected displaced Ag+ were 

monitored during the experiments. For rigorous GD, the ratio of deposited Pd2+/displaced 

Ag+ is 1:2 for the reaction Pd2+ + 2Ag0 → Pd0 + 2Ag+. The Pd coverage should then be 

limited to 0.5 monolayers on Ag, since two Ag surface atoms are required for each Pd2+ 

deposited. However, the 0.03, 0.09, 0.28, and 0.32 wt% Pd-Ag samples shown in Figure 

4.4A correspond to 0.3, 0.9, 2.9, and 3.3 theoretical monolayers coverage on Ag, when 

Ag dissolution is not taken into account. The analyzed compositions of the catalysts are 

summarized in Table 4.1 and indicate that for the higher Pd loadings substantial loss of 

Ag has occurred, primarily by galvanic displacement (dissolution of Ag+ in the acidic 

solution is less important for the higher Pd loadings). For the samples designated as 0.39 

and 0.44 wt% Pd, the molar ratios of [Ag]/[Pd] are only about 2.5, corresponding to a 
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bulk empirical formula of Ag0.7Pd0.3. Thus, extensive mixing of Ag and Pd in the 

bimetallic particles has occurred. 

The increased Pd deposition beyond the theoretical limit for GD indicates one of 

two possibilities. First, there were perhaps defects on the Ag surface that permitted access 

of  Pd2+  to  more  Ag  metal  sites  in  the  sub-surface  region.   Alternatively,  there  was 

 
 

 
 

Figure 4.4 Time-dependent galvanic displacement profiles of (A) deposited Pd2+ from 

bath solution and (B) galvanically displaced Ag+ from 2 wt% Ag/SiO2 at room 

temperature with different initial Pd2+ concentrations.   
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Table 4.1 Composition of Pd-Ag catalysts after galvanic displacement experiments. 

Actual catalyst compositions based on analyzed Ag and Pd loadings, not predictive 

stoichiometries. 
 

Catalyst 

Designation 

Initial 

Ag 

loading 

(%) 

Final Ag 

loading 

after 

dissolution 

and GD 

(%) 

Ag loss 

based on 

AA 

analysis 

(%) 

Actual metal  

composition of catalyst 

Molar 

ratio 

of Ag 

to Pd 

2 wt% Ag/SiO2 2.0 ― ― 2 wt% Ag ― 

0.03 wt% Pd 2.0 1.71 14.5 0.03 wt% Pd - 1.71 wt% Ag 56.2 

0.09 wt% Pd 2.0 1.50 25.0 0.09 wt% Pd - 1.50 wt% Ag 16.4 

0.28 wt% Pd 2.0 1.42 29.0 0.28 wt% Pd - 1.43 wt% Ag 5.0 

0.32 wt% Pd 2.0 1.21 39.5 0.32 wt% Pd - 1.21 wt% Ag 3.7 

0.39 wt% Pd 2.0 1.01 49.5 0.39 wt% Pd - 1.01 wt% Ag 2.6 

0.44 wt% Pd 2.0 1.02 49.0 0.44 wt% Pd - 1.02 wt% Ag 2.3 

 

diffusion of Pd into the bulk of Ag particles, or more likely, migration of Ag to the 

surface. Indeed, the surface free energy of Ag metal is lower than that of Pd metal based 

on calculated and experimental results from others [127-130]. Mezey [129] reported 

surface free energies (SFE) of 2043 and 1302 ergs/cm2 for Pd and Ag metallic surfaces at 

298 K, respectively, indicating that it is thermodynamically preferred for Ag to diffuse to 

the surface of a Ag-Pd bimetallic particle. Tang [130] has also calculated the SFE values 

of specific Ag facets and estimated the free energies of the two most common facets of 

Ag particles, the (111) and (100) surfaces, are 881 and 948 ergs/cm2, further showing the 

thermodynamic favorability for Ag diffusion to the surface of Pd-Ag bimetallic particles. 

In support of the first possibility, Xia et al. [131] reported that when Na2PdCl4 was added 

to a suspension of Ag nanocubes, etch pits developed on the surfaces of the nanocubes, 
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primarily at the corners. Oxidation within the etch pits removed Ag (as Ag+) from the 

interior rather than the surface of the nanocubes to simultaneously reduce Pd on the 

exterior of the Ag nanocubes. Although the supported Ag particles in this study likely 

exist as spherical particles, there are still corners and edges that might provide etch pits 

for access to the interior of the Ag particles. However, the more likely explanation is that 

the large difference in SFE values for Ag and Pd result in Ag diffusion to the surface to 

provide fresh Ag atoms for galvanic displacement with Pd2+.  

It can be seen in Figure 4.4A that the displacement reaction is initially first order 

in Pd2+, but as the Ag surface becomes depleted the rate of displacement decreases. 

Explicit plots of first order reaction for Pd2+ disappearance vs. time for 0.09 – 0.32 wt% 

Pd-Ag samples are shown in Figure 4.5 in Supplementary Information. A straight line 

correlation for ln [Pd2+] disappearance vs. time confirms that the displacement reaction is 

initially first order in Pd2+. Figure 4.4B shows, as mentioned earlier, the concentration of 

corrected Ag+, which is the actual amount of the galvanically-displaced Ag+. The 

decrease in Pd2+ and increase in corrected Ag+ in the solution confirm that GD does 

occur. For the 0.32 wt% Pd-Ag sample the reaction was conducted with a much higher 

initial concentration of Pd2+ in an attempt to achieve more deposition. However, Pd2+ 

deposition ceased after around 30 min, leaving more than 20 µmoles Pd2+/g cat in 

solution to give a similar amount of deposition as the 0.28 wt% Pd-Ag sample, indicating 

that galvanic displacement has reached an upper limit and is not kinetically dependent on 

the concentration of Pd2+ remaining in solution. To determine whether higher 

temperatures increased displacement, bath temperatures of 50 and 75 °C were examined 

and  the  corresponding  kinetic  curves of deposited Pd2+ and displaced Ag+ are shown in  
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Figure 4.5 First order plots for Pd2+ disappearance vs. time for (A) 0.09, (B) 0.28, (C) 

0.32 wt% Pd on Ag/SiO2. A straight line correlation confirms first order dependency. 
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Figure 4.6 Time-dependent galvanic displacement profiles of (A) deposited Pd2+ from 

bath solution and (B) galvanically displaced Ag+ from 2 wt% Ag/SiO2 at 25, 50 and 75 

°C with same initial Pd2+ concentration. 

 

Figure 4.6A and Figure 4.6B, respectively. The results shows that galvanic displacement 

increased at higher temperatures, suggesting that activated diffusion of Ag to the surface 

occurred during GD, again due to differences in the surface free energies of Ag and Pd.  

To determine the concentrations of surface Pd on Ag, the standard H2-O2 titration 

at 40 °C used for Pd metal [31,42] was conducted for all samples. For the highest Pd 

weight loading sample (0.44 wt% Pd-Ag), 2.49 × 1019 Pd atoms/g cat were deposited on 
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the Ag surface. However, there was no significant H2 uptake for this sample as well as for 

all other samples, suggesting that the surface was highly enriched with Ag. This is 

inconsistent with the observation that during the preparation of samples with high Pd 

weight loadings, the GD reaction stopped suggesting there were no exposed Ag atoms. 

Such contradictory results might be caused by the pretreatment step during the 

chemisorption. The 2 h reduction at 200 °C for Pd-Ag samples may cause Ag atoms with 

lower surface energy to move from the bulk to the surface or possibly drive Pd atoms 

with higher surface energy into the subsurface of Ag. The effects are the same; Ag 

becomes enriched at the surface of the bimetallic particle. The Pd-Ag system is a well-

known binary alloy [132] and such migration of Pd into the bulk and/or Ag moving to the 

surface may result in the formation of a Pd-Ag alloy near the catalyst surface.  

To explore further the distribution of Pd atoms on the Ag surface, FTIR 

spectroscopy of CO adsorption at room temperature was conducted on the in situ 

reduced, monometallic Ag/SiO2 and bimetallic Pd-Ag/SiO2 catalysts. Representative 

spectra for the different Pd loadings are shown in Figure 4.7. There were no CO 

vibrations observed for Ag/SiO2 sample, which is in agreement with the observations of 

Rodriguez et al. [133] that Ag0 is inactive for CO adsorption. The FTIR spectra of the CO 

adsorption on the commercial 1.85 wt% Pd/SiO2 catalyst was previously published by 

our group [103]. For Pd-Ag/SiO2 samples, a single CO stretching band was observed in 

the 2000-2100 cm-1 region with the peak centered at approximately 2046 cm-1, which was 

attributed to linearly adsorbed CO on fully reduced Pd sites [103,134,135]. However, 

bridge-bond CO between 1800-2000 cm-1 was not observed. This result indicates that 

some surface Pd is present and that the Pd atoms are distributed in very small  ensembles,  
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Figure 4.7 FTIR spectra for CO adsorption on various Pd-Ag/SiO2 bimetallic catalysts. 

 

 

possibly even atomically, on the Ag surface. The scarcity of Pd sites may also indicate 

that the 200 °C reduction treatment contributes to a Ag-rich surface, either by diffusion of 

Pd to into the bulk or migration of the Ag to the surface, to leave only a scattered 

distribution of Pd atoms on the surface. However, the much lower value of SFE for Ag 

suggests that subsurface Ag atoms migrate to the surface, covering the Pd atoms to give a 

Ag-enriched bimetallic surface. The peak intensity increases gradually with increasing Pd 

weight loadings, indicating that the bulk particles become more saturated with Pd atoms 

at higher weight loadings and that more Pd atoms remain exposed on the surface. It is 

also possible that exposure to CO for the FTIR experiments may cause Pd atoms to 

migrate to the surface of the catalyst due to the high heat of adsorption for CO on Pd 

[136]; however, the Pd-catalyzed activity of these compositions for C2H2 hydrogenation 

(later point in this manuscript) suggest the surface Pd sites were initially present, but too 

low for accurate chemisorption. 

In addition to changes in peak intensity, shifts in vibrational band positions were 

observed with addition of Pd to Ag. Typically, CO coverages increase with more Pd on 
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the surface, which results in greater CO dipole-dipole interactions and an accompanying 

shift to higher frequencies [134]. Conversely, in the present case (Figure 4.7) peaks for 

CO adsorption shift to lower frequencies as the Pd weight loadings increased. This is 

consistent with what was observed in a previous study from our group [134] for Ag-

Pd/SiO2 prepared by ED of Ag on Pd. In that case, the CO adsorption peaks shifted to 

higher frequencies as the deposited Ag diluted the Pd surface into smaller ensembles. It 

was proposed that the frequency shift was related to an electronic effect between Pd and 

Ag. XPS analyses showed the Ag 3d5/2 binding energy (BE) was shifted to lower values 

when deposited on Pd; as the surface coverage of Ag on Pd increased, the BE shift 

decreased from 0.7 to 0.1. The BE shifts decreased with coverage because the higher 

surface coverages of Ag resulted in autocatalytic deposition to form three dimensional 

aggregates of Ag that were more similar to bulk Ag metal particles. The BE shift was 

maximized at the lowest level of deposition since the Ag was essentially distributed in a 

monodisperse manner on the Pd surface to give the maximum e- transfer from Pd to Ag. 

The direction of the CO stretching frequency shift suggested that the decrease of the 

electron density of surface Pd atoms lowered the back donation from non-bonding 

electrons of Pd to the π* orbitals of CO. This electronic interaction appeared to outweigh 

any shift to lower frequencies due to lower dipole-dipole interactions.  

 In the present study, e- transfer from Pd to Ag should be maximized for the lowest 

levels of galvanically-exchanged Pd since the number of Pd-Ag interactions (e- transfer 

from Pd to Ag) is highest at these conditions. For the 0.09 wt% Pd sample, the empirical 

formula of the bimetallic particles corresponds to Ag0.94Pd0.06 to give a very dilute Pd 

composition, which should exhibit the greatest extent of Pd-Ag interaction. This results in 
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less electron donation from non-bonding electrons of Pd to the π* orbitals of CO to give a 

higher C-O bond order and an upshifted C-O stretching frequency.  

To examine the surface/near-surface of the Pd-Ag samples, XPS measurements 

were performed with detailed scans of the Pd 3d and Ag 3d orbitals, and the binding 

energies were compared with the values obtained from the monometallic (reference) 

catalysts. The Si 2p peak of the support was used as an internal standard to confirm the 

peak positions, and all peak intensities for Pd 3d and Ag 3d were normalized to Si 2p 

peak intensity for comparison. Results shown in Figure 4.8A confirm there was Pd at 

least in the near surface (escape depth of photoelectrons is several lattice layers) of the 

catalysts prepared by galvanic displacement. The Pd and Ag peak intensities in Figure 

4.8A and Figure 4.8B also indicate, as expected, that near surface Pd concentrations 

increase and Ag concentrations decrease when more Pd metal is galvanically-exchanged. 

The assignment of Ag oxidation state by XPS is a matter of controversy. A large 

discrepancy and superposition of binding energy values of Ag 3d exists in the literatures 

[2,137-142]: Ag 3d5/2 is reported to be from 366.4 to 369.2 eV for Ag0; from 367.5 to 

368.8 eV for Ag2O; and from 367.4 to 368.4 eV for AgO. Therefore, some studies [137-

139] report a negative shift for oxidized Agδ+ versus Ag0, while others [2,140-142] 

observe a positive shift instead. Because of the uncertainty of Ag 3d binding energies of 

supported Ag catalysts, presumably due to the charging effects of the insulating silica 

support and possible Ag particle size effects, comparisons of Ag binding energies are 

valid only within a given study for similar Ag morphologies and particle size. To confirm 

the Ag 3d5/2 binding energies for Ag0 and Ag+ (or Agδ+) species in this study, the XPS 

spectra  for  2 wt% Ag/SiO2  shown  in  Figure 4.9  were  taken  after  in situ reduction  in  
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Figure 4.8 XPS spectra of (A) Pd 3d on 2 wt% Pd/SiO2 and Pd-Ag/SiO2 and (B) Ag 3d 

on 2 wt% Ag/SiO2 and Pd-Ag/SiO2. All samples were reduced in situ at 200 °C in 100% 

H2 for 2 h. 

 

100% H2 at 200 °C for 2 h and after in situ calcination in 100% O2 at 200 °C for 2 h. The 

Ag 3d5/2 values are 367.9 eV after reduction (red) and 368.7 eV after calcination (blue), 

corresponding to Ag0 and Ag+ respectively. Thus, the shift to higher Ag 3d5/2 binding 

energy value in this study indicates electron transfer away from Ag. The similar trend on 

12 wt% Ag/Al2O3 sample was observed in a previous study from our group [2]. Besides, 

the XPS spectrum was also taken for the fresh prepared 2 wt% Ag/SiO2 sample (black) 
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that was ex situ calcined and reduced before being loaded into XPS. It shows that the 

base Ag/SiO2 was well reduced before the preparation of Pd-Ag/SiO2 bimetallic catalysts. 

However, because of the complexity and controversy of binding energy shift for Ag 

systems, other reasonable explanations [140-142] for a positive shift due to factors other 

than an oxidation state change in Ag cannot be ruled out. For all bimetallic compositions 

in this study, shifts to higher binding energies were observed for the Pd 3d3/2 and Pd 3d5/2 

peaks in comparison to 2 wt% Pd/SiO2 catalyst. Conversely, the Ag 3d3/2 and Ag 3d5/2 

peaks were shifted to lower binding energies compared to a 2 wt% Ag/SiO2 catalyst. 

These shifts of Pd 3d and Ag 3d peaks indicate a net electron transfer from Pd to Ag, 

which is also consistent with previous work from our group12 for Ag-Pd/SiO2 catalysts 

prepared by ED of Ag on Pd. 

 
 

Figure 4.9 Ag 3d spectra of 2 wt% Ag/SiO2 for (1) ex situ pretreatment in air at 300 °C 

for 2 h and in 10% H2/He at 300 °C for 2 h, (2) in situ pretreatment in 100% H2 at 200 °C 

for 2 h, and (3) in situ pretreatment in 100% O2 at 200 °C for 2 h. 

 

As more Pd is deposited onto Ag, the binding energy shift to lower values for Ag 

in Figure 4.8B increases from 0.4 eV for 0.09 wt% Pd to 0.6 eV for 0.39 wt% Pd since 

there are more Pd atoms to interact with neighboring Ag atoms. Because Ag is the 
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majority component in these bimetallic particles, the magnitude of the BE shift is 

somewhat dampened by those Ag atoms that do not interact with Pd atoms. Higher Pd 

loadings increase the number of Pd-Ag interactions. The upshift in Pd 3d5/2 BE values is 

approximately 0.4 eV for all Pd loadings since all Pd atoms are interactive with 

neighboring Ag atoms. The observed binding energy shifts for the Pd-Ag bimetallic 

catalysts as a function of Pd weight loading are consistent with the red shift of the CO-Pd 

vibrational band observed by FTIR spectroscopy and lend further credence to the 

supposition that there was a transfer of electrons from Pd to Ag. 

Selective hydrogenation of acetylene in the presence of excess ethylene was 

carried out for the different compositions of Pd-Ag/SiO2 catalysts at the same reaction 

conditions used for the Ag-Pd/SiO2 bimetallic catalysts reported in our previous work7. 

The exception was that increased weights of catalysts were required to account for the 

lower number of accessible Pd sites with these catalysts. 

 Figure 4.10A shows conversion of acetylene and selectivity of acetylene 

hydrogenation towards ethylene as a function of Pd weight loading on Ag/SiO2. No data 

are shown for 0.09 wt% Pd-Ag/SiO2 because activity was too low for accurate 

measurement. The base Ag/SiO2 catalyst exhibited no reactivity for acetylene 

hydrogenation during a control experiment. The C2H2 conversion increased from 2.0% to 

17.5% with increasing Pd weight loadings, consistent with the FTIR results that showed 

more Pd on the Ag surface for higher levels of Pd deposited by GD. Selectivities for 

C2H4 formation remained essentially constant at approximately 80% for the different Pd 

loadings; likewise, the selectivities for C2H6 and C4 hydrocarbons were also relatively 

constant  for  the  different  Pd  loadings  (Figure 4.10B). This indicates that the ensemble  
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Figure 4.10 (A) Conversion of acetylene and selectivity of acetylene to ethylene and (B) 

selectivity of acetylene to ethane and C4s as a function of Pd weight loadings on Ag/SiO2. 

Reaction conditions: 65°C and feed composition of 1% C2H2, 5% H2, 20% C2H4, and 

balance He at GHSV = 6.0 × 105 h-1. Error bars represent maximum and minimum values 

for each data point; data point is average value. 

 

sizes and electronic charges of Pd sites were similar over this composition range, since 

changes in Pd ensemble sizes and/or changes in electronic charges of the Pd surface sites 

would be expected to change the selectivity for C2H4 formation [98]. Atomic, or near 

atomic dispersion of surface Pd sites should favor π-bonded C2H2 which favors C2H4 

formation [42]. Since FTIR and XPS analyses indicated that the Pd ensemble sizes and 
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electronic Pd 3d states were constant over this range of Pd weight loadings, catalyst 

selectivities should also remain the same. 

In our previous work for the electroless deposition of Ag and Au on Pd catalysts, 

C2H2 conversions decreased with increasing Group IB coverage (fewer surface Pd atoms 

were exposed) [42]. However, selectivity of C2H2 to C2H4 was enhanced at higher Ag and 

Au coverages, particularly for fractional coverages high than 0.80. The similar 

performance trends for both Ag-Pd and Au-Pd catalysts suggested the bimetallic effect 

was primarily geometric and not electronic in nature. That is, at high Group IB coverages 

with smaller ensembles of contiguous Pd sites, acetylene was weakly adsorbed as a π-

bonded species, which favored the hydrogenation to ethylene which readily desorbed. On 

the other hand, acetylene was bonded in a multi-σ mode on larger ensembles of Pd and 

desorbed only when fully hydrogenated to C2H6. However, the selectivity values for C2H4 

formation at high coverages of Ag and Au for the Ag-Pd and Au-Pd catalysts were as 

high as 86 – 90%, which is noticeably greater than 80% for this family of catalysts. 

Recent computational studies by Neurock [98] and Nørskov [106] for acetylene 

hydrogenation on Ag(111), Pd(111), Pd0.75Ag0.25/Pd(111), and Pd0.50Ag0.50/Pd(111) have 

shown that while the geometric effects of Pd surface dilution into small Pd ensembles by 

Ag are more important than electronic effects of Ag on Pd atoms, there are still 

observable electronic effects. Any electronic effect that lowers the adsorption energy of 

C2H2 will increase selectivity of hydrogenation to form C2H4. Our XPS and FTIR data 

show e- transfer from Pd to Ag, leaving the Pd surface sites somewhat e- deficient. This 

results in stronger interaction between Pd and the e- rich π-bond system of C2H2 to give 

higher adsorption energies of π-bonded C2H2. This higher adsorption energy increases the 
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extent of hydrogenation of C2H2 to C2H6 before desorption can occur. This is more 

pronounced in our current study because Pd is the minority component and more 

susceptible for e- transfer to Ag; Table 4.1 confirms the minority compositions of the 

different bimetallic catalysts. In our earlier study [42] where Ag was confined to only the 

surface, Pd was by far the majority component with more limited Pd-Ag electronic 

interactions; hence the somewhat higher selectivities for C2H2 hydrogenation to C2H4. 

 

4.4 Conclusions 

A series of bimetallic Pd-Ag/SiO2 catalysts were prepared by galvanic 

displacement with increasing loadings of Pd on Ag. The actually increased Pd deposition 

beyond the theoretical limit for galvanic displacement indicated that the large difference 

in surface free energy for Pd and Ag resulted in Pd diffusion into the bulk of Ag particles, 

or Ag diffusion to the surface to provide fresh Ag atoms for further galvanic 

displacement. Such migration led to the formation of a Pd-Ag alloy near the catalyst 

surface. FTIR results revealed that the Pd atoms on all prepared catalysts are distributed 

in very small ensembles or possibly even atomically on the Ag surface. Such geometric 

effects were further confirmed by evaluation studies revealing that the selectivities for 

C2H4 formation remained high and constant for different Pd loadings. However, unlike 

for the case of Ag on Pd surfaces [42], the Pd sites here are significantly influenced by 

the electron transfer from Pd to Ag. This results in a competing electronic effect in these 

catalysts that limits the ability to obtain very high selectivity towards C2H4. 
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CHAPTER 5: 

 

CONCLUSIONS
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In this Dissertation, a series of Ag- and Au-Pd/SiO2 bimetallic catalysts were 

prepared by electroless deposition with incremental and controlled coverages of Ag and 

Au on Pd. The catalysts were characterized by atomic absorption spectroscopy and 

selective chemisorption, and evaluated by selective hydrogenation of acetylene in excess 

ethylene followed by a corresponding kinetic study. Both Ag- and Au-Pd/SiO2 catalysts 

showed increased selectivity of acetylene to ethylene and higher turnover frequencies of 

acetylene conversion at high Ag and Au coverages due to the transition of acetylene 

adsorption modes. That is, at low coverages where there was abundance of contiguous Pd 

surface sites on large Pd ensembles, acetylene was more likely to be strongly adsorbed as 

multi σ-boned ethylidyne which was responsible for the formation of ethane. On the other 

hand, at high coverages when most of the Pd surface was covered by Ag or Au, the Pd 

ensembles were much smaller and acetylene was more likely adsorbed as a weaker π-

bonded species which favored the conversion of acetylene to ethylene. Further kinetic 

studies on the Pd/SiO2 and Ag-Pd/SiO2 (θ = 0.92, best catalyst performance) confirmed 

the above hypothesis. Results showed that acetylene reaction order increased from -0.67 

to -0.20 for Pd and Ag-Pd, respectively. The negative reaction orders confirmed that 

acetylene was strongly adsorbed on the Pd surface of both catalysts, but the more 

negative reaction order for Pd than Ag-Pd implied that acetylene was more strongly 

adsorbed on the former catalyst. Finally, the similar performance trends for Ag- and Au-

Pd/SiO2 suggested that the bimetallic effect for these catalysts was likely geometric and 

not electronic in nature.  

For comparison, a series of reverse Pd-Ag/SiO2 bimetallic catalysts where 

variable theoretical coverages of Pd were deposited onto Ag surfaces was prepared using 



 

93 

galvanic displacement of Ag0 by Pd2+ to further explore the nature of bimetallic effects 

for selective acetylene hydrogenation. Characterization results from atomic absorption 

spectroscopy showed that the amount of actual Pd deposition was beyond the theoretical 

deposition limit, in contrast to the theory that galvanic displacement reaction should stop 

when the surface of the base material was completely displaced. Further results from 

Fourier transform infrared spectroscopy of CO adsorption indicated that the surface Pd 

concentrations were considerably lower than the amount of Pd deposited. The AA and 

FTIR results suggested that Pd diffused into the bulk of Ag particles or that Ag diffused 

to the surface to provide more fresh Ag atoms for further galvanic displacement. FTIR 

results also revealed that the Pd atoms left on the surface were distributed in very small 

ensembles or possibly even atomically on the surface for all catalysts, which resulted in 

high and constant selectivities for ethylene formation for different Pd loadings. Unlike  

the earlier case of Ag on Pd surfaces using ED, for the reverse Pd on Ag samples 

prepared by GD the diffusion of Pd into the Ag lattice led to greater electronic 

interactions between these two metals, which was confirmed from x-ray photoelectron 

spectroscopy results. These interactions resulted in a competing electronic effect in these 

catalysts that limited the selectivity of acetylene hydrogenation to form ethylene. 

Both electroless deposition and galvanic displacement were proven to be viable 

methods to prepare Group IB-Pd bimetallic catalysts with proximal contact between two 

metals with controlled deposition of a secondary metal on the primary metal. Both 

methods permitted the design and preparation of bimetallic catalysts with surface 

compositions that greatly influenced the catalyst performance for selective acetylene 

hydrogenation.
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