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Lay Summary 

Hydrogenation reactions – reactions with hydrogen – are used in the production of many 

everyday goods, including perfumes, plastics, and pharmaceutics. These processes typically 

require a catalyst. Catalysts are particles that accelerate the rate of a reaction and improve the 

yield of the desired product without being consumed. In hydrogenation reactions, metal 

nanoscale (0.000000001 m) particles comprising of palladium (Pd) or nickel (Ni) usually 

function as the catalyst. However, recent studies have shown that combining these two metals 

in one particle can modify and even enhance their catalytic properties. These properties can be 

tuned and potentially optimized by varying the relative amounts of Pd and Ni (the composition) 

within the particles. Therefore, this thesis focused on the preparation and catalysis of nanoscale 

catalysts with different amounts of Pd compared to Ni. First, we made the catalysts with a facile 

and industrially relevant preparation technique. Then, we investigated the effects of 

composition on the rate and the yield of the desired product in three different liquid phase 

hydrogenation reactions. Their stability (if their structure remained unaltered during catalysis) 

was also studied. We found that these properties depended on both the composition of the 

catalyst and the reaction. In two reactions, an increasing amount of Pd relative to Ni slowed the 

reaction down. The opposite was true for the other reaction; the rate increased with the amount 

of Pd in the particles. In general, Pd decreased the yield to the desired product in two reactions. 

This was not evident in another. The stability of the catalyst also depended on the composition 

in two of the reactions, but not in the third one. Our findings show the importance of selecting 

the right composition and reaction for optimal catalytic performance.  
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Abstract 

Approximately 25% of chemical processes involve at least one hydrogenation step. Most rely 

on heterogeneous catalysts. A promising way to improve the efficiency of these processes is to 

combine two metals, such as Pd and Ni, in one nanoparticle (NP). Catalytic performance can 

be tuned by varying the composition. In this thesis, alloyed Pd-Ni/SBA-15 NPs of different 

atomic ratios (Pd:Ni 1:20, 1:15, 1:10, and 1:7) were prepared by incipient wetness co-

impregnation. Structure-performance relationships were investigated in the liquid phase 

selective hydrogenation of: cinnamaldehyde (CAL), citral, and 2-methyl-3-butyn-2-ol (MBY). 

The activity, selectivity, and stability of the Pd-Ni/SBA-15 catalysts were compared to that of 

Pd/SBA-15 and Ni/SBA-15. Characterization with HAADF STEM(-EDX), H2-TPR, and 

powder XRD showed that we could change the composition of the Pd-Ni/SBA-15 NPs to the 

target ratio, without significantly affecting the particle size or nanoscale intimacy of the two 

metals. The NPs were homogeneously distributed over the support. The performance of the 

model catalysts relied on the composition and model reaction. In the hydrogenation of CAL, 

the activity of the Pd-Ni/SBA-15 NPs additively increased with the Pd content. All bimetallic 

catalysts were slightly less selective (1-3 %) to the main product (hydrocinnamaldehyde) 

compared to Ni/SBA-15. Compared to Pd/SBA-15, they showed a greater resistance to 

leaching. In the reduction of citral, the same general trend in the selectivity to the main product 

(citronellal) and stability was found. However, in this reaction, an increasing Pd content in the 

Pd-Ni/SBA-15 NPs reduced the activity. In the semi-hydrogenation of MBY, a similar 

composition-activity relationship was observed. All bimetallic catalysts had a higher selectivity 

to 2-methyl-3-buten-2-ol than Pd/SBA-15. No evidence of leaching was found. Our findings 

demonstrate the importance of selecting the right composition and (model) reaction for optimal 

catalytic performance.  
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1 
Introduction 

 
1.1 Hydrogenation catalysis 

Approximately 25% of industrial processes involve at least one hydrogenation step.1 From the 

manufacturing of fertilizers, pharmaceutics, and fragrances to the production of fuels: 

hydrogenation reactions are at the heart of the chemical industries.2–5 Most hydrogenation 

processes rely on a heterogeneous catalyst.6,7 In this case, a solid is used to increase the rate of 

a liquid or gas phase reaction. Metal nanoparticles (NPs) (<100 nm) often serve as the catalyst 

due to their increased surface area and unique chemical properties.8 To prevent sintering, these 

particles are embedded in a high-surface-area-support (i.e. a porous support).  

To maximize the efficiency of hydrogenation processes, these NPs must not only be very stable 

and active, but also highly selective.9,10 The synthesis of important industrial intermediates 

typically involves the hydrogenation of unsaturated functional groups such as C=C, C≡C, and 

C=O to their corresponding alkanes, alkenes, and alcohols. Reactants often possess multiple 

functional groups, while only one needs to be reduced. Alternatively, the semi-hydrogenation 

of one functional group (e.g. C≡C → C=C) is required and over-hydrogenation (to C−C) must 

be prevented.  

1.2 Bimetallic catalysis 

Noble metals such as palladium and platinum, or base metals like nickel, are among the most 

widely used metals in hydrogenation catalysis.7 However, recent studies have shown that 

bringing two different metals together at the nanoscale can modify and even enhance catalytic 

performance.11 In some hydrogenation reactions, synergistic effects have been reported.12,13 

Herein, the catalytic properties of the bimetallic NPs exceed those of their monometallic 

counterparts. 

The distinct catalytic properties of bimetallic NPs are generally the result of electronic and/or 

geometric effects.14 

1) Electronic effects   

In this case, the interactions between two metal species change the electronic properties 

of the active sites.15 This is typically understood in terms of the shift in d-band center 
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triggered by electron transfer from the more electropositive metal to the electronegative 

metal. Consequently, the adsorption strength of reactants/products is altered.16 This can 

affect catalytic activity and selectivity.17 

 

2) Geometric effects 

Bimetallic NPs are also geometrically different from their parent metals.15,18–21 This 

includes changes in interatomic bond lengths and in the ensemble size of the active sites. 

The isolation of Pd atoms through alloying has, for instance, been shown to improve 

selectivity in hydrogenation reactions by changing the preferred adsorption mode of the 

reactant.22 

For bimetallic NPs, composition is a key factor in catalytic performance.19,23 By altering the 

ratio of the two metals within the NPs, the electronic and geometric properties of the active 

sites can be modified even more.24 This flexibility in structure offers a unique opportunity to 

further optimize catalytic performance. Hence, it is crucial to control NP composition and 

understand its effect on hydrogenation catalysis. 

1.3 Palladium and nickel 

The choice of metals is often motivated by their individual (catalytic) properties. This work 

focusses on Pd-Ni NPs. Palladium tends to be very active in hydrogenation reactions, even 

under mild conditions.25 However, its low abundancy and high price is an incentive to minimize 

its use. Nickel, although typically less active, is considerable more abundant and economical.26 

It also possesses a high alloying efficiency with noble metals. This makes it easier to achieve 

the nanoscale intimacy between Pd and Ni necessary to tune catalytic performance. Combining 

minimal amounts of Pd with Ni may therefore be a way to cut costs, as well as improve catalytic 

performance.27,28 

1.4 Synthesis 

Uncovering the effects of Pd-Ni NP composition on catalytic performance requires catalysts 

with a precise size, shape, and composition. However, well-defined bimetallic particles are 

complicated to prepare.29 Each metal has different thermodynamic and kinetic properties under 

the same reaction conditions. Phase separation, undesired structures (e.g. core-shell instead of 

alloyed), and/or inhomogeneous compositions are therefore common problems in the synthesis 

of bimetallic catalysts.30 These problems may be circumvented through careful selection of the 

preparation technique.31 

Deposition precipitation and colloidal routes are among the most controllable methods, while 

impregnation tends to produce inhomogeneous particle sizes, compositions, and 

distributions.31–34 Nevertheless, impregnation is the preferred method in industry due to its easy 

execution, low waste streams, and scalability.34 In this work, we show that we can use this 

technique to prepare well-defined Pd-Ni catalysts with different compositions. This is achieved 

by making use of the strongly dispersing power of ethylenediamine – a bidentate chelating 

agent. 
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1.5 Aims and approach 

Although some accounts on the effects of Pd-Ni NP composition on hydrogenation catalysis 

exist, much is still unknown.27,28,35–37 Studies on Pd-Ni NPs with a predominantly Ni character 

are, for example, scarce.28 Moreover, many works only focus on activity and selectivity, but 

neglect catalytic stability.28,36 In other cases, it is unclear if the compositional changes did not 

affect the particle size and/or nanoscale intimacy between the two metals.35 The influence of 

composition on catalytic performance may therefore have been convoluted with other effects. 

Hence, this thesis aimed to: 

1) Prepare uniformly sized alloyed Pd-Ni/SBA-15 catalysts of different compositions with 

dilute amounts of Pd. 

2) Examine Pd-Ni/SBA-15 NP structure-performance relationships in selective 

hydrogenation reactions and compare the activity, selectivity, and stability to Pd/SBA-

15 and Ni/SBA-15 

To this end, incipient wetness (co-)impregnation was used to synthesize alloyed Pd-Ni NPs of 

different Pd:Ni (atomic) ratios: 1:20, 1:15, 1:10, and 1:7, as well as monometallic reference 

catalysts. The NPs were characterized by Scanning Transmission Electron Microscopy with 

Energy Dispersive X-ray spectroscopy (STEM-EDX), powder X-Ray Diffraction (XRD), and 

Hydrogen Temperature-Programmed Reduction (H2-TPR). Structure-performance 

relationships were investigated for the selective hydrogenation of three liquid phase reactions: 

1) cinnamaldehyde, 2) citral, and 3) 2-methyl-3-butyn-2-ol.  

 

 

  



10 
 

2 
 Theory 

 
2.1 Impregnation  

In general, catalyst synthesis by impregnation consists of 3 steps: 1) Impregnation, 2) drying, 

and 3) activation.34 A schematic overview of this process in given in Figure 1. 

1) Impregnation 

First, the precursor solution must be contacted with a porous support.34 Typical precursors 

are inorganic metal salts such as nitrates and acetates in an aqueous solution. Chelating 

agents, e.g. ethylenediamine, are sometimes added, as the formation of chelated metal 

complexes can lead to better defined catalysts and a more uniform distribution of NPs over 

the support.38 The support is impregnated with an amount of precursor equal to the pore 

volume (incipient wetness impregnation) or in excess of the pore volume (wet 

impregnation).31 The former is often preferred, as it prevents the (uncontrolled) deposition 

of metals on the external support surface. In bimetallic NP synthesis, there are two 

variations on the aforementioned impregnation techniques: separate precursor solutions can 

be prepared for each metal with which the support is sequentially impregnated.39 

Alternatively, both metals are dissolved in one precursor solution and the pores are 

impregnated in one step (co-impregnation). Co-impregnation is more commonly employed 

for alloyed NPs.39   

2) Drying 

After capillary forces have forced the precursor into the pores, the support is dried.34 During 

this process, the concentration of the precursor increases and the metal salts precipitate. The 

1. Impregnation 2. Drying 3. Activation

Figure 1. Schematic overview of the general steps in the preparation of supported nanocatalysts by 

impregnation. 
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drying step only greatly influences the distribution of metals if they weakly adsorb to the 

support. 

3) Activation 

In this step, NPs form and the active catalyst is obtained.34 In general, a calcination step 

(heat treatment in air) is followed by a reduction step. The former typically results in metal 

oxides. These become metallic during the reduction step, often performed in H2 (g) under 

elevated temperatures. The temperature (ramp) and gas flow are important parameters, as 

they can greatly influence the metal distribution.40,41  

 

2.2 Selective hydrogenation  

2.2.1 α,β-Unsaturated aldehydes 

One important class of selective hydrogenation reactions are α,β-unsaturated aldehydes.4 This 

transformation is employed in the synthesis of fine chemicals in the fragrance, flavor, and 

pharmaceutical industry. In the reduction of α,β-unsaturated aldehydes, both the C=O and the 

C=C bond can be hydrogenated, as presented in Figure 2. The hydrogenation of the former 

yields the unsaturated alcohol, while the reduction of the latter generates the saturated aldehyde. 

Which one is preferred depends on the application.42 The low value saturated alcohol is 

produced when both groups are hydrogenated.  

The saturated aldehyde is typically formed the most, owing to the lower bond- and adsorption 

energy of the C=C group.43 Studies therefore tend to focus on increasing the selectivity to the 

C=O bond.44 Nevertheless, developing high performing catalysts with an excellent C=C bond 

selectivity is still a great challenge.4 In general, selectivity is correlated with the metal d-band 

width. Catalysts with a more narrow d-band favor C=C hydrogenation.43 Palladium and Ni both 

have a relatively narrow d-band.45 However, the more broad d-band of Pd compared to Ni make 

this metal less selective to the saturated aldehyde.42 Enhanced catalytic properties have been 

reported for bimetallic Pd-Ni NPs, though these still do not always meet industrial selectivity 

demands.4,28,35  

The unique reaction pathways, in combination with the difficulty of obtaining a high selectivity 

to either the unsaturated alcohol or the saturated aldehyde, make the hydrogenation of α,β-

unsaturated aldehydes a good model reaction for fundamental studies on structure-performance 

relationships.4 The selective hydrogenation of cinnamaldehyde and citral – two α,β-unsaturated 

aldehydes – are therefore interesting candidates for uncovering Pd-Ni/SBA-15 structure-

performance relationship.  

 

 

  

 

 

 

 

  

 

  

  

 

  

 

  

    
  

    

Figure 2. General structure of an α,β-unsaturated aldehyde with its characteristic C=O and C=C group. 

Both can be hydrogenated. 
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Cinnamaldehyde 

Cinnamaldehyde (CAL) is a simple and easy-to-handle α,β-unsaturated aldehyde.46 Figure 3 

shows the reaction scheme. The main hydrogenation products are hydrocinnamaldehyde 

(HCAL) and cinnamic alcohol (COL). The over-hydrogenation of either one generates 

hydrocinnamic alcohol (HCOL). Palladium and nickel are both highly selective to HCAL, with 

maximum selectivities of over 90% reported in literature.46,47 Palladium is more active, due to 

its lower activation energy for hydrogen adsorption and dissociation.46 The hydrogenation of 

CAL is sensitive to Pd-Ni NP structure; Han et al. prepared a series of Pd-Ni/SBA-15 bimetallic 

nanocatalysts with different Pd:Ni ratios: 0.2% Pd – x% Ni/SBA-15, with x = 0.4, 0.7, and 

1.2.35 All bimetallic catalysts had a higher CAL conversion and selectivity to HCAL compared 

to their monometallic counterparts. The authors attributed these synergistic effects to a better 

dispersion of Pd in the bimetallic samples. The effects on catalytic performance of Pd-Ni/SBA-

15 NPs with a lower Pd content, as studied in this thesis, have not been previously reported. 

Citral 

The selective hydrogenation of citral is more challenging than the hydrogenation of 

cinnamaldehyde.48 Besides  a conjugated C=C and C=O bond, citral possesses an additional 

terpenoid C=C group. This gives rise to many reaction pathways. Figure 4 shows the most 

relevant ones. The primary products are citronellal and E-Geraniol/Z-Nerol. Citronellol and 

3,7-dimethyloctanal can form when more than one unsaturated group is hydrogenated. 

Palladium and nickel both selectively reduce the conjugated C=C bond, making citronellal the 

main product.49 Maximum selectivities similar to in the hydrogenation of CAL have been 

reported for both metals.48 Stolle et al. studied the effects of Pd-Ni/C composition on citral 

hydrogenation.28 To this end, they synthesized bimetallic NPs with (atomic) ratios of Pd:Ni 3:1, 

4:1, and 7:1. All bimetallic catalysts were more selective to citronellal compared to Pd/C and 

showed synergistic activity improvements. 

2.2.2 Alkynols  

Another important class of selective hydrogenation reactions is the semi-hydrogenation of 

alkynols to alkenols.50 This type of  transformation is used in the synthesis of fine chemicals 

 

 

  

 

 

 

 

  

 

  

  

 

  

 

  

    
  

  
  

 

 

  

 

 

 

 

  

 

  

  

 

  

 

  

    
  

  
  

 

 

  

 

 

 

 

  

 

  

  

 

  

 

  

    
  

  
  

 

 

  

 

 

 

 

  

 

  

  

 

  

 

  

    
  

  
  

   

    

   

    

   

   

   

   

Figure 3. Primary reaction scheme for the selective hydrogenation of cinnamaldehyde (CAL). Three 

main products can be formed: hydrocinnamaldehyde (HCAL), cinnamic alcohol (COL), and the over-

hydrogenated hydrocinnamic alcohol (HCOL). 
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such as vitamins, plastics and  agrochemicals. The main challenge is to prevent over-

hydrogenation to alkanols and oligomerization.51 In industry, alkynol hydrogenation reactions 

are typically catalyzed by the Lindlar catalyst.50 The Lindlar catalyst (Pd-Pb/CaCO3) is a 

palladium-based catalyst treated with lead and quinoline to maximize alkenol selectivity. The 

toxicity of these additives and their adverse effect on activity has sparked a surge of research 

into alternatives, including supported bimetallic NPs.50,52 

2-Methyl-3-butyn-2-ol 

The industrially relevant semi-hydrogenation of 2-methyl-3-butyn-2-ol (MBY) to 2-methyl-3-

buten-2-ol (MBE) is an important model reaction to probe C≡C group selectivity.50 Figure 5 

shows the reaction scheme. The main byproduct is the fully hydrogenated 2-methyl-3-butan-2-

ol (MBA). MBA can either form via sequential hydrogenation (MBY → MBE → MBA) or 

direct hydrogenation (MBY → MBA).53 The oligomerization of adsorbed alkynol species can 

produce dimers.54  

Palladium is among the metals with the highest selectivity to MBE, owing to the higher 

adsorption strength of the C≡C group compared to the C=C bond.50 Nickel is considerably less 

studied in the hydrogenation of MBY, but has shown similar maximum selectivities (over 90%) 

in the reduction of other alkynols.51,55 The hydrogenation of MBY is structure sensitive.56 

However, to the best of our knowledge, this has not been studied for Pd-Ni NPs. González-

Fernández et al. investigated the catalytic performance of Pd-Ni/Al2O3 in the gas phase 

hydrogenation of 3-butyn-2-ol.36 They reported enhanced Pd-Ni/Al2O3 activity and selectivity 

compared to its monometallic counterparts.  
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Figure 4. Simplified reaction scheme of the selective hydrogenation of E/Z-citral. The primary products 

are citronellal and E-geraniol/Z-nerol. Citronellol and 3,7-dimethyloctanal can form when more than 

one unsaturated group is hydrogenated. 
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2.3 Stability 

Catalytic performance degrades over time.57  In liquid phase heterogeneous reactions this may 

be caused by leaching.58 Leaching concerns the dissolution of catalyst components into the 

liquid phase. This negates one of the main advantage of heterogeneous catalysis: easy 

separation and recovery of the catalyst.59 In batch reactor systems, the leached metal species 

remain in the reaction medium. They may, therefore, participate in the reaction, i.e. the reaction 

is not truly heterogeneous.60  

The cause of leaching is often difficult to determine, as many factors can play a role.61 This 

includes: weak metal-support interactions and high shear forces caused by rapid stirring, metal 

oxidation; the reaction temperature, pressure, and gas atmosphere; and the interaction of the 

active sites with the solvent, reactants, intermediates and/or products.60–63 These have all been 

reported to play a role in the leaching of Ni and/or Pd species in organic liquid phase 

(hydrogenation) reactions.64–68 The stability of bimetallic Pd-Ni NPs is largely unexplored.69,70 

However, accounts on other bimetallic heterogeneous systems have indicated that bimetallic 

NPs can show a greater resistance to leaching compared to their monometallic counterparts.71,72 

  

      

     

 

 

  

 

 

 

 

  

 

  

  

 

  

 

  

    
  

  
  

 

 

  

 

 

 

 

  

 

  

  

 

  

 

  

    
  

  
  

 

 

  

 

 

 

 

  

 

  

  

 

  

 

  

    
  

  
  

         

   

 1         

Figure 5. Primary reaction scheme for the hydrogenation of 2-methyl-3-butyn-2-ol (MBY). The main 

product is 2-methyl-3-buten-2-ol (MBE). 2-Methyl-3-butan-2-ol (MBA) is the over-hydrogenated 

product, which may form via MBE or directly from MBY. Oligomerization of adsorbed alkynol species 

can produce dimers.  
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3 
 Experimental 

 
3.1 Chemicals 

All chemicals were used as received. Trans-Cinnamaldehyde (CAL, 99 %, Sigma-Aldrich), 

Citral (95 %, Sigma-Aldrich), Ethylenediamine (EDA, 99 %, ACROS), Hydrochloric acid 

(HCl, 37 wt%, 12.2 M, Merck), Isopropanol (IPA, 99.9 %, Sigma-Aldrich), 2-Methyl-3-butyn-

2-ol (MBY, 98 %, Sigma-Aldrich), Nickel(II) nitrate hexahydrate (Ni(NO3)2∙6H2O, 95 %, 

Sigma-Aldrich), Octane (99 %, Sigma-Aldrich), Palladium(II) Acetate (Pd(OAc)2, 99.9 %, 

Sigma-Aldrich), Pluronic P123 (EO20PO70EO20, Mn~5,800, Sigma-Aldrich), Tetradecane (99 

%, Sigma-Aldrich), Tetraethyl orthosilicate (TEOS, 98 %, Sigma-Aldrich), Toluene (99.85 %, 

ACROS). All H2O used in catalyst preparation and testing was of milli-Q grade (deionized, 

18.2 MΩ cm).  

 

3.2 Synthesis 

3.2.1 Support synthesis 

The SBA-15 (887 m2/g, 1.0 cm3/g) support was synthesized based on the procedure by Lee et 

al..73 First, 23.4 g P123, 607 g H2O, and 146 g HCL were combined in a 1L polypropylene 

bottle. The bottle was then heated inside a 55 ˚C oil bath. Magnetic stirring was employed to 

dissolve all P123. After at least 3 h, the stirring rate was set to 600 rpm and 50 g TEOS was 

added at once. Exactly 2 minutes later, the stirring bar was removed and the bottle closed. Static 

conditions were kept for 24 h. Thereafter, the bottle was transferred to a 90 ˚C autoclave oven 

to allow the silica to condensate for another 24 h. The reaction mixture was then filtered and 

washed with H2O until a pH of 5 was reached using a Buchner set-up. After drying the isolated 

product in a 60 ˚C oven for 4 days, the SBA-15 was calcined in static air at 550 ˚C (1˚C/min)  

for 6 h. 
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Table 1. Impregnation parameters used in the preparation of 2 mL precursor solution for the synthesis 

of  bimetallic Pd-Ni/SBA-15 NPs of different Pd:Ni ratios, as well as monometallic reference catalysts. 

Sample 
(Pd:Ni) 

Ni wt% Pd wt% x Pd(OAc)2 (g) y EDA (µL) z H2O (µL) 

Ni 16 x -  614 948 
1:20 16 1.5 0.034 706 925 
1:15 16 2.0 0.051 714 918 
1:10 16 2.9 0.076 728 903 
1:7 16 4.1 0.109 814 1002 
Pd  -  3.5 0.076 460 1540 

 

3.2.2 Catalyst preparation 

The Pd-Ni NPs of different compositions were prepared by incipient wetness co-impregnation 

of SBA-15 (887 m2/g, 1.0 cm3/g). The following Pd:Ni (atomic) ratios were synthesized: 1:20, 

1:15, 1:10, and 1:7, as well as monometallic reference catalysts. The compositional changes 

were induced by keeping the Ni loading constant (16 wt%), but varying the amount of Pd (1.5 

- 4.1 wt%). In a typical synthesis, 2 mL precursor solution was prepared for 0.5 g SBA-15. This 

called for: 1.022 g Ni(NO3) ∙ 6H2O, x g Pd(OAc)2, y µL EDA, and z µL H2O. The amounts of 

x, y, and z for each sample can be found in Table 1, in addition to the Pd and Ni weight loadings. 

Before impregnation, the support was dried under static vacuum at 170 ˚C for 1 h. Hereafter, 

the precursor was contacted with the support under vigorous magnetic stirring. This was done 

dropwise using a 1 mL syringe. Two impregnation steps were required to achieve the target 

weight loadings. After each step, the support was dried under vacuum for at least 3 hours. The 

active phase was obtained by a subsequent calcination and reduction step in a plug flow reactor. 

All samples were calcined at 450 ˚C for 2 h in air with a heating ramp of 2 ˚C/min and a flow 

of 300 mL/min ∙ g. Reductions took place under the same conditions, only in an atmosphere of 

10 vol.% H2/N2 (g). The Ni/SBA-15 catalyst was the only exception and was reduced at 600 

˚C. 

 

3.3 Characterization 

3.3.1 Inductively coupled plasma – optical emission spectroscopy 

The Pd and Ni weight loadings of fresh and used catalysts were determined with Inductively 

Coupled Plasma - Optical Emission Spectroscopy (ICP-OES). These measurements were 

performed by MIKROLAB – Mikroanalytisches Laboratorium Kolbe, Germany. All samples 

were dried under vacuum at 80 ˚C prior to analysis. 

3.3.2 Electron microscopy 

Average particle sizes and the dispersion of NPs on the support were investigated with 

Transmission Electron Microscopy (TEM). To prepare the samples, catalyst powder was 

dispersed on a Cu grid with a holey carbon Film (Agar, 300). The images were recorded with a 

Talos F200X microscope operated at 200 kV. Average particle sizes were determined with 

ImageJ. For this purpose, the diameter of at least 70 particles was measured.  
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The elemental distribution of Pd, Ni, and Si were mapped using Energy Dispersive X-ray 

(EDX) spectroscopy measurements. Typically, an acquisition time of 7 minutes and a spot size 

of 6 was used. The maps were based on net counts averaged over 3 pixels. 

3.3.3 Hydrogen temperature-programmed reduction 

The reduction behavior of the catalysts (> 150 µm sieve fraction) was analyzed with H2-

Temperature-Programmed reduction (H2-TPR). The measurements were performed with a 

Micromeritics AutoChem II Chemisorption Analyzer. First, the samples were dried under Ar 

atmosphere at 120 ˚C for 1 minute (10 ˚C/min ramp). After allowing them to cool to Room 

Temperature (RT), the gas flow (25.2 mL STP/min) was changed to 5 vol.% H2/Ar (g) and the 

oven set to 600 ˚C (5 ˚C/min ramp). During this step, the hydrogen consumption of the samples 

was monitored with a Thermal Conductivity Detector (TCD).  

3.3.4 Powder X-ray diffraction 

Crystal phases were investigated with powder X-Ray Diffraction (XRD) using a Bruker D2 

PHASER equipped with a Co (Kα, λ = 1.789Å) X-ray source. The diffractometer was operated 

at 30 kV and 10 mA. Diffractograms were measured between 15-80˚ 2θ. Only reduced samples 

were analyzed. To prevent oxidation during the measurements, the XRD samples were prepared 

under inert atmosphere (Ar) and an airtight dome with built-in scattering screen was placed 

around the sample holder. Characteristic Ni peaks were identified with an ICDD reference 

diffractogram: Ni (04-010-6148).   

The Scherrer equation was used on the Ni (111) peaks at 51-52˚ 2θ to determine average 

crystallite sizes (d): 

                  𝑑 =  
𝐾𝜆

𝛽 cos 𝜃
                                                             (1) 

where K is the dimensionless shape factor, λ the X-ray wavelength (nm), β the Full Width Half 

Maximum (FWHM) (rad), and θ the Bragg angle (˚). 74 We assumed K = 0.9.  

The crystal lattice parameters, a (nm), were calculated with Equation 2 (cubic crystal system) 

using the same peaks:  

𝑎 =  
𝜆

2∙sin (𝜃)
√ℎ2 + 𝑘2 + 𝑙2                                       (2) 

where h, k, and l are the miller indices of the Ni (111) plane, i.e. h = 1, k = 1, and l = 1.75 The 

SiO2 peak of the Ni/SBA-15 catalyst at 26.7˚ 2θ was taken as a reference signal to correct for 

the experimental peak shift of all catalysts.  

The found lattice parameters were compared against the theoretical Vegard’s law. The following 

ICDD reference diffractograms were used to determine the linear relationship between the 

composition and the lattice parameter of Pd-Ni alloys: Ni (04-010-6148) and Ni0.5252Pd0.475 (05-

065-5788).  



18 
 

3.3.5 Nitrogen physisorption 

The specific surface area and pore volume of the SBA-15 support were analyzed with N2 

physisorption. First, the support was dried under vacuum at 200 °C. Isotherms were then 

measured at  -196 ˚C with a Micrometrics TriStar 3000.  

3.4 Catalytic testing 

3.4.1 Cinnamaldehyde hydrogenation 

The selective hydrogenation of CAL was performed in a 300 mL stainless steel Parr Instrument 

Company autoclave equipped with a glass liner, sample port, External Catalyst Addition Device 

(XCAD), mechanical stirrer, and with two gas inlets – one for the reactor and one for the XCAD 

– that also served as vents. The set-up is depicted in Figure 6. The reduced catalyst samples (25 

mg, 75-150 µm sieve fraction) were loaded in the XCAD under inert atmosphere to prevent 

oxidation. In a typical run, 2.0 g CAL, 2.0 mL H2O (to prevent acetal formation), 1.0 mL 

tetradecane (internal standard), and 100 mL IPA (solvent) were combined in the glass liner. 

After flushing the reactor with N2 (g) and H2 (g), the catalyst was added via the XCAD. The 

reaction mixture was then heated to 80 ˚C under 30 bar H2 (g) while stirring at 800 rpm. These 

conditions were kept for the duration of the experiment. Liquid samples (approximately 1.7 

mL) were taken from the reaction mixture at given intervals in time. The moment the reaction 

mixture reached 80 ˚C was defined as t0. The composition of the extracts was analyzed with a 

Bruker 550-GC gas chromatograph (GC). To enable the characterization of used catalysts, the 

entire reaction mixture was filtered (Buchner set-up) after each run.  

Figure 6. Liquid phase hydrogenation set-up with: 1) mechanical stirrer, 2) XCAD gas inlet/vent, 3) 

XCAD, 4) pressure gauge, 5) thermocouple, 6) sample port, 7) autoclave gas inlet/vent, 8) autoclave, 

and 9) heating mantle. 
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Table 2. Amount of catalyst (75-150 µm sieve fraction) and Pd and Ni (mg) as used for the 

hydrogenation of citral and MBY. 

Sample (Pd:Ni) Catalyst (mg) Ni (mg) Pd (mg) 

Ni 35 5.8 - 

1:20 35 5.7 0.51 

1:15 23 3.8 0.51 

1:10 18 2.9 0.51 

1:7 10 1.6 0.51 

Pd 15 - 0.51 

 

3.4.2 Citral hydrogenation 

The same general procedure as for the hydrogenation of CAL was employed. In a typical run, 

the following was added to the glass liner: 1.8 g citral, 0.5 mL tetradecane, and 120 mL IPA. 

The catalytic tests were performed at 60 ˚C and 30 bar H2 (g) with a stirring speed of 800 rpm. 

For this reaction, the amount of Pd is each run was kept constant instead of the amount of 

catalyst. Table 2 shows the amounts of catalyst and metal tested for each sample. 

Note: blank runs (only reactant, no catalyst) were performed before transitioning to a new 

reaction. This was done to ensure there was no conversion by leached species or remaining 

catalyst from the previous runs.   

3.4.3 2-Methyl-3-butyn-2-ol hydrogenation 

A minor adjustment to the catalytic testing protocol was made: the reaction mixture was heated 

to the desired temperature under inert atmosphere (N2 (g)). After allowing the temperature to 

stabilize, the gas atmosphere was changed to H2 (g). This moment was defined as t0. The 

following was added to the glass liner: 2.3 g MBY, 0.5 mL octane (internal standard), and 120 

mL toluene (solvent). The hydrogenation of MBY was executed at 50 ̊ C and 30 bar H2 (g) while 

stirring at 800 rpm. The same amounts of catalysts were used for this reaction as in the 

hydrogenation of citral (Table 2). 

3.4.4 Calculations 

The activity, conversion, and selectivity of each catalyst were calculated based on the 

concentration of the reactant and the products in the samples extracted from the reaction mixture 

over time. These concentrations were quantified with GC (see 3.4.1).  

   v        

The conversion, X (%), of the reactant (CAL, citral, or MBY) was determined using the 

following equation:  

𝑋𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡 =
𝑁𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡,𝑡0−𝑁𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡,𝑡𝑖

𝑁𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡,𝑡0

 × 100 %                               (3) 

where Nreactant represents the moles of reactant at reaction time i.  
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S      v    

Equation 4 was used to calculate the selectivity, S (%), to the main product: 

𝑆 =  
𝑁𝑚𝑎𝑖𝑛 𝑝𝑟𝑜𝑑𝑢𝑐𝑡,𝑡𝑖

𝑁𝑎𝑙𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠
 × 100 %                                            (4) 

In this formula, Nmain product stands for the moles of main product at reaction time i. The main 

product is hydrocinnamaldehyde (CAL hydrogenation), citronellal (citral hydrogenation), or 2-

methyl-3-buten-2-ol (MBY hydrogenation). The term  Nall products is a summation of the moles 

of all products at reaction time i. These are: 

• CAL hydrogenation: hydrocinnamaldehyde (HCAL), cinnamic alcohol (COL), and 

hydrocinnamic alcohol (HCOL).   

• Citral hydrogenation: citronellal, citronellol, and 3,7-dimethyloctanal.  

• MBY hydrogenation: 2-methyl-3-buten-2-ol (MBE), and 2-methyl-3-butan-2-ol 

(MBA). 

Tu   v   f  qu     

Apparent turnover frequencies (TOFs) were determined using the following equation: 

𝑇𝑂𝐹 = 
𝑘

𝑁𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑚𝑒𝑡𝑎𝑙
                                                    (5) 

where k is the intrinsic reaction rate and Nsurface metal the moles of surface metal of the supported 

NPs. For the hydrogenation of CAL and citral, a 1st order rate dependency on the reactant 

concentration was assumed. Hence, k (1/s) was determined from the slope of a linear fit in a 

logarithmic reactant concentration (M) versus time (s) plot. For the hydrogenation of MBY, a 

0th order dependency of the reaction rate on the reactant concentration was assumed. Therefore, 

k (M/s) was the slope of a linear fit in a concentration (M) versus time (s) plot. Reactant 

concentrations up to a maximum of 90 % conversion were included in all plots.  

Equation 6 was used to determine Nsurface metal. This formula was based on the metal dispersion 

of Pd NPs. We assumed it would resemble the metal dispersion of Pd-Ni NPs.  

𝑁𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑚𝑒𝑡𝑎𝑙 = 
1.122

𝑑𝑁𝑃 
                                                (6) 

The average NP diameter obtained with TEM analysis is expressed as dNP (nm).  
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4 
 Results and Discussion 

 
4.1 Characterization 

In this work, we synthesized Pd/SBA-15, Ni/SBA-15, and Pd-Ni/SBA-15 model catalysts of 

different compositions by incipient wetness (co-)impregnation of SBA-15. The amount of Pd 

precursor salt was varied to obtain bimetallic NPs of 16 wt% Ni and 1.5-4.1 wt% Pd. This 

corresponds to the following Pd:Ni (atomic) ratios: 1:20, 1:15, 1:10, and 1:7. We performed 

ICP-OES on the Pd-Ni/SBA-15 catalysts and their monometallic counterparts to establish if the 

target weight loadings and ratios were achieved. The results, presented in Table 3, confirm for 

each sample that the desired amounts of Pd and Ni are on the support. While all weight loading 

are slightly below the theoretical values, they meet expectations. The deviations from theory 

are likely the result of e.g. impurities in the precursor salts and/or not all precursor winding up 

on the support (but on the glassware/stirring bar instead).  

The dispersion of NPs and the elemental distribution of Pd and Ni on the support were 

investigated with HAADF STEM(-EDX). Figure 7 provides an overview of the obtained Pd-

Ni/SBA-15 images (see Appendix A for the monometallic reference catalysts). Images A1-D1 

reveal a homogeneous dispersion of the NPs with average diameters of 3.6-3.8 ± 0.8 nm. The 

elemental maps of Ni (red) and Pd (green) (and Si in blue) in images A2-D2/A3-D3 show an 

even distribution of both metals. Overlapping EDX signals suggest intimacy between Ni and 

Pd and bimetallic particles. A few monometallic Pd clusters are observed for the Pd-Ni/SBA-

15 catalyst with the highest Pd content (Pd:Ni 1:7) (not shown here).  

Table 3. Metal weight loadings (Pd and Ni) and atomic Pd:Ni ratios of Ni/SBA-15, Pd/SBA-15, and 

Pd-Ni/SBA-15 catalysts based on theory and ICP-OES measurements. 

Theoretical 
Ratio (Pd:Ni) 

ICP  
Ratio (Pd:Ni) 

Theoretical 
Ni wt% 

ICP 
Ni wt% 

Theoretical 
Pd wt% 

ICP  
Pd wt% 

Ni Ni 16 16.04 x x 
1:20 1:20.6 16 14.06 1.5 1.24 
1:15 1:15.0 16 13.05 2.0 1.58 
1:10 1:9.5 16 14.61 2.9 2.78 
1:7 1:7.0 16 12.92 4.1 3.34 
Pd Pd x x 3.5 3.32 
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Metallic palladium can promote the reduction of nickel oxide via hydrogen spillover from 

dissociative adsorption of H2 (g).76,77 This is a proximity effect.78 Hence, H2-TPR was used as 

a bulk technique to probe the intimacy of Pd an Ni. The H2-TPR profiles of Ni/SBA-15 and all 

Pd-Ni/SBA-15 catalysts are plotted in Figure 8. The Pd/SBA-15 catalyst was not measured, as 

Pd typically reduces at room temperature.79 The peaks in H2 consumption of all presented 

samples are therefore attributed to the reduction of Ni2+ → Ni0. The Ni/SBA-15 catalyst shows 

a maximum at 550 ˚C. Its broad signal suggests the reduction of several nickel oxide species. 

The peak positions of the bimetallic catalysts are shifted to lower temperatures by 

approximately 300 ˚C. This, together with the homogeneity in their peak shapes, indicates a 

similar and close proximity of Pd an Ni for all Pd:Ni ratios.  

 

Figure 7. HAADF STEM images (A1-D1) and EDX maps (A2-D2/A3-D3) of  Pd-Ni/SBA-15 catalysts 

with NPs of different Pd:Ni  ratios. 
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Powder XRD patterns were obtained to determine if the bimetallic NPs are alloyed. Reduced 

samples were measured under inert atmosphere. Figure 9A shows the diffractograms of 

Ni/SBA-15 and every Pd-Ni/SBA-15 catalyst. The Pd/SBA-15 NPs were not measured for 

XRD due to their small size (d = 1.5 ± 0.5 nm). Three distinct signals are identified for the other 

catalysts. The signals at 26.7˚ 2θ corresponds to the support (SiO2). The broad peaks suggests 

short range order. Signals at 51.2-51.7˚ and 59.8-60.8˚ 2θ are assigned to the Ni (111) and Ni 

(200) planes, respectively. This is characteristic of a face centered cubic (FCC) structure.75 

Compared to Ni/SBA-15, the positions of the Pd-Ni/SBA-15 Ni (111) and Ni (200) planes are 

shifted to lower Bragg angles. This indicates the incorporation of Pd inside the Ni crystals in 

Figure 8. H2-TPR profiles of Ni/SBA-15 and Pd-Ni/SBA-15 NPs with different Pd:Ni atomic ratios. 

Figure 9. A) XRD patterns of Ni/SBA-15 and  Pd-Ni/SBA-15 NPs with different Pd:Ni ratios. B) Lattice 

parameter plotted against the Pd content of  the Ni/SBA-15 and Pd-Ni/SBA-15 catalysts. The dashed 

line represents the theoretical Vegard's law. 
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an alloyed phase. As the atomic radius of Pd (169 pm) is larger than that of Ni (149 pm), Pd 

expands the Ni FCC lattice.36,80 This is observed as a peak shift to lower angles. 

According to Vegard’s law, the lattice expansion should scale linearly with the composition of 

alloyed NPs.20 Therefore, to determine if the bimetallic NPs are of the intended compositions, 

the lattice parameters of the Ni/SBA-15 and the Pd-Ni/SBA-15 catalysts were calculated. The 

results are plotted in Figure 9B. The dashed line represents the theoretical Vegard’s law, which 

was based on a Ni and Pd-Ni reference diffractogram (see 3.3.4). The lattice parameters of the 

bimetallic catalysts show only a minimal deviation from theory (0.02 Å). More importantly, 

they scale linearly with an increasing Pd content and the slope is consistent with Vegard’s law. 

This suggests that Pd is incorporated in the Ni crystal domains in accordance with the Pd:Ni 

ratio. The only exception is the Pd-Ni/SBA-15 1:7 catalyst. Its lattice parameter is smaller than 

expected based on the linear trend the other bimetallic NPs follow. This is likely due to the 

monometallic Pd clusters in this catalyst, as observed with TEM.  

The average crystallite sizes of the NPs in each catalyst were determined by using the Scherrer 

equation on the Ni (111) signals. Table 4 shows the results in addition to the average particle 

sizes found with TEM. The finding from the XRD data confirm what TEM analysis already 

indicated: the Ni/SBA-15 and all Pd-Ni/SBA-15 NPs are uniform in size. Only the Pd/SBA-15 

NPs are smaller. This is likely caused by its lower metal weight loading (3.3 wt%). 

Thus far, the HAADF STEM(-EDX), H2-TPR and XRD results demonstrate the successful 

synthesis of uniformly sized Pd-Ni/SBA-15 catalysts with the intended Pd:Ni ratios. As all 

catalysts only considerably vary in NP composition and not size, it is possible to determine 

structure-performance relationships based on composition. For this purpose, the model catalysts 

were investigated for the liquid phase selective hydrogenation of: 1) cinnamaldehyde (section 

4.2), 2) citral (section 4.3), and 3) 2-methyl-3-butyn-2-ol (section 4.4). 

Table 4. Average crystallite and NP sizes of the Pd/SBA-15, Ni/SBA-15, and Pd-Ni/SBA-15 NPs with 

different Pd:Ni ratios based on XRD and TEM analysis, respectively. 

 

 

 

 

 

 

4.2 Cinnamaldehyde hydrogenation 

In the hydrogenation of cinnamaldehyde (CAL), the activity of the Pd/SBA-15, Ni/SBA-15 and 

Pd-Ni/SBA-15 catalysts varies with composition. Figure 10 shows the activity as a function of 

the Pd content. The catalytic activity is expressed as the apparent turnover frequency (TOF in 

s-1 mol surface metal-1). These values were determined using the intrinsic reaction rate assuming 

first order CAL conversion. The dashed line is a guide to the eye and represents an additive 

relationship between the Pd content and the TOF. As expected, the Pd/SBA-15 catalyst is 

considerably more active than Ni/SBA-15. The activity of the bimetallic NPs is also higher than 

Sample 
(Pd:Ni) 

XRD 
Crystallite size (nm) 

TEM 
Particle size (nm) 

Ni 2.5  3.1 ± 0.8 
1:20 3.3 3.8 ± 0.9 
1:15 3.0 3.6 ± 0.8 
1:10 3.2 3.7 ± 0.8 
1:7 3.1 3.8 ± 1.1 
Pd  -  1.5 ± 0.5 
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that of Ni/SBA-15 and increases with an increasing Pd concentration. The small differences in 

composition and the method employed to determine the reaction rate (using a fit) make it 

difficult to establish a trend between the TOF of the Pd-Ni/SBA-15 NPs and their Pd content. 

However, their TOFs lie close to the dashed line in the figure. Palladium may thus have an 

additive effect on the activity of the bimetallic catalysts. 

The conversion of CAL and the formation of the products (HCAL, COL, and HCOL) were 

monitored over time. This is shown in Figure 11 for the Pd/SBA-15, Ni/SBA-15 and Pd-

Ni/SBA-15 Pd:Ni 1:10 catalysts. The reaction profile of the 1:10 sample is representative for 

all bimetallic ratios (Appendix B). In agreement with literature, each catalyst forms HCAL as 

their main product, followed by HCOL.46 Almost no COL is observed. Palladium and Ni both 

favor C=C bond hydrogenation. Any COL that forms is thus likely almost immediately 

converted to HCOL.46 Distinct is the relative amount of HCOL for the Pd/SBA-15, Ni/SBA-

15, and Pd-Ni/SBA-15 catalysts at every level of CAL conversion. The following general trend 

is observed: Pd/SBA-15 > Pd-Ni/SBA-15 > Ni/SBA-15. These findings indicate that 

incorporating dilute amounts of Pd in Ni NPs reduces the selectivity to the C=C bond. As 

discussed in Chapter 2, the selectivity is largely governed by the metal d-band width of the 

catalyst.43 Because Pd has a broader d-band that Ni, adding Pd to Ni/SBA-15 expands the d-

band. This increases the repulsive interaction between the C=C bond and the NPs.81 

Consequently, the bimetallic NPs are more likely to adsorb CAL top-on, thereby promoting 

C=O bond hydrogenation/HCOL formation. 

Based on the aforementioned theory and observations, the selectivity to the main product 

(HCAL) should follow the opposite trend to the relative concentration of HCOL, i.e. Ni/SBA-

Figure 10. Apparent turnover frequencies (TOFs) of Pd/SBA-15, Ni/SBA-15, and Pd-Ni/SBA-15 

catalysts with different Pd:Ni atomic ratios in the selective hydrogenation of cinnamaldehyde (CAL). 

The TOFs are plotted against the Pd content of the NPs. The dashed line is a guide to the eye that 

represents an additive relationship between the Pd content and the activity. Conditions: 80 ˚C, 30 bar H2 

(g), 800 rpm stirring rate, 147 mM CAL in 2-propanol, 25 mg catalyst. 
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15 > Pd-Ni/SBA-15 > Pd/SBA-15. This is confirmed in Figure 12, which depicts the selectivity 

to HCAL against the CAL conversion for each catalyst. However, no relationship between the 

HCAL selectivity of the Pd-Ni/SBA-15 catalysts and the Pd content is observed. As all NPs are 

similar in composition, their selectivity could lie within each other’s experimental error.  

Together, the results in Figure 11 and 12 show that the activity of the Pd-Ni/SBA-15 NPs 

increases with the Pd content. Yet while their selectivity to HCAL is slightly reduced compared 

to Ni/SBA-15, it remains similar. This may be explained by the following mechanism; the 

reactant is mainly adsorbed by the nickel atoms. Palladium then increases the reaction rate by 

providing extra hydrogen via spillover, as observed with H2-TPR. 

Our findings are in disagreement with Han et al. (section 2.3.1), who observed a synergistic 

selectivity of their Pd-Ni/SBA-15 catalysts in the hydrogenation of CAL.35 However, their 

Ni/SBA-15 catalyst had a 14% selectivity to HCAL (at 29% CAL conversion). This is 

considerably lower than reported here and in other sources.46 The bimetallic catalysts of Han et 

al. have a similar HCAL selectivity to the Pd-Ni/SBA-15 NPs in this work (around 85%). 

 

  

  

  

 

 

 

 

 

 

 

 

   

       

    

Figure 11. Relative amounts of cinnamaldehyde (CAL), hydrocinnamaldehyde (HCAL), cinnamic 

alcohol (COL), and hydrocinnamic alcohol (HCOL) during the selective hydrogenation of CAL, 

catalyzed by A) Ni/SBA-15, B) Pd/SBA-15, and C) Pd-Ni/SBA-15 Pd:Ni 1:10. Conditions: 80 ˚C, 30 

bar H2 (g), 800 rpm stirring rate, 147 mM CAL in 2-propanol, 25 mg catalyst. 
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After the reaction, all catalysts were investigated with electron microscopy to study their 

stability. HAADF STEM(-EDX) analysis of used Pd/SBA-15 and Pd-Ni/SBA-15 catalysts 

reveals leached metal species, as depicted in Figure 13 (only Pd:Ni 1:10 shown). No leaching 

is observed for Ni/SBA-15. The pores of the Pd/SBA-15 catalyst appear almost empty and large 

agglomerates are outside of the support. It is unknown whether these structures form on the 

TEM grid or during the reaction. In contrast, the Pd-Ni/SBA-15 catalysts seem considerably 

more stable; most NPs are still inside the support. No changes in the average particle sizes are 

observed. The EDX maps of the used bimetallic catalysts imply that the leached species are 

monometallic, as shown in the figure for the Pd:Ni 1:10 catalyst. The structure of the NPs inside 

the support appears unaltered (EDX maps not shown).  

The leached species may have been active during the reaction. CAL conversion was observed 

in blank runs (only reactant, no catalyst) between tests. Leached metals could have remained 

inside the reactor system after cleaning. However, at which point during the reaction leaching  

Figure 12. Hydrocinnamaldehyde (HCAL) selectivity as a function of the cinnamaldehyde (CAL) 

conversion in the hydrogenation of CAL for Pd/SBA-15, Ni/SBA-15, and Pd-Ni/SBA-15 catalysts with 

different Pd:Ni ratios. Conditions: 80 ˚C, 30 bar H2 (g), 800 rpm stirring rate, 147 mM CAL in 2-

propanol, 25 mg catalyst.  

Figure 13. HAADF STEM images and an EDX map of a used Pd/SBA-15 (left) and Pd-Ni/SBA-15 

Pd:Ni 1:10 (middle and right) catalyst after the hydrogenation of cinnamaldehyde. 
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Table 5. Comparison of the Pd:Ni ratios and Pd and Ni weight loadings of fresh and used Pd/SBA-15 

and Pd-Ni/SBA-15 catalysts tested for the hydrogenation of cinnamaldehyde. 

Fresh 
Ratio (Pd:Ni) 

Used 
Ratio (Pd:Ni) 

Fresh vs Used 
% decrease Pd 

Fresh vs Used 
% decrease Ni 

1:20.6 1:19.1 +9.7 +1.7 
1:9.5 1:9.5 -10.8 -10.2 

Pd Pd -41.6 - 
 

occurs and to what extent leached metal species participate in the actual catalytic runs remains 

to be investigated.  

To  validate the observations made with TEM, fresh and used catalysts (Pd/SBA-15, Pd-

Ni/SBA-15 Pd:Ni 1:20 and 1:10) were also investigated with ICP-OES. Table 5 shows the 

results. Relatively less Pd is leached from the bimetallic catalysts compared to Pd/SBA-15. 

These findings further indicate that the bimetallic catalysts show a greater resistance to leaching 

compared to Pd/SBA-15. Furthermore, the Pd:Ni ratios of the used Pd-Ni/SBA-15 catalysts 

resemble the ratio of their fresh counterpart. This implies that, despite moderate leaching, the 

NPs remain of the intended composition for the duration of the reaction. Curiously, the used 

Pd:Ni 1:20 catalyst has a higher metal loading after catalysis compared to before. This is 

probably due to inaccurate ICP-OES results, caused by e.g. inhomogeneities in the samples (at 

most a few milligrams were used for ICP-OES) or the loss of SBA-15 during the reaction. 

4.3 Citral hydrogenation 

The previous section showed that incorporating dilute amount of Pd in Ni/SBA-15 NPs can be 

a way to maintain a similarly high selectivity to the C=C bond as the monometallic Ni catalyst, 

while making effective use of the highly active Pd. However, the differences in activity  and 

selectivity between the bimetallic catalysts were small and sometimes inconclusive. Compared 

to CAL, Citral is a less rigid compound with an additional terpene moiety. The hydrogenation 

of Citral might therefore be more structure sensitive.  

The TOFs (s-1 ∙ mol surface metal-1) of the Ni/SBA-15, Pd/SBA-15, and Pd-Ni/SBA-15 

catalysts are plotted against their Pd content in Figure 14. In this reaction, the activity of the 

Pd-Ni/SBA-15 NPs is considerably more sensitive to the NP composition. However, unlike in 

the hydrogenation of CAL, all bimetallic catalysts are less active than their monometallic 

counterparts. Moreover, their TOF drops with an increasing Pd content. The reason behind this 

observation remains speculative. To confirm if the alloying of Pd and Ni is responsible, a 

catalyst with Pd and Ni in separate phases (Pd+Ni/SBA-15, Pd:Ni 1:10) was also tested for the 

hydrogenation of citral. The results are in Appendix C. The TOF of the Pd+Ni/SBA-15 NPs is 

considerably higher than that of its alloyed counterpart. These findings suggest that the 

electronic and/or geometric changes as a result of alloying are (largely) responsible for the 

decreased activity of the bimetallic catalysts. In literature, deactivation of Pt-group metals in 

citral hydrogenation is often ascribed to active site poisoning due to strongly adsorbed CO or 

hydrocarbon fragments.82,83 We, therefore, propose than an increasing Pd content changes the 

electronic and/or geometric properties of the Pd-Ni/SBA-15 NPs in such a way, that the C=O 

and/or C=C groups of citral or its products adsorb more strongly to the catalyst surface with 

higher Pd concentrations. Curiously,  no deactivation was observed in the hydrogenation of 
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CAL. A possible explanation might be that the higher flexibility of citral results in a different 

interaction with the active sites compared to CAL. 

The composition of the reaction mixture was monitored over time. This is shown in Figure 15A-

C for Pd/SBA-15, Ni/SBA-15 and Pd-Ni/SBA-15 1:20 (see Appendix D for the other ratios). 

As expected, all catalysts form citronellal as their main product. Two other products are 

identified: citronellol and 3,7-dimethyloctanal. The relative concentrations of the products are 

distinct at each level of citral conversion for Pd/SBA-15, Ni/SBA-15 and the bimetallic 

catalysts. Based on this, a general reaction pathway for the different samples was established. 

This is depicted in Figure 15D. The Ni/SBA-15 catalyst shows a decrease in the amount of 

citronellal at approximately 85% (when almost no citral is left). This drop is proportional to the 

increase in citronellol, indicating citronellal to citronellol conversion. The direct conversion of 

citronellal to citronellol by nickel is described in literature.48 In contrast, almost no citronellol 

is formed by Pd/SBA-15. However, this catalyst forms considerably more 3,7-dimethyloctanal. 

The reaction profile of the bimetallic catalyst shows the influence of both its constituent metals; 

the Pd-Ni/SBA-15 NPs generate less citronellol than Ni/SBA-15, but more 3,7-dimethyloctanal 

at similar levels of citral conversion. 

Figure 16 displays the selectivity to the main product (citronellal) against the citral conversion. 

The same general trend as in the hydrogenation of CAL is observed: Ni/SBA-15 is the most 

selective, Pd/SBA-15 the least, and the Pd-Ni/SBA-15 catalysts are almost as selective as the 

Ni NPs. No trend in the Pd content of the Pd-Ni/SBA-15 catalysts and their selectivity to the 

main product is found. This may be explained by the same reason as in the hydrogenation of 

CAL. 

HAADF STEM(-EDX) analysis of used catalysts reveals similar leaching behavior to in the 

hydrogenation of CAL. However, while only a few EDX maps were collected, they indicate 
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Figure 14. Apparent turnover frequencies (TOFs) of Pd/SBA-15, Ni/SBA-15, and Pd-Ni/SBA-15 

catalysts with different Pd:Ni atomic ratios in the selective hydrogenation of citral. The TOFs are plotted 

against the Pd content of the NPs. Conditions: 60 ˚C, 30 bar H2 (g), 800 rpm stirring rate, 96 mM citral 

in 2-propanol, 10-35 mg catalyst (0.5 mg Pd). 
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that in this reaction the leached metal species of the Pd-Ni/SBA-15 catalysts are still bimetallic 

in nature. Figure 17 shows this for the Pd:Ni 1:10 sample. It suggests a different leaching 

mechanism. A variety of factors could be the cause, including the reaction temperature (60 ˚C 

compared to 80 ˚C in CAL hydrogenation) and the interaction of the catalyst surface with the 

reactant and/or products. 

The ICP-OES data on fresh and used Ni/SBA-15, Pd/SBA-15, and Pd-Ni/SBA-15 (Pd:Ni  1:20, 

1:15, 1:10, and 1:7) catalysts are presented in Table 6. Compared to the monometallic Pd 

sample, all bimetallic catalysts lose relatively less Pd during the reaction. These results confirm 

that the Pd-Ni/SBA-15 NPs are more resistant to leaching than Pd/SBA-15 in citral 

hydrogenation. In addition, an increase in Pd leaching is observed with an increasing Pd content 

in the bimetallic NPs. In literature, Pd leaching is sometimes attributed to solvolysis by a protic 

polar solvent.60,84 A possible explanation may, therefore, be that the Pd atoms on the catalyst’s 

surface react with the solvent (2-propanol) and form soluble species. In the bimetallic samples, 

the Pd atoms are coordinated with Ni. This can stabilize them. The same theory might apply to 

the catalysts in the hydrogenation of CAL, as this reaction was also performed in 2-propanol. 

 

    

    

            

                   

           

           

              

Figure 15. Relative amounts of citral, citronellal, citronellol, and 3,7-dimethyloctanal during the 

selective hydrogenation of citral, catalyzed by A) Ni/SBA-15, B) Pd/SBA-15, and C) Pd-Ni/SBA-15 

Pd:Ni 1:20. D) General reaction scheme based on the reaction profiles in A-C. Conditions: 60 ˚C, 30 

bar H2 (g), 800 rpm stirring rate, 96 mM citral  in 2-propanol, 10-35 mg catalyst (0.5 mg Pd). 
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Table 6. Comparison of the Pd:Ni ratios and Pd and Ni weight loadings of fresh and used Ni/SBA-15, 

Pd/SBA-15, and Pd-Ni/SBA-15 catalysts tested for the hydrogenation of citral. 

 

 

 

 

 

 

 

 

Fresh 
Ratio (Pd:Ni) 

Used 
Ratio (Pd:Ni) 

Fresh vs Used 
% decrease Pd 

Fresh vs Used 
% decrease Ni 

Ni Ni x -10.6 
1:18.3 1:18.9 -3.3 -0.3 
1:15.0 1:15.0 -8.2 -8.3 
1:9.1 1:10.5 -21.0 -8.7 
 Pd Pd -37.7 x 

                      
  

  

  

  

  

  

  

  

  

  

   

 
  
  
 
 
   
  
 
 
  
 
  
 
  
 
  
 
 

                     

  

         

         

         

  

Figure 16. Citronellal selectivity as a function of the citral conversion in the hydrogenation of citral for 

Pd/SBA-15, Ni/SBA-15, and Pd-Ni/SBA-15 catalysts with different Pd:Ni atomic ratios. Conditions: 60 

˚C, 30 bar H2 (g), 800 rpm stirring rate, 96 mM citral in 2-propanol, 10-35 mg catalyst (0.5 mg Pd). 

Figure 17. HAADF STEM image (left) and EDX map (right) of a used Pd-Ni/SBA-15 Pd:Ni 1:10 

catalyst after the hydrogenation of citral. 
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4.4 2-Methyl-3-butyn-2-ol hydrogenation 

The previous sections showed that the catalytic activity was more structure sensitive in the 

hydrogenation of citral compared to CAL. However, no enhanced activity or selectivity was 

observed. All catalysts were therefore also tested for a different class of reactions; the selective 

hydrogenation of 2-methyl-3-butyn-2-ol (MBY).  

The TOFs (M ∙ s-1 ∙ mol surface metal-1) of the Pd/SBA-15, Ni/SBA-15, and Pd-Ni/SBA-15 

catalysts are plotted against the Pd content in Figure 18. The dashed line represents an additive 

relationship between the Pd content of the NPs and the activity. Note the logarithmic scale on 

the vertical axis. The same procedure as for the previously discussed reactions was used to 

calculate the TOFs, only here a 0th order dependency on the reactant concentration was assumed 

based on the reaction profiles. Similar to in the hydrogenation of citral, the activity of the 

bimetallic catalysts drops with an increasing Pd content. However, compared to Ni/SBA-15, 

the TOFs of the Pd-Ni/SBA-15 Pd:Ni 1:20 and 1:15 catalysts are higher. The Pd:Ni 1:20 NPs 

have a turnover frequency close to the dashed in the figure, indicating that adding minor 

amounts of Pd to Ni/SBA-15 could be an effective way to increase the activity in the 

hydrogenation of MBY. 

The adverse effect of the Pd content on the activity of the bimetallic catalysts may be explained 

analogous to in the hydrogenation of citral. Only in this reaction, strongly adsorbed C≡C and/or 

C=C bonds would be responsible for active site blockages. Oligomers on the catalyst surface 

may also play a role, as oligomerization is linked to strongly absorbed C≡C/C=C groups.50,55 

Figure 18. Apparent turnover frequencies (TOFs) of Pd/SBA-15, Ni/SBA-15, and Pd-Ni/SBA-15 

catalysts with different Pd:Ni atomic ratios in the selective hydrogenation of 2-methyl-3-butyn-2-ol 

(MBY). The TOFs are plotted against the Pd content of the NPs. The dashed line is a guide to the eye 

that represents an additive relationship between the Pd content and the activity (note the logarithmic 

scale on the vertical axis). Conditions: 50 ˚C, 30 bar H2 (g), 800 rpm stirring rate, 250 mM MBY in 

toluene, 10-35 mg catalyst (0.5 mg Pd). 
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The composition of the reaction mixture over time is shown in Figure 19 for the Pd/SBA-15, 

Ni/SBA-15, and Pd-Ni/SBA-15 Pd:Ni 1:15 catalyst. This bimetallic sample is representative 

for all Pd:Ni ratios (Appendix E). All catalysts show similar behavior. However, the MBE 

concentration stops increasing linearly when approximately 45% MBY is left for the Pd/SBA-

15 catalyst. This suggests that at low MBY concentrations, the Pd NPs favor MBA formation 

more.  

The poor C≡C bond selectivity of Pd/SBA-15 at low MBY concentrations is confirmed in 

Figure 20, which displays the selectivity to MBE against the MBY conversion for each catalyst. 

This low selectivity is probably influenced by the Pd particle size (1.5 ± 0.5 nm), as 

undercoordinated sites in small Pd NPs (< 3 nm) promote MBA formation.85 All bimetallic 

catalysts are generally more selective, especially at high levels of MBY conversion. No trend 

between the Pd content and the selectivity is observed. Notably, the Pd-Ni/SBA-15 Pd:Ni 1:20 

and 1:15 NPs seem more selective to MBE than there monometallic counterparts (see dashed 

line in the figure). The difference between their selectivity and that of Ni/SBA-15 is, however, 

small (1-3 %). Therefore, instead of synergistic effects, experimental errors could be the cause. 

TEM analysis of all used catalysts showed no evidence of leaching. The absence of a protic 

polar solvent may have prevented this deactivation mechanism. The ICP-OES results were 

inconclusive and can be found in Appendix F. 

    

  

 

 

 

 

 

 

   

   

   

Figure 19. Relative amounts of 2-methyl-3-butyn-2-ol (MBY), 2-methyl-3-buten-2-ol (MBE), and 2-

methyl-3-butan-2-ol (MBA) during the selective hydrogenation of MBY, catalyzed by A) Ni/SBA-15, 

B) Pd/SBA-15, and C) Pd-Ni/SBA-15 Pd:Ni 1:15. Conditions: 50 ˚C, 30 bar H2 (g), 800 rpm stirring 

rate, 250 mM MBY in toluene, 10-35 mg catalyst (0.5 mg Pd). 
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Figure 20. 2-Methyl-3-buten-2-ol (MBE) selectivity as a function of the 2-methyl-3-butyn-2-ol (MBY) 

conversion in the hydrogenation of MBY for Pd/SBA-15, Ni/SBA-15, and Pd-Ni/SBA-15 NPs of 

different Pd:Ni atomic ratios. Conditions: 50 ˚C, 30 bar H2 (g), 800 rpm stirring rate, 150 mM MBY in 

toluene, 10-35 mg catalyst (0.5 mg Pd). 
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5 
 Conclusions 

 
In this thesis, we prepared Pd-Ni/SBA-15 model catalysts of different Pd:Ni ratios and studied 

the effects of composition on catalytic activity, selectivity, and stability in selective 

hydrogenation reactions. Alloyed NPs with Pd:Ni atomic ratios of 1:20, 1:15, 1:10, and 1:7 

were prepared by incipient wetness (co-)impregnation of SBA-15, as well as monometallic 

reference catalysts. Characterization with HAADF STEM(-EDX), H2-TPR, and powder XRD 

revealed that the composition of the Pd-Ni/SBA-15 NPs was successfully modified to the target 

ratios, without significantly changing the particle size (d = 3.6-3.8 ± 0.8 nm) or nanoscale 

intimacy of the metals. All NPs were homogeneously distributed over the support. These 

properties allowed us to study the effects of composition in the liquid phase selective 

hydrogenation of cinnamaldehyde (CAL), citral, and 2-methyl-3-butyn-2-ol (MBY).  

In the hydrogenation of CAL, the activity of the Pd-Ni/SBA-15 NPs additively increased with 

the Pd concentration. The incorporation of Pd in Ni/SBA-15 led to a slight reduction (1-3 %) 

in the selectivity to the main product (hydrocinnamaldehyde). All bimetallic catalysts were 

more resistant to leaching compared to Pd/SBA-15. 

In the hydrogenation of citral, the Pd-Ni/SBA-15 catalysts were also more stable. Moreover, 

the relative amount of leached Pd increased with an increasing Pd content. A similar 

dependency of the selectivity to the main product (citronellal) on composition was found in this 

reaction. The distribution of the side products was distinct for the different catalysts; Pd/SBA-

15 mainly converted citronellal to 3,7-dimethyloctanal, Ni/SBA-15 further hydrogenated 

citronellal to citronellol and the bimetallic catalysts did both. Curiously, the Pd-Ni/SBA-15 NPs 

were all less active than Pd/SBA-15 and Ni/SBA-15. Their activity dropped with an increasing 

Pd concentration. To investigate the cause, a catalysts with Pd and Ni in separate phases 

(Pd+Ni/SBA-15 Pd:Ni 1:10) was also tested for the reduction of citral. This sample was 

considerably more active than its alloyed counterpart, suggesting that the alloying of Pd and Ni 

and the resulting changes in the electronic and/or geometric properties were responsible for the 

decreased activity.  

In the hydrogenation of MBY, the activity of the Pd-Ni/SBA-15 NPs also dropped with an 

increasing Pd content. However, the Pd:Ni 1:20 and 1:15 catalysts were more active than 
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Ni/SBA-15. In general, the selectivity of the bimetallic catalysts was higher and more stable 

than that of Pd/SBA-15. No evidence of leaching was found for this reaction.  

Our work demonstrates the importance of selecting the right Pd:Ni ratio and model reaction for 

optimal catalytic performance. These findings could translate to other bimetallic systems for 

selective hydrogenation reactions.  
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6 
 Outlook 

 
In the hydrogenation of citral and 2-methyl-3-butyn-2-ol (MBY), active site blocking by 

strongly adsorbed function groups was speculated to cause the decreasing activity of Pd-

Ni/SBA-15 NPs with an increasing Pd content. In future work, this theory may be verified by 

employing InfraRed (IR) spectroscopy to measure the bond vibrations of adsorbed species. 

Additionally, Density Functional Theory (DFT) calculations on the binding strengths of the 

functional groups on the surface of the different catalysts could help to gain insights into which 

function group(s) is/are responsible for active site blocking. For the same purpose, the Pd-

Ni/SBA-15 catalysts can be tested for the hydrogenation of compounds similar to citral and 

MBY, but with less/different functional groups (e.g. 3,7-dimethyloctanal or 2-methyl-3-buten-

2-ol). 

Contrary to our study, other reports on Pd-Ni NP structure-performance relationships in the 

hydrogenation of α,β-unsaturated aldehydes described synergistic activities and selectivities. 

The NPs in these works contained relatively more Pd compared to the bimetallic catalysts used 

here. It would, therefore, be interesting to prepare Pd-Ni/SBA-15 catalysts with a lower Pd:Ni 

ratio and test them for the hydrogenation of cinnamaldehyde (CAL) and citral.  

One of the most promising properties of the Pd-Ni/SBA-15 catalysts was their greater resistance 

to leaching compared to Pd/SBA-15. This may be further investigated with hot filtration and 

recycling tests. With the former method, the activity-contribution of the leached species can be 

determined. The latter may show that the catalytic performance of the bimetallic catalysts is 

less affected by leaching compared to Pd/SBA-15 in consecutive tests. It might also reveal 

differences between the Pd-Ni/SBA-15 samples.  

Finally, although not described in this thesis, we also prepared Pd-Ni/SBA-15 Pd:Ni 1:10 NPs 

with three distinct particle sizes within the critical size range of 1-5 nm. This was achieved by 

a combination of increasing the pore size of the support and the metal loading. These samples 

could be used to study particle size effects in the different reactions.  
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Figure A1. HAADF STEM images of a Ni/SBA-15 (left) and Pd/SBA-15 (right) catalyst. The NPs are 

homogeneously distributed over the support. 
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Appendix B 

 

Figure A2. Relative amounts of cinnamaldehyde (CAL), hydrocinnamaldehyde (HCAL), cinnamic 

alcohol (COL), and hydrocinnamic alcohol (HCOL) during the selective hydrogenation of CAL, 

catalyzed by a Pd-Ni/SBA-15 Pd:Ni A) 1:20, B) 1:15, and C) 1:7 catalyst. Conditions: 80 ˚C, 30 bar H2 

(g), 800 rpm stirring rate, 147 mM CAL in 2-propanol, 25 mg catalyst. 
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Appendix C 

A bimetallic catalyst with Pd and Ni in separate phases (Pd+Ni/SBA-15 Pd:Ni 1:10) was also 

tested for the hydrogenation of citral. HAADF STEM imaging with EDX mapping revealed 

finely dispersed Ni clusters (< 2 nm) with considerably larger (4.3 nm) Pd NPs, as shown in 

Figure A3.   

Table A1 shows the activity, expressed in TOF (s-1 ∙ mol surface metal-1), of the Ni/SBA-15, 

Pd/SBA-15, Pd+Ni/SBA-15, and the Pd-Ni/SBA-15 Pd:Ni 1:10 catalysts. The TOF of the 

Pd+Ni/SBA-15 sample is over 25 times higher than the TOF of the alloyed Pd-Ni NPs. This 

confirms that the alloying of Pd and Ni plays a role in the loss of activity of Pd-Ni/SBA-15 

compared to its monometallic counterparts. The Pd+Ni/SBA-15 catalyst sample is still 

noticeably less active than Pd/SBA-15 and Ni/SBA-15. However, an estimated 40-70% of this 

catalyst remained inside the XCAD during the run, thus preventing it from participating in the 

reaction.  

The selectivity to the main product (citronellal) is plotted against the citral conversion in Figure 

A4. The selectivity of the Pd+Ni/SBA-15 catalyst is consistently lower than that of all the 

bimetallic alloyed catalysts. This implies that alloying also affects the selectivity. 

Table A1. Apparent turnover frequencies (TOFs) of a Ni/SBA-15, Pd/SBA-15, Pd-Ni/SBA-15 Pd:Ni 

1:10, and Pd+Ni/SBA-15 Pd:Ni 1:10 catalyst in the selective hydrogenation of citral. Conditions: 60 ˚C, 

30 bar H2 (g), 800 rpm stirring rate, 96 mM citral in 2-propanol, 10-35 mg catalyst (0.5 mg Pd). 

Sample 
(Pd:Ni) 

TOF 
(s-1∙mol surface metal-1) 

Ni 50.7 
1:10 1.1 

Pd+Ni (1:10) 25.8 
Pd 185.3 

Figure A3. HAADF STEM image (left) and EDX map (right) of the Pd+Ni/SBA-15 Pd:Ni 1:10 

catalysts, in which the Pd and Ni are in separate phases. 
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Figure A4. Citronellal selectivity versus the citral conversion in the hydrogenation of citral for Pd/SBA-

15, Ni/SBA-15, Pd+Ni/SBA-15, and Pd-Ni/SBA-15 nanocatalysts of different compositions. 

Conditions: 60 ˚C, 30 bar H2 (g), 800 rpm stirring rate, 96 mM citral in 2-propanol, 10-35 mg catalyst 

(0.5 mg Pd). 

 

Appendix D 

 

Figure A5. Relative amounts of citral, citronellal, citronellol, and 3,7-dimethyloctanal during the 

selective hydrogenation of citral, catalyzed by Pd-Ni/SBA-15 Pd:Ni A) 1:15 and B) 1:10. Conditions: 

60 ˚C, 30 bar H2 (g), 800 rpm stirring rate, 96 mM citral  in 2-propanol, 23 mg (1:15) and 18 mg (1:10) 

catalyst (0.5 mg Pd). 
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Appendix E 

    

  

Figure A6. Relative amounts of 2-methyl-3-butyn-2-ol (MBY), 2-methyl-3-buten-2-ol (MBE), and 2-methyl-

3-butan-2-ol (MBA) during the selective hydrogenation of MBY, catalyzed by a Pd-Ni/SBA-15 Pd:Ni A) 1:20 

B) 1:10, and C) 1:7 catalyst. Conditions: 50 ˚C, 30 bar H2 (g), 800 rpm stirring rate, 250 mM MBY  in toluene, 

10-35 mg catalyst (0.5 mg Pd). 
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Appendix F 

The ICP-OES data on fresh and used catalysts after the hydrogenation of 2-methyl-3-butyn-2-

ol (MBY) are presented in Table A2. The data suggests that in this reaction, the catalysts are 

more stable. Curiously, the Pd-Ni/SBA-15 Pd:Ni 1:20 and 1:15 catalysts seem to contain more 

Pd after the catalytic test than before. These are also the only bimetallic samples of which the 

turnover frequencies (TOF) are not below that of Ni/SBA-15. However, we do not think that 

the TOFs of Pd:Ni 1:20 and 1:15 are inaccurate. A new and more elaborate cleaning method 

was developed to rid of any leached metal species or remaining catalyst. Moreover, blank runs 

between tests (only reactant, no catalyst) showed no conversion of MBY. We, therefore, think 

that the unexpected ICP results can be explained by inhomogeneities in the catalyst or the loss 

of SBA-15.  

Table A2. Comparison of the composition and Pd and Ni weight loading of fresh and used Ni/SBA-15, 

Pd/SBA-15, and Pd-Ni/SBA-15 catalysts with different Pd:Ni ratios tested for the hydrogenation of 2-

methyl-3-butyn-2-ol. 

 

 

Fresh 
Ratio (Pd:Ni) 

Used 
Ratio (Pd:Ni) 

Fresh vs Used 
% decrease Pd 

Fresh vs Used 
% decrease Ni 

Ni Ni x -8.4 
1:18.3 1:14.3 +30.1 +2.2 
1:15.0 1:11.5 +25.9 -3.1 

 Pd Pd -9.3 x 


