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Summary 

Currently, the production of polymer building blocks, i.e., propene, is carried 

out by cracking process of fossil naphtha, producing large CO2 emissions due to 

its high-energy demanding nature (i.e., reaction temperatures 800-1200⁰ C). 

Recently, the dehydrogenation of light alkanes emerged as a more efficient and 

sustainable alternative to produce such building blocks. To date, the non-

oxidative dehydrogenation (nODH) is applied at industrial scale with limited 

success due to the inefficient catalyst stability as well as thermodynamic 

limitations. The present PhD thesis aims at the sustainable propane 

dehydrogenation (PDH) using innovative nanocatalysts to attain competitive 

performance at lower temperatures. 

In this context, efficient PDH nanocatalysts based on nanoparticles (NPs) of 

different compositions and supported onto alumina-based materials were 

prepared and tested in the PDH reaction.  

Chapter 1 describes a general introduction on the importance of propylene as 

a feedstock and its increasing demand. However, it is mainly produced using 

cracking of naphtha and light diesel. Propane Dehydrogenation is an alternative 

that targets specifically propylene production. The commercial technologies 

available and the state-of-the-art concerning the supported nanoparticles are 

described.  

Chapter 2 sets out the general objectives of this thesis. 

Chapter 3 describes the synthesis of Pt and PtSn supported catalysts using the 

surface organometallic chemistry (SOMC) approach. An optimization regarding 

Pt loading, Pt/Sn ratio, Li loading in the alumina is assessed. Moreover, an 

exhaustive study of the operation conditions of Propane Dehydrogenation 

(PDH) is assessed concerning the effect of H2, temperature, pressure, contact 

time, oxygen poisoning and long-time studies for stability. Additionally, the 
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ii 

optimized catalyst prepared by SOMC is compared with a benchmark catalyst 

for comparison purposes. 

Chapter 4 is focused on the preparation of PtSn supported catalysts via the one-

pot organometallic approach (OPOA). First, the optimization of synthesis 

conditions is assessed, including metal precursor and its concentration, organic 

stabilizing agent, temperature, and time to produce small (i.e., 1-2 nm) and 

well-dispersed colloidal and supported NPs. The effect of PPh3 and NHC as 

stabilizing ligands, of the nature of Sn precursor and of various alumina-based 

supports are detailed. Moreover, exhaustive characterization of the catalysts is 

described and, when necessary, the colloidal analogues were also synthesized 

to obtain further information. Finally, the performance of these catalysts in PDH 

is assessed.  

Chapter 5 focuses on the preparation and testing of alternative catalysts such 

as PtGa and NiSn in the PDH reaction. A novel approach combining OPOA and 

SOMC is described for the synthesis PtGa and PtSn nanocatalysts. OPOA 

provides excellent control on the Pt-NPs formation and SOMC, an outstanding 

control for the selective grafting of Sn or Ga by reaction of the precursors with 

the Pt-H groups present at the surface of the NPs. The as-prepared catalysts 

were characterized by combination of microscopic and spectroscopic 

techniques providing insights into the NP dimensions, catalysts compositions, 

crystalline phase, and oxidation state of the surface elements. The efficiency of 

these catalysts in the PDH reaction was evaluated. Then, selected catalysts 

were also evaluated in the butadiene production from butane and 1-butene 

dehydrogenation to amplify the scope of alkenes. 
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1.  General Introduction 

1.1 Context and motivations 

Olefins, also commonly named alkenes, can be described as hydrocarbons 

containing one or more carbon-carbon double bond.1 Light olefins (i.e., ethylene 

(C2), propylene (C3) or butene (C4)), are strategic chemical building blocks to 

produce a broad range of interesting high-value-added products such as polymers, 

or other interesting chemical intermediates. The demand for light olefins has been 

regularly increasing since 1930, and its continuous growing is forecasted. Propylene 

(C3H6), is a particularly interesting raw material due to its high versatility for the 

production of materials such as polypropylene (PP), acetone, acrylonitrile, acrolein, 

acrylic acid and acrylates and propylene oxide (Figure 1.1).2,3 In our never-ending 

growing society, the demand for propylene (C3H6) is expected to grow at an average 

annual rate (2-3% between 2016-2035) that will exceed the current production 

capacity.2,4 Thus, there is a propylene gap that needs to be fulfilled (Figure 1.2).  

 

Figure 1.1. Propylene and its main derivatives. 
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Figure 1.2. Global Propylene Market trends and forecast from 2018 to 2028 in metric tons. Source: 
BlueWeave Consulting, 2022. 

75% of propylene production is accomplished  as a by-product from the fluid 

catalytic cracking (FCC) and the steam cracking of naphtha and light diesel, thus 

with a large dependency on fossil energy.5 These technologies are not expected to 

fulfil the increasing demands in terms of CO2 emissions because its high-energy 

demanding nature (i.e., reaction temperatures 800-1200 ⁰C).6,7 Furthermore, the 

CO2 from light alkane gas flaring represents ca. 0.6% of anthropogenic greenhouse 

gas worldwide emissions.8  One of the current challenges in the chemical industry 

is the production of building blocks by using “on-purpose” technologies to target 

them specifically.9 Over the last few years, various propylene production 

methodologies have been widely developed, such as the methanol-to-olefins 

(MTO),10,11 the Fischer-Tropsch-to-olefins process12,13 and the propane 

dehydrogenation (PDH).14–16 

1.2  Propane Dehydrogenation (PDH) 

Among the proposed alternatives, the propane dehydrogenation (PDH) (Scheme 

1.1) to propylene and hydrogen has been proposed as one of the most promising 

approaches,  because it leads only to the target molecule propylene and not a 

hybrid mixture of products.3,17 Moreover, this technology is particularly interesting 

due to the availability of a relatively economic feedstock (propane).  

 

Scheme 1.1. Propane dehydrogenation (PDH) reaction. 
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1.2.1 Thermodynamics of PDH 

High reaction temperatures (i.e., 550-750 ⁰C) and/or low partial pressures (i.e., 0.1 

MPa) are necessary to achieve high conversions in the PDH process due to its highly 

endothermic nature (ΔH1⁰ = 124.3 kJ mol-1) (Figure 1.3, (1)) and the increase of the 

number of gas molecules during the dehydrogenation process.18 Additionally, the 

competitive C–C cleavage side reactions, can lead to ethylene and methane (Figure 

1.3, (2)). To enhance the selectivity towards propylene, the reaction conditions and 

kinetics should be adjusted.  

In this context, the nature and the physical-chemical properties of the 

heterogeneous catalysts, generally consisting of nanoparticles (NPs) supported 

onto a solid support, appeared as a key tool to achieve PDH performance with 

optimal utilization of energy and chemicals.19 

For instance, the effect of the NPs size is reported.20 Larger particles are keen to 

favor side reactions such as hydrogenolysis, hydrogenation or even coke formation 

(Figure 1.3, (3), (4) and (5), respectively). 

 

Figure 1.3.  Propane dehydrogenation (PDH, 1) and side reactions (2-5). 

It is of crucial importance to describe the thermodynamics in terms of heat reaction 

as well as the highest achievable conversion to define the limits of the system.21 

According to Rothenberg et al.22, knowing the specific enthalpy (ΔH, [KJ·mol-1]) 

within 723 and 823 K (Figure 1.4, (1)), the specific Gibbs free energy  (ΔG, [KJ·mol-
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1]) (Figure 1.4, (2)), and the equilibrium constant (Kp, [atm]) (Figure 1.4, (3)); the 

equilibrium conversion of the PDH reaction can be expressed as function of P and 

Kp (Figure 1.4, (4)). Figure 1.5, displays the plot of the propane equilibrium 

conversion as a function of the temperature (considering 0.1 MPa as the pressure) 

and a selection of state-of-the-art nanostructured catalysts. 

 

Figure 1.4. Thermodynamic expressions of PDH (1) specific enthalpy, (2) specific Gibbs free energy, 
(3) equilibrium constant and (4) equilibrium conversion. 

 

Figure 1.5. Propane dehydrogenation conversion as a function of the temperature: (●) equilibrium 
conversion calculated (at 0.1 MPa) using literature models,22 and (○) selection of the most relevant 
results reported in the literature using Pt-based catalyst (Table 1.1).3 
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Table 1.1. Pt based catalysts for PDH. 

Entry Catalyst 
Pt (wt. 

%) 
T (⁰C) 

Initial Propane 
Conversion 

(%) 
Reference 

1 PtZn@SiO2 2.9 550 30.2 23 
2 PtMn@SiO2 2 550 8.0 24 
3 PtCr@SiO2 2 550 20.0 25 
4 PtCo@SiO2 2 550 20.0 26 
5 PtGa@Al2O3 0.67 450 3.6 27 
6 PtSn@SiO2 3 500 27.0 28 
7 Pt@Mg(In)(Al)O 0.7 600 20.4 29 
8 Pt@Mg(Ga)(Al)O 0.9 600 16.0 30 
9 PtSn@meso-Al2O3 0.4 590 30.0 31 

10 PtSn@mesoAlSBA-15 0.44 590 28.0 32 

11 PtSn@ZnAl2O4 3 600 50.0 33 
12 PtSn@MgAl2O4 0.42 580 46.4 34 
13 PtNa@Sn-ZSM-5 0.5 590 41.7 35 
14 PtNa@Zn-ZSM-5 0.5 590 40.6 36 
15 PtIn@Mg(Al)O 0.6 620 61.5 37 
16 Pt@Mg(Zn)(Al)O 0.28 550 20.0 38 
17 PtSn@CeO2 1 680 45.0 39 
18 PtGa@(Ce)Al2O3 0.1 620 58.5 40 
19 Pt@Mg(Sn)(Al)O 0.5 550 29.5 41 
20 Pt@Mg(Ga)(Al)O 3 600 13.5 42 
21 PtIr@Mg(Al)O 1.91 600 24.7 43 
22 PtSn@MgSBA-15 1 580 43.0 44 
23 PtGa@SiO2 4.37 550 40.7 45 
24 PtSnNaLa@ZSM-5 0.4 590 37.2 46 
25 PtSnNaCe@ZSM-5 0.5 590 42.0 47 
26 PtSn@siltSAPO-34 0.45 585 38.2 48 
27 PtSnNa@LaAl2O3 0.5 590 41.0 49 
28 PtSn@Al2O3 (A750) 0.5 590 49.0 50 
29 Pt@Sn-Beta 0.5 570 50.5 51 
30 Pt@(-OH)Al2O3 0.5 550 33.0 52 
31 Pt@NaHA 1 550 26.0 53 
32 Pt@ND@G 0.28 600 16.4 54 
33 Pt@CNT 3.2 600 10.4 55 

34 Pt@Al2O3-nanosheet 0.35 590 48.7 56 
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1.2.2 PDH Mechanism 

The most commonly accepted mechanism for the dehydrogenation of alkanes over 

metal-based catalysts is the reverse Horiuti-Polyani mechanism.57 The main 

reaction consists of four steps (Figure 1.6): (1) the adsorption of propane on the 

metal surface by the cleavage of a C-H bond in a dissociative adsorption, resulting 

in 1-propyl group adsorbed through a Van der Waals interaction,58,59 (2) the 

cleavage of the second C-H bond, resulting in a π-mono bonded propylene species 

or a di-σ-bonded propylene, on two adjacent metallic atoms, (3) propylene 

desorption; and (4) H2 desorption from the metallic surface. 24,60,61 The kinetics of 

the mechanism follow the Langmuir-Hinshelwood expression, since all the surface 

sites of the catalyst are considered indistinguishable. 14,61 The first C-H activation is 

accepted as the rate-determining-step (rds).3,61 However, selectivity is most 

influenced by the desorption of propylene. The C-H bonds of the alkane have lower 

reactivity than the ones of analogous olefins. This means that propylene is more 

reactive than propane, thus implying that side reactions (cracking, deep 

hydrogenation or even polymerization) may occur during the PDH process, which 

can easily lead to low selectivity and coke formation.14,60,62 In the next section, 

further insights into the possible deactivation mechanisms are provided. Therefore, 

a valid catalyst must favor the C-H cleavage over the C-C cleavage, and the rational 

design of the catalysts is of paramount importance.  

 

Figure 1.6. a) Proposed structures for the 4 main steps of the mechanism on Pt (111) surface.59 b) 
Proposed mechanism for the PDH.61 
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1.2.3  Deactivation mechanisms 

The propane dehydrogenation reaction suffers from various side reactions 

(cracking, hydrogenolysis to lighter hydrocarbons and formation of coke) that all 

conduct to fast deactivation of the catalyst. For the metal-based and metal-oxide-

based catalysts, there are three main causes of deactivation: (i) the coke formation, 

(ii) the sintering of the particles and (iii) the unsuccessful catalyst regeneration, see 

Figure 1.7.3  

 

Figure 1.7. Main mechanisms of deactivation for metal-based and metal-oxide-based catalysts. 

A first-order deactivation model is accepted to describe the deactivation constant 

of the catalysts (Kd) at a fixed temperature, where 𝜒𝑓𝑖𝑛𝑎𝑙 and 𝜒𝑖𝑛𝑖𝑡𝑖𝑎𝑙, are the final 

and the initial propane conversion values and “t” represents the duration of the 

experiment (Equation 1.1). 56,63 

 

Equation 1.1. Deactivation constant (Kd) for PDH. 

1.2.3.1 Coke formation 

Coke formation is the predominant cause of the catalyst deactivation. Coke 

deposition refers to the formation of various carbon-rich hydrocarbons and/or 

macromolecules5 based on solid carbon at the surface of the catalyst. Coke is the 

general term for deep dehydrogenation of alkyls or graphitized carbon deposition.14 

In PDH, the coke deposition pathways include four steps: (1) deep 

dehydrogenation; (2) breaking of C-C bonds, (3) formation of aromatic hydrocarbon 
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and graphitization.58,64,65 However, the key intermediates are unknown and the 

exact mechanism remains ambiguous.5 Researchers proposed some processes in 

deep dehydrogenation basis using DFT calculations.5,58,66 The deep 

dehydrogenation was studied on Pt (111), propylidene was the intermediate that 

had the lowest energy and therefore could preferentially adsorb on hollow of three 

Pt atoms.67 Other studies indicated that the energy barrier of C-C cleavage 

decreases continuously and propyne was the most likely intermediate to start the 

C-C breakage that led to coke deposits.59 Similar results were obtained by other 

groups.68 Additionally, acidic sites also revealed to catalyze the coking process.14 

However, the species that are generally considered being the main precursor of 

coke depositions are C1 and C2 species, rather than C3, because C1-C2 species have 

more lone electrons and would attract each other and form aromatic rings through 

surface-mediated mechanism.5,58,66  For Pt/Al2O3 catalysts, the aromatics formed 

are derived from C1. The main compounds detected by MS were pyrenes and 

methyl pyrene and they cannot be formed from C3 species only. Isotopic labeling 

experiments showed that C3 species would be divided into C1 in the process of coke 

deposition. In all DFT calculations, the polymerization of C1 or C2 into an aromatic 

ring is used as the main carbon deposition process.5,58,66 Once the first aromatic ring 

is formed, it is expanded continuously to polycyclic aromatic hydrocarbons through 

a Diels-Alder mechanism. At the end, highly graphitized coke is formed.5 

Coke prefers to cover the surface of the uncoordinated active sites, explaining the 

faster decrease in catalytic activity for smaller nanoparticles.3  For instance, when 

Pt/Mg(Al)O catalysts were synthesized with various NPs’ sizes (from 1 to 10 nm), 

the highest propylene formation rate corresponded to medium size NPs. 69 When 

the NP size increased, the selectivity towards propylene increased. However, the 

conversion rate for propane decreased, obtaining a volcano behavior curve which 

relates the particle size with the formation of propylene (Figure 1.8).69  
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Figure 1.8. The relationship between the propylene selectivity, propane conversion and size of Pt 
NPs.69 

The present phenomenon could be associated with the higher proportion of 

unsaturated step atoms in small Pt NPs. These exhibit higher PDH activity, but at 

the same time, a higher tendency to cleave the C-C bonds than the corresponding 

terrace atoms.70  

For the Pt catalysts, there are two deactivation mechanisms related to the coke 

deposition. The first consists in the poisoning of the active sites.71 The second is the 

limitation of the reagent to access the active sites because of pores blockage by 

coke.72 It is possible that both of them occur concurrently. The intermediate C3H5*, 

is taken as a model precursor for the coke deposition. Using DFT calculations, it has 

been demonstrated that the energy barrier needed to form propylene on flat Pt 

surface sites is higher (63-72 kJ·mol-1) than on Pt step sites (24-34 kJ·mol-1).72 

However, the propylidene intermediates are generated quite easily and cause the 

propane to adsorb strongly on such intermediates. Pt/Al2O3 and PtSn/Al2O3 

catalysts have been analyzed by temperature programmed oxidation (TPO) to 

determine the type of coke formed.71 The TPO profiles presented different peaks, 

corresponding to graphitic coke near the metal, and disordered coke on the 

support.71 
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1.2.3.2 Sintering 

Another cause of catalyst deactivation is the sintering, probably due to the high 

reaction and regeneration temperatures used. In this process, Pt particles’ size was 

related to considerably affect the reaction outcome.3 The sintering can be caused 

by: (i) the Ostwald ripening and the (ii) migration-coalescence phenomena. The 

mechanism of the Ostwald ripening is a spontaneous process that occurs because 

larger particles are favored thermodynamically over smaller ones (only stable 

kinetically), this can be explained by the fact that the particle surface is less stable 

than core of the particle. Therefore, the small NPs tends to stabilize themselves by 

creating larger particles.73 Additionally, the migration-coalescence phenomena is 

implied by Brownian mobility. In PDH, the Ostwald ripening is the predominant 

mechanism for the sintering of particles, due to the low Tamman temperature of 

Pt (750 ⁰C). Tamman temperature can be described as the temperature at which 

the atoms and/or molecules of a solid acquire enough energy for their bulk mobility 

to become appreciable. It is estimated to be ca. half of the melting point. 

Nowadays, many efforts have been devoted to fomenting the redispersion of the 

aggregated nanoparticles during the PDH process and regeneration.3  

1.2.3.3 Unsuccessful regeneration 

The third mechanism of deactivation is related with an unsuccessful regeneration 

of the catalyst under oxidizing conditions followed by H2 reduction. Oxychlorination 

is one of the most typical regeneration conditions which induce the formation of 

oxychloridic platinum compounds that can induce effectively the redispersion of 

large Pt particles.74 Such conditions are efficient for the removal of coke formed 

during the process and restore the active catalyst. However, a continuous 

regeneration process might not recover the initial catalytic activity, resulting in an 

eventual loss of catalytic performance (conversion, selectivity, and stability).75 The 

presence of Sn in used PtSn/Al2O3 catalysts was reported to contribute positively to 
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the Pt redispersion. Indeed, without Sn, the Pt particles would proceed with the 

sintering and form larger nanoparticles during the oxidative regeneration process.75  

1.2.4  Anti-deactivation strategies  

Various strategies to prevent catalyst deactivation were described and are 

summarized in Figure 1.9. Generally, these strategies can target the supports or the 

metal NPs. 

 

Figure 1.9. Anti-deactivation strategies. 

1.2.4.1 Geometric separation 

Various studies revealed that the separation of active sites inhibit the structure-

sensitive non desired reactions and improve the selectivity to propylene.14,17 The 

most typical promoter for particle separation in Pt catalysts is Sn. 14,17 In the section 

1.4.1.1 Pt-based catalyst, the geometric separation achieved by Sn is described. Cu 

has also been reported as having a promotional effect in Pt/Al2O3 catalysts for 

PDH.76 The optimal Cu loading content was 0.5 wt.% and the resulting catalyst 

provided a propylene yield of 36.5% with a selectivity of 90 %. Moreover, the 

interaction between both metals increased the energy barrier for the C-C bond 

breaking, thus minimizing the methane formation (Figure 1.10). 76 Indium (In) has 
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also been proved to improve the isolation of the active sites via geometric effects 

in the PdIn/SiO2 catalyst for ethane dehydrogenation.77  

 

Figure 1.10. Proposed mechanism showing the Cu influence on the catalytic performance of Pt/Al2O3 
in PDH.76 

1.2.4.2 Electron richness  

The electronic states of the valence d-bands present at the surface of the metal 

nanoparticles are governing their reactivity, especially the density of states (DOS).78 

With the help of promoters, it is possible to create alloys, which have a direct 

impact on reactivity increasing the availability of the valence electrons to create 

chemical bonds with the adsorbates. Therefore, the surface electronic structure is 

tuned and consequently its reactivity. Modification of the Pt d-band can debilitate 

the Pt-C-C bond,20 since the empty d-orbital can be filled with the electrons 

provided by propylene, that acts as an electron-donor species. With an elevated 

electron density, further dehydrogenation side reactions, C-C cleavage, and the 

coke precursors formation are inhibited. Thus, fomenting the desorption of 

propylene which translates in improved propylene selectivity. Additionally, the 

introduction of an adequate amount of reducible metal oxide, such as the titanium 

dioxide (TiO2), was reported to enhance the catalytic stability and selectivity toward 

propylene.79 This improvement can be attributed to the electron transfer from 

partially reduced TiOx (x < 2) to the Pt species.79  
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1.2.4.3 Poisoning of the acid sites 

During the PDH reaction, coke can be deposited on the metal nanoparticles and on 

the supports. Using non-acidic supports, reduces cracking and polymerization in 

comparison with acidic supports.3,14 One of the most applied supports is Al2O3 

which combines high thermal and mechanical stability with an amphoteric nature. 

Furthermore, it is possible to decorate it with alkaline promoters (Li+, Na+, K+) to 

curb support acidity. Other examples using Zn and Mg were reported, leading to a 

less acidic and more thermally stable spinel phase.38 Moreover, introducing metal 

oxides such as TiO2 or CeO2 to modify the Al2O3 support can also modify the acidity. 

Indeed, the interaction between the Pt and the support is improved and therefore, 

the activity, stability and anti-coking behavior is upgraded. At the same time, this 

type of customization modulates the electronic properties of the main active metal 

and its dispersion.3  

1.2.4.4 Cofeeding stream 

The modification of the regeneration conditions by the cofeeding streams (i.e., H2 

and/or CO2) additionally alters the catalyst structure enhancing the elimination of 

coke.3 Using a validated simulation model, the H2/C3H8 ratio was varied (from 0 to 

4) maintaining the propane and total inlet flow constant while varying only H2, to 

analyze its effect on activity in PDH on a Pt-based catalyst.68 In Figure 1.11, the plot 

of site time yields (STY) of the possible products is showed. At higher values of H2 

pressure, it is possible to decrease the coverage of deeply hydrogenated coke 

precursors on the surface of the catalyst, such as ethylidene (CCH3) and 

methylidyne (CH).68 Ethylidene and methylidyne are the direct products of the 

scission reaction of propyne, which is known to be the first C-C scission relevant 

step for side product formation.68  A H2/C3H8 ratio of about 3 was found to have the 

maximum STY. 
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Figure 1.11. Simulation using 2.94·10-5 g of Pt-based catalyst, plotting the Site time yields (STY) of 
propane dehydrogenation possible products (C3H6, C2H6, C2H4 and CH4) versus H2/C3H8 ratio.68 

However, experimental studies showed that the optimum H2/C3H8 ratio was lower, 

at ca. 1.25.30 As stated in the literature, the selectivity varying the H2/C3H8 ratio is 

not influenced at all.30 Various explanations to explain the positive effect of using 

H2 as a cofeeding gas were proposed: (i) H2 decreases the coverage of coke 

precursors, (ii) there is a positive dependency of the energy barriers governed by 

H2, (iii) a more favored alternative energy pathway is available at high values of H2 

and, (iv) subsurface hydrogen may have an effect.68 

Additionally, a cofeeding with CO2,80,81 acting as a soft oxidant, can decrease the 

coke formed at high temperature by the reverse Boudouard reaction. The 

Boudouard reaction, is a redox equilibrium between the mixture of carbon 

monoxide (CO) and carbon dioxide (CO2) at a given temperature.82 The reverse 

Boudouard reaction can be expressed as follows: CO2 + C ↔ 2 CO. At the end, the 

cofeed with CO2 increases propane conversion and foments to preserve the 

perdurability of the catalyst, that has been attributed to a simple dehydrogenation 

by its coupling with the reverse water gas shift reaction.80 FeNi/CeO2 and NiPt/CeO2 

catalysts have been reported as promising catalysts in the oxidative 

dehydrogenation of propane using CO2.81 

1.2.4.5 Transfer of coke 
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Redistributing the coke precursors present on the metals and/or supports may also 

lengthen the catalyst life. The Pt and coke precursor interaction is debilitated by Pt 

atoms with an elevated electron density, which conduct the coke adducts to 

relocate from the Pt atoms to the supports, ergo improving the catalyst stability 

and the resistance to coke deposition.3 Due to this action, the coke amounts 

significantly diminished.83 It is also reported that the Sn modification does not only 

inhibit the C-C scission but fomenting a migration of the coke precursors from the 

active metal species to the corresponding support. Pt catalysts supported onto 

Al2O3 were studied in PDH with various TiO2 loadings. TiO2 was found to contribute 

to the electron abstraction from partially reduced TiOx species to Pt, therefore the 

less electron-rich Pt particles inhibited the adsorption of propylene and the 

formation of coke precursors from the metal surface to the support.83 As well, 

propylene selectivity and catalytic stability were improved. The optimal content 

was 10 % wt. loading of TiO2 onto Pt/Al2O3.83 However, until now the coke transfer 

pathway has not been proved.3 

1.2.4.6 Strong metal-support interaction (SMSI) 

Strong metal-support interaction (SMSI) can occur from reactions between a metal 

and an oxide that can be reduced.3 Cerium oxide (CeO2), in comparison with the 

typical alkane dehydrogenation support Al2O3, counts with the capacity of trapping 

the Pt atoms in an ionic form because of the SMSI.39 Consequently, this catalyst 

possesses good stability even at high temperature conditions (680 ⁰C). and can be 

regenerated completely without suffering deactivation.39 

On the other hand, SMSI can also influence non-oxide carriers.84 For example, 

thermally stable PtTi intermetallic NPs synthesized via SMSI between Pt and 

MXenes, (i.e., metal carbides, nitrides…), resulted in a high selective catalyst for 

light alkane dehydrogenation.84 

1.2.4.7 Encapsulation 
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Encapsulation of the active phase can be accomplished using oxides, mesoporous 

materials, or even carbon layers.3 There is a situation of confinement by the 

support, providing an increase in the surface area which promotes the dispersion 

of the active metals and avoids the sintering.3 Covering the Pt nuclei with a shell 

made of oxide can efficiently avoid the Pt NPs aggregation at high reaction 

temperatures. For instance, Pt@SnO2/Al2O3 presents improved stability during the 

PDH compared to typical Pt@Al2O3 catalyst. 54  This is due to the coated structure 

which is maintained up to 700 ⁰C. Other materials based on carbon such as 

nanocarbons, nanodiamonds and nanotubes are exceptional supports for PDH.3 

Making the comparison with the alumina-based supports, for instance, a defective 

graphene nano shell inhibits the agglomeration of Pt-NPs.54 Additionally, 

mesoporous supports were reported as a good option due to their confinement 

effect.3 Silica-based supports such as the mesoporous SBA-15 were used to support 

PtFe@Pt/SBA-15 catalyst with a mean-size of ca. 7 nm.85 In contrast, the analogous 

on SiO2, possessed a mean size ca. 21 nm.85 It was thus concluded that the 

mesoporous structure of SBA-15 can confine more efficiently the metal NPs and 

avoid sintering during catalysis and/or regeneration.85 

1.2.4.8 Embedding 

Another strategy reported by Corma and coworkers consists in the preparation of 

metal NPs by fixing the metal onto zeolite crystals.86 The rigid framework of the 

aluminosilicate has a positive effect in stabilizing the NPs. Their approach consisted 

in generating Pt NPs and single atoms with improved thermal stability using MCM-

22, during the growth of the material from 2D to 3D. Elevated temperatures were 

applied in the oxidation-reduction treatments and led to the transformation of the 

encapsulated Pt into small NPs (mean size between 1 and 2 nm).86 Sn can be added 

during the Pt synthetic procedure as a promoter. Interestingly, when K was added 

as a second promoter, differences in stability were observe since after calcination, 

the PtSn@MFI suffered from agglomeration whereas the K-PtSn@MFI remained 

unaltered and well-dispersed.87,88  
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1.3 Available commercial technologies for PDH 

Due to the paramount importance of the PDH reaction, several technologies were 

developed. This includes nine technologies: Catofin (ABB Lummus company), 

Oleflex (Honeywell UOP), FBD-4 (Snamprogetti and Yarsintez), PDH (Linde-BASF-

Statoil), STAR (Phillips), ADHO technology (China university of petroleum), FCDh 

(Dow Chemical Company) and KBRs (K-PRO) and SABIC. 3,14,89,90 

The existing technologies mainly vary in three factors: (i) the mode of operation 

and regeneration, which can be cyclic or continuous; (ii) the formulation of the 

catalyst, mainly based either on Pt or Cr, and (iii) the heat regulation, needed to 

assist the endothermic nature of the propane dehydrogenation. In the following 

section, a description of the PDH technologies is assessed and an overview in form 

of a table (for all the technologies except SABIC due to lack of data) can be seen in 

Table 1.2. 
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Table 1.2. Summary of the commercial technologies for PDH. 

Tech. Catofin Oleflex STAR 
Linde-BASF-

Statoil 
FBD-3 ADHO FCDh KBR 

Dev. ABB Lummus UOP Phillips Linde-BASF 
Snamprogetti-

Yarsintez 

China 

University of 

Petroleum 

Dow 

Chemical 

Company 

K-PRO 

Year 1986 1990 1999 1995 1964 2016 2016 2018 

Cat. 
K(Na)CrOx/Al2

O3 
K(Na)PtSn/Al2O3 

PtSn/ZnAl2O4

/CaO-Al2O3 
PtSn/ZrO2 CrOx/Al2O3 

Refractory 

mixed oxides 

PtGa-K/Si-

Al2O3 

Non-Pt 

Non-Cr 

T (⁰C) 560 - 650 525 – 705 480 – 620 550 – 650 550 – 600 500 – 650 600 600 

P (bar) 0.2 – 0.5 1 – 3 5 – 6 >1 1.1 – 1.5 - 1 1.5 

Con. 

(%) 
40 – 45 30 – 40 35 40 – 45 45 – 50 50 45 45 

Sel. (%) 82 - 87 85.5 – 88 80 - 90 95 

80 - 85 

 
 
 
 
 

90 93 87 - 90 
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1.3.1 Catofin process 

The Catofin process, licensed by ABB Lummus company, was the first 

dehydrogenation C3-C5 alkene technology developed.3 It is based on the Houdry 

Catadiene process, that primarily was devoted to isobutane dehydrogenation. The 

Catofin process consists of four sections: (i) propane dehydrogenation reaction to 

obtain propylene, (ii) reactor discharge compression, (iii) product recovery and (iv) 

refinery units. The present process uses 5-8 parallel adiabatic fixed bed reactors 

containing a chromium-alumina-based-catalyst promoted with alkali, with a 

content larger than 18% wt. Cr. It exhibits a stable behavior and provides 

conversion of propane (45-50%) and good propylene selectivity (87%). The PDH 

reaction takes place at ca. 575 ⁰C at 0.2-0.5 bar (a) of pressure.3,14,91 Prior to the 

catalytic reaction, the hydrocarbons are previously heated at 650 ⁰C (0.5 bar (a)). 

Every reactor is continuously running, some of them are devoted to PDH reaction 

and others to regeneration and purging steps (15-30 min), resulting in a nonstop 

product generation.14 In the Catofin process, a dilution of the catalyst with inert 

material is needed to foment an energy reservoir for the PDH reaction. 

Nonetheless, this technology is not very efficient since large amount of energy is 

consumed in each feeding. To overcome this drawback, Clariant patented a 

technology called “heat generating material (HGM)”, which is described as a new 

metal-oxide-based material (CuO/Al2O3 promoted by Ca and Mn oxides) to foment 

the improvement of selectivity and yield in the mentioned process by the 

exothermal reduction of Cu.90  Introducing the HGM optimizes the catalyst bed 

temperature profile, decreasing the energy and air consumed during the 

regeneration process and increasing the life of the catalyst. In 2012 the 

HGM/Catofin process was used on a commercial scale using the Catofin 

installations.92 

1.3.2 Oleflex process 

The Oleflex process, licensed by Honeywell UOP and commercialized in late 1990’s, 

is a propane to propylene technology based on moving bed reactors regenerated 
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continuously. It consists of three sections: (i) reactor, (ii) product recovery and (iii) 

regeneration of the catalyst. The reactor section consists of one or more radial flow 

moving bed reactors, coupled with a pre-heating system, interstage heaters and a 

feed-effluent gas-gas exchanger.15 The regeneration section consists of burning the 

coke generated at the catalyst surface and returning it to the reactor, which is 

redispersed on the support material by a treatment with a mixture containing 

chlorine and air. The redispersion of sintered Pt is accomplished with the formation 

of oxychlorinated species.90 Dimethyl sulfide is introduced to the bed reactors to 

suppress the formation of coke and prevent the walls of the reactor to embrittle as 

a product of the interaction with the formed alkenes.15 This Pt-Sn-alumina catalyst 

operates at pressures between 1 and 3 bars and at temperatures of 525 – 705 ⁰C. 

This catalyst  can convert the feedstock of propane-rich liquefied petroleum gas 

(LPG) into polymer-grade propylene.3  More recent catalyst were produced by 

decreasing the Pt content and increasing the selectivity towards propylene.3 The 

propane conversion and propylene selectivity values are estimated to be 29% and 

89 % respectively, and the time-on-stream it is of 1000 days.15 

1.3.3 FBD-3 process 

The FBD process, licensed by Snamprogetti and Yarsintez, was developed during 

the 1960s and can be used for the dehydrogenation of propane (FBD-3) and for 

isobutane (FBD-4).3,14,15,90 FBD-3 is based on fluidized bed dehydrogenation. The 

catalyst is chromium based (15-19%) CrOx/Al2O3, promoted with an alkali metal. 

The alkane is fed into the reaction tower and the propane dehydrogenation occurs 

between 1.1- 1.5 bar (a) at 550 - 600 ⁰C. Subsequently, the catalyst and the gas 

products are separated by the cyclone separator. The catalysts suffer a deactivation 

over time, therefore its transportation to a regeneration unit is needed to combust 

(700 ⁰C) the carbon deposited on the surface. Afterwards, the regenerated catalysts 

is transferred to the reaction tower to start the process again. 3,14,15,90 

1.3.4 Linde-BASF-Statoil process  
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The Linde-BASF-Statoil process also named PDH technology was developed by 

Linde AG in 1992.14 Initially, the catalyst was chromium-supported-on alumina 

oxide with alkali and alkaline promoters. At a later date, they changed to Pt-Sn 

supported onto hydrotalcite, Mg(Al)O.3 This PDH technology consists of three gas-

fired-steam-reformer-type dehydrogenation reactors. Two of them devoted to 

dehydrogenation process and the third one used for regeneration purposes under 

air.14 The reactors operate at 550 – 650 ⁰C, and under isothermal regime, the PDH 

technology can provide > 90 % propylene selectivity and a propane conversion 

between 40 - 45 %. It is noteworthy that the catalyst life it is estimated to be near 

2 years, meaning that little amounts of coke are deposited onto the catalyst. 

Furthermore, it operates at atmospheric pressure and avoid safety issues in 

comparison with other technologies. 90 

1.3.5 STAR technology 

The STAR (Steam Active Reforming) process, acquired by Uhde and developed in 

1999 by Phillips, is a cyclic process used for the dehydrogenation of low paraffins 

(propane or butanes) into the analogous olefins.14,15,90 It operates at 5.8 bar (a) and 

at temperatures between 500 and 600 ⁰C. First, the feedstock is prepared by 

separating possible contaminants and the remaining feed is heated up and mixed 

with oxygen. The STAR technology involves the oxidative propane 

dehydrogenation. By introducing the oxygen (in an oxyreactor), the latter reacts 

with hydrogen products and lead to the formation of H2O. The equilibrium of the 

reaction reverses the equilibrium of the propane dehydrogenation reaction, and 

the conversion rate is increased. Furthermore, the exothermic nature of the water 

formation provides additional heat to the PDH endothermic reaction. 14,15,90   The 

steam is co-fed with propane to convert the vast majority of coke to CO2, which 

translates in increasing the operation time (to ca. 7 h) before the regeneration step 

is required (1 h).90    Notwithstanding, the resulting olefins must be separated from 

any residual hydrogen and other side products using separation operation to 
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improve the yield of the process. The STAR catalyst contains PtSn on Zn-Ca 

aluminate and exhibit extraordinary dehydrogenation performance. It has been 

validated and have a life span of more than 5 years. The STAR process provides a 

conversion of ca. 35% and propylene selectivity of 80 - 90%.3  

1.3.6 ADHO technology 

The ADHO technology, recently developed in 2016 by the China University of 

Petroleum and licensed industrially by Shandong Hengyuan Petrochemical 

Company Limited, is a propane/butane dehydrogenation technology.3 It is operated 

by a non-toxic and non-noble metal catalyst, containing a mixture of refractory 

mixed oxides. Regeneration of the catalyst is carried out continuously. 

Furthermore, the catalyst presents good mechanical strength properties and is also 

valid not only for the PDH and BDH separated but as well for a mixture of propane 

and butane in the feed. The process operates between 500 and 650 ⁰C and the 

propane conversion is around 50 % with a propylene selectivity of 90 %.3 

1.3.7  FCDh process 

The FCDh process, recently developed by the Dow Chemical Company in 2016, 

consists in a fluidized catalytic dehydrogenation (FCDh) technology. It aims to 

produce propylene using shale gas, a form of natural gas composed mainly by 

methane, as the feedstock. The catalyst used is based on Pt-Ga-L/Si-Al2O3. It is 

operated using a fluid catalytic cracking technology. Propylene selectivity achieved 

is ca. 93 % and propane conversion 45 %.3, 90 The present technology applies a 

robust reactor/catalyst regeneration that allows the process to be scaled up as 

needed. Additionally, the FCDh process can be easily integrated within existing 

ethylene crackers in parallel with furnaces to increase the production of ethylene 

and propylene.3 

1.3.8 KBRs technology 
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The KBRs technology, developed by K-PRO, was launched in 2018.3 It combines an 

innovative highly selective dehydrogenation catalyst based on the use of non-

precious metals, without chromium.3 KBRs implements a unique propylene 

production unit based in FCC reactions. The regeneration is performed in a 

continuous regime using an orthoflow FCC reactor.  

1.3.9 SABIC technology 

The main advantage of the SABIC technology, is that the reactor devoted to the 

propane dehydrogenation is integrated with an internal regenerator.90 Thus, it is 

possible to continue to produce propylene with a single unit. The heat produced in 

the regenerator unit is applied directly to foment the endothermic propane 

dehydrogenation, with a minor catalyst circulation and therefore abrasion. Besides, 

it allows more versatility in the selection of the catalyst, which can be Cr or Pt based 

with their corresponding regeneration frequency times (8-20 min vs 6-12 h, 

respectively). 90 

1.4  Catalyst development  

In the propane dehydrogenation, the rate determining step (rds) is the primary 

activation of C-H bond of propane.3,93–95 Besides, the product (propylene) is far 

more reactive than the reagent (propane), and can suffer side reactions (i.e., 

cracking, hydrogenolysis or continue with the dehydrogenation). In the past 

decades, a vast array of heterogeneous catalysts was investigated for PDH purposes 

and can be classified by three different types: (1) metal-based catalysts; (2) metal-

oxide-based catalysts or (3) catalysts with other formulations (Scheme 1.2). 

Concerning the metal-based catalyst, Pt represents the most prominent example; 

however, insights into the use of other active metals such as Pd, Rh or Ni will be 

commented. For metal-oxide-based-catalysts, the chromium oxide (CrOx), 

vanadium oxide (VOx) and gallium oxide (GaOx)-based catalysts can be highlighted 

as the most important ones. And finally, the group of catalysts with other 
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formulations includes alternative carbon-based materials, carbides, and nitrides, 

among others. 

 

Scheme 1.2. General scheme of various strategies to the catalyst’ development for PDH. 

In terms of catalyst development, the support and the promoter’s choice are 

considered as important as active metal. 

The selection of the support is of paramount importance, and it is not trivial. An 

adequate support should have high surface area with a homogeneous pore size to 

foment uniform distribution of the particles, good thermal stability under the PDH 

reaction conditions, excellent mechanical strength, it should be able to maintain 

the metal particles well-dispersed and also possesses an adequate acid-base 

properties.96 Al2O3 could be highlighted as the most typical support for PDH. Other 

important examples are CeO2,39 SiO2,28,97 spinel structures (MgAl2O4),98 

zeolites,99,100 and carbonaceous materials.101 

The combination of the active metal, for instance Pt, Pd, Rh or Ni, with another 

metal (M) as a promoter, permit the formation of alloys or intermetallic 

substances/composites. The promoter enhances the selectivity toward propylene 
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and improves the catalytic activity as well as diminishing the active metal loading. 

The most typical promoter is Sn, but Ga, Zn and In, among other metals are also 

frequently reported.3,61 The promoter provides electronic and/or geometric effects 

that will enhance the catalyst performance in PDH. The promoters can modify 

electronically the properties of the active metals, but their exact effect on the active 

phase is still not clear.3,61 Mainly, it is thought that an electron donation occurs from 

the promoter to the active metal and as such the d-band energy of the active metal 

is modified. On the other hand, the introduction of the promoter can remarkably 

influence geometrically the active metal, inhibiting the structure-sensitive side 

reactions (hydrogenolysis, coke formation, deep dehydrogenation) and therefore 

enhance PDH selectivity.5  

1.4.1 Metal-based catalysts 

1.4.1.1 Pt-based catalysts 

Pt is the most used metal for propane dehydrogenation due to its outstanding 

affinity to activate the paraffinic C-H bonds.3,102,103 However, the Pt-Pt ensembles 

are also active in side reactions, presenting low selectivity (i.e.; cracking, over-

hydrogenation, etc.).61 It has been shown that Pt three-fold hollow sites possesses 

large Pt ensembles which are considered to be responsible for the formation of 

strongly adsorbed alkylidyne species, which are the precursor of hydrogenolysis 

and coke forming reactions.65,104,105 To overcome the latter issues, it is necessary to 

improve the supports, promoters and synthesis methods.5 

A conventional catalyst for PDH is the Pt-supported onto aluminum oxide 

(Pt@Al2O3).14,61 Nonetheless, electron deficient Pt nanoparticles have a weak 

interaction with the Al2O3.14 Moreover, the amphoteric nature of this same support, 

can decrease the selectivity towards the olefins and foment the sintering and the 

coking, since the Al2O3 presents some acidic character.68 As a direct consequence, 

efforts in improving the engineering of the supports were implemented so as to 

foment the metal-support interaction and to induce electronic effects. The addition 
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of alkaline salts (i.e., Li+, Na+ or K+) was reported to poison the acid sites and 

therefore restricts the coke formation. 96,98,106,107 As well, a vast array of supports 

was extensively studied: SiO2,108 zeolites,87,109,110 nanocarbon materials 

(nanodiamond, carbon nanotubes, carbon nanofibers, graphite).54,55,111  

Pt is active in PDH in its metallic state Pt (0),14 and sometimes a reduction step is 

necessary prior to the reaction. It is described that PDH is not sensitive to the 

structure of the Pt particles. Only the number of active sites is relevant, therefore 

small particles are preferred, avoiding the trimers of Pt atoms.105 Nevertheless, the 

undesired side reactions (coke formation, hydrogenolysis and isomerization) are 

reported to be structure sensitive. 14,100,112,113 There is still controversy, because Zhu 

et al., suggests that coke formation is not structure-sensitive, since the coke can be 

generated by all the Pt facets of the particle, especially in the un-coordinated active 

Pt sites.102 They reported that this mentioned phenomena is due to the weakened 

bond strength of propylene and the higher barrier of energy for dehydrogenation 

on the Pt (111) domain. For that reason, high coke formation rates were described 

with the small Pt cluster, since a larger surface area will lead to faster coke 

formation, and therefore, faster deactivation.  

Hence, to obtain good propylene selectivity, various attempts were made to modify 

the Pt-surface via different strategies that include electronic and/or geometric 

modifications to the catalyst active phase.14,27,114  

Several studies revealed that alloys based on Pt and another transition metal 

(promoter), such as Sn, Ga, Zn, Ti, Cu, enhance the performance in the PDH.14,78,115–

118  

· PtSn catalysts  

Tin (Sn) is by far the most extensively studied promoter for Pt catalyst both at 

industrial and research levels. 3,61 Sn is reported to suppress many side reactions 

(hydrogenolysis, isomerization), helps to minimize the sintering of the Pt particles, 
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modifies the acidity of the support, and diffusion of coke adducts from the metal 

to the support.14 The promotional role of Sn in Pt catalysts is due to geometric and 

electronic effects.  

The addition of Sn has a structural role because it acts as a site blocking atom, 

forcing the reaction pathway to the propylene production, because the 

hydrogenolysis of the adsorbed alkyl through a ꝩ-H activation at a neighbouring Pt 

atom it is not favoured because of Sn (Figure 1.12). The alloying of PtSn is also well 

studied and described and it is reported that its intrinsic effects change the Pt 

oxophilicity,103 improving the productivity towards the target molecule, propylene. 

 

Figure 1.12. PDH mechanism over a bimetallic PtSn-based catalysts. 1,2,3 (blue) are the pathways that 
lead to the target product, propylene. 

 

· Geometric effect of Sn 

Concerning the geometric effect, it has been proposed that the side reactions can 

be suppressed by minimizing the size of the Pt particles. 14, The Sn addition will 

promote the formation of the platinum-tin alloy, covering partially the Pt particles 

by Sn, which will result in smaller Pt ensembles. 119–121 Olsbye et al., 122,123 reported 

that the Sn is covering selectively the Pt sites that possess low coordination, namely 

the steps, corners, edges, and defects; the latter ones are responsible for 

hydrogenolysis. Since PDH reaction is not dependent on structure, small groups of 
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atoms or, even single atoms of Pt are able to act as catalysts. The Pt-Sn formation 

will reduce the amount of Pt neighbors, preventing the structure sensitive side 

reactions, to take place. Moreover, it has been suggested that the sintering of the 

Pt particles is reduced upon Sn addition.123 Additionally, the adsorption of coke 

precursors is preferred on large Pt groups, and this, the use of catalyst can reduce 

coke deposition.14 

· Electronic perspective of Sn 

Weckhuysen et al.,14 reported that the Sn species alloyed that are in the metallic 

form Sn (0) or oxidized Sn (2+) are very close to Pt, and therefore are capable of 

transferring electrons to Pt 5d band, which alters the catalytic characteristics and 

adsorption properties of Pt. According to previous local density of states (LDOS) 

studies,124 it was proved that no hybridization between propane and Pt states is 

possible. Thus, propane does not covalently adsorb on PtSn surfaces. According to 

the d-band model,125 shifting the center of the band to lower values would decrease 

the interaction strength between the metal surface and the adsorbates. The 

enrichment of this electronic state rapidly benefits the desorption of propylene due 

to repel force between electron-rich π bonds in propylene and metal surface.126,127 

Whereas, an upshift of the band center would increase the binding interaction 

between the surface and the adsorbates.128 DFT calculations, studied Pt with 

different Sn loadings (Pt(111), Pt3Sn/Pt(111), Pt3Sn(111), Pt2Sn(111) and 

Pt2Sn/Pt(111)).103 The more Sn, the broader is the d-band (see Figure 1.13, a). There 

is a competition between the propylene dehydrogenation and the propylene 

desorption, that would affect directly on the propylene selectivity. In Figure 1.13, 

the energy barrier difference (Ediff) between propylene dehydrogenation and 

propylene desorption over the Pt(111) and PtSn surfaces is displayed.103  It has been 

observed that the bonding strength of propyl and propylene on alloyed PtSn 

surfaces is lowered (see Figure 1.13, a).103 Also, the energy barrier for propylene 

desorption is lowered when more Sn is present, that increases the activation energy 

UNIVERSITAT ROVIRA I VIRGILI 
INNOVATIVE NANOCATALYSTS FOR SUSTAINABLE NON-OXIDATIVE DEHYDROGENATION OF PROPANE 
Laia Gil Jiménez



                                                                                                  General Introduction   
                                                      

- 31 - 
 

for propylene dehydrogenation, affecting positively the propylene selectivity (see 

Figure 1.13, b).103 They found that propylene is less stable on Pt3Sn(111) than  

Pt(111). However, the best adsorption energy of 1-propylene was achieved when 

using Pt2Sn/Pt(111). Nevertheless, a compromise between the propane adsorption 

and propylene desorption proves that the best candidate was Pt3Sn(111) alloy.103  

 

Figure 1.13. (a) Binding energy plot of the 1-propyl (red points) and the energy barriers for PDH to 1-
propyl (green points) versus the d-band centers over Pt (111) and PtSn surfaces. (b) Energy barrier 
difference (Ediff) between propylene dehydrogenation and desorption of propylene. The blue and red 
bars denote the pathways to 1-propenyl or 2-propenyl, respectively.103 

Supplementary DFT studies described these experimental results revealing an 

increase of the Pt electron density, which is believed to weaken the adsorption of 

the ethylidyine on Pt atoms near Sn.103 Moreover, the selectivity is increased when 

the energy barrier of the desorption of propylene decreases since deep 

dehydrogenation and cracking processes will be less favored. 56,70,129 Several studies 

were performed on such Pt-Sn interactions, verifying previous results. 103,130–134  

· PtGa catalysts  

Another commonly used promotor for Pt-based systems is gallium (Ga). At high 

temperatures (> 500 ⁰C), the alloy Pt-Ga can be formed with various compositions.61 

It is reported that Ga introduction enhances remarkably the selectivity toward 

propylene and improves the catalytic stability, which was attributed to the 

geometric and electronic effects.61  
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Series of Pt-Ga/Al2O3 were synthesized and used for PDH.135 By introducing Ga, the 

propene selectivity increased, and the deactivation and carbon formation were 

suppressed. This was explained by the ability of Ga to slightly modify the acidity of 

the support, which the electronic and geometric effects of the Pt-Ga alloy may be 

the principal motives of the enhancement in the catalytic results. It is also reported 

that the catalysts stability can also be reinforced using CeO2-Al2O3 as the support, 

due to the Ga3+ cations are incorporated to the cubic structure of CeO2 and the 

lattice oxygen storage capacity and surface oxygen mobility are enhanced. As well, 

the enhanced reducibility of CeO2 indicates the higher capability to eliminate the 

coke deposition.136  

· Other PtM catalysts  

Certainly, Sn and Ga are not the unique promoters for Pt-based catalysts. Other 

highly reported promoters are Zn and In.  

PtZn catalysts. 

The Pt-Zn alloy was formed after H2 reduction. In this alloy, notable changes in the 

electronic, structural, and geometric properties of the Pt catalysts were described. 

Furthermore, the unalloyed Zn adducts present on the support (i.e., single sites of 

Zn on SiO2 or Zn as framework in zeolite) were suggested to have a crucial function 

in stabilizing the active Pt-Zn alloy.61,78 As a consequence, the catalytic 

performances were remarkably enhanced. There is high number of publications on 

Pt-Zn alloys supported on different zeolitic materials and, in some cases alkali metal 

ions (i.e., Na+ and K+) were added to poison the acid Brønsted sites on zeolites to 

prevent cracking, oligomerization and coke formation.137 This includes HZSM5138,139, 

NaZSM5140, Na-Beta140, Na-Mordenite140, Na-MCM-22137,  and CIT-6141, among 

others. It is reported that Zn addition promotes the Pt dispersion. It is important to 

mention that the propylene selectivity observed with the silica-aluminum zeolites 

is lower than with silicious zeolites, probably due to acidity of the silica-aluminum 

zeolites.137,142,143 Other supports such as SiO2
23,78,144 or Mg(Zn)AlOx hydrotalcites145 
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were also examined and found to possess interesting activities in PDH with 

selectivity of propylene above 99%.  

PtIn catalysts. 

Indium (In) is also reported to be a good promoter for Pt-based catalysts. 101,105, 

146,147, The Pt-In systems were reported to be more homogeneous in composition, 

than Pt-Sn and Pt-Ga catalysts.146,147 With a reduction step under H2, up to seven 

different intermetallic alloys could be formed depending on the In loading.105 

However, according to DFT calculations, the Pt3In alloy is the one that has a 

comparable activity to pure Pt and Pt3Sn.105 Furthermore, Pt3In can achieve better 

propylene selectivity than Pt.148 This is in accordance with some experimental work, 

concerning Pt-In catalysts on SiO2 but for ethane dehydrogenation,105 where Pt3In 

phase was far more active than PtIn2. More examples were reported regarding the 

In promotion in Pt catalysts. In can be introduced onto hydrotalcites, such as 

Mg(In)(Al)O.101 The latter catalyst exhibited an increased performance for light 

dehydrogenation of alkanes in comparison with Pt/Mg(Sn)(Al)O and 

Pt/Mg(Ga)(Al)O. 101 Nevertheless, the exact structure of Pt-In alloy on hydrotalcites 

has not been determined yet.135 

Pt was combined with other metals (M) with different electronegativity such as 

Cu,149 Fe,150 Co,151 Mn,24 V,152 and, Ti,84 among others to form Pt-M composites, such 

combinations resulted in the enhancement of the catalyst performance and 

stability.153  

1.4.1.2 Other metal-based catalysts 

Systems based on Pd, Rh or even Ni were reported as PDH catalysts. 

Pd-based catalysts. 

In comparison with Pt, Pd shows an increased intrinsic activity towards the cracking 

of the C-C bond, which translates in inferior selectivity toward propylene.135 
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Additionally, Pd-based catalyst quickly deactivate because of coke formation. To 

beat these challenges, various promoters were added and the corresponding 

intermetallic alloys Pd-Sn154 , Pd-Ga155 , Pd-Zn156 , and  Pd-In77 can be formed. They 

all exhibit higher activity than the monometallic Pd catalysts. The Pd bimetallic 

catalysts provided promising performance in propane dehydrogenation, although 

their activity is lower than Pt bimetallic systems.135  Additionally, the Pd price is 

much higher than that of Pt, and is thus not an attractive alternative for large scale 

applications.  

Rh and Ni-based catalysts. 

Numerous studies revealed that some other metals such as Rh and Ni can be used 

as active phases.135,132 Usually, Ga is the chosen promotor and leads to single-atom 

alloy or intermetallic compounds.135 These structures produce metal sites that are 

active for the dissociation of C-H bond.  

Interestingly, Ga-Rh/Al2O3 catalysts showed high propylene selectivity (>90 %) and 

a reasonable catalyst stability.157,158 However, the high price of Rh greatly limit any 

potential industrial applications. 

Ni-based catalysts are a good option to lower the cost of the noble-based catalysts. 

Ni can activate the alkane molecule; however, Ni alone possesses a high activity 

towards C-C hydrogenolysis, which increase the production of methane. To 

improve the selectivity toward olefins, various metal promoters need to be 

introduced, such as Sn and Ga.135 

1.4.2 Metal-oxide-based catalysts 

In the past decades, a high number of heterogeneous catalysts based on metal-

oxide were exploited for PDH. The Lewis acid M-O sites present in metal oxides can 

efficiently activate the C-H bonds of propane. The most reported systems are based 

on chromium oxide (CrOx), vanadium oxide (VOx) and gallium oxide (GaOx). They 
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exhibit substantial activity and good propylene selectivity but experience the loss 

of oxygen under the reaction conditions, leading to a fast deactivation due to coke 

deposition. Therefore, regular regeneration cycles are needed to recover the 

catalyst activity. However, sintering is not completely reversible. For that reason, 

some challenges remain in terms of coke formation, catalyst stability and 

environmental problems. 3,14,62 

CrOx-based catalysts. 

Chromium oxides (CrOx) are commonly applied in the PDH process, especially for 

the commercial technologies Catofin and FBD-4. Propane reacts at the Cr-O sites. 

Nevertheless, in comparison with Pt sites is more complex and it is a toxic metal. It 

is known that the fresh CrOx catalyst possess a wide range of chromium ions with 

different oxidation states (Cr6+, Cr5+, Cr3+ and Cr2+) which have different roles in the 

PDH reaction. 159,160 Since the PDH occurs under a reducing atmosphere, the high 

valence states would be reduced in the process. This was verified using XANES since 

the reduction of Cr6+ species to Cr3+ was observed.161 Moreover, Cr3+ is believed to 

be the active phase of the reaction. In general, CrOx catalysts have interesting 

reactivity and selectivity but low stability.159,160,161   

VOx-based catalysts. 

Vanadium oxide-based catalysts (VOx) exhibit high selectivity toward propylene. 

Among VOx, CrOx and PtSn-based catalysts for PDH, VOx catalyst exhibited the best 

propylene selectivity and stability during the continuous regeneration cycles.162 

Before the PDH reaction, V5+ is the predominant specie, but after the H2 reducing 

treatment, the V5+ ions are partially reduced to V4+ and V3+, since part of V5+ remain 

and all the species coexists during the reaction.162 The active phase is believed to 

be V3+. Like CrOx-based catalyst, the carbon deposition is the principal reason for 

the deactivation of VOx catalysts, and is believed to be strongly linked with the 
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dispersion of the present species. 162 However, VOx is toxic, restricting their 

application in industry. 

GaOx-based catalysts. 

Gallium oxide-based catalysts (GaOx) were studied in PDH for many years.122,163,164 

There is no quorum about which are the active phase since there is a strong 

influence of the support, preparation methodology and loading used.165 The active 

phase of Ga2O3 are the coordinatively unsaturated Ga3+ species which is a Lewis 

acid site.163,164  For these catalysts, Pt can act as a promoter favoring the desorption 

of hydrogen and recovering the gallium hydride species and/or the hydroxide 

species. Upon H2 pretreatment Ga-H species are fomented, which are reported to 

possess a higher activity than the Ga+ sites. 122,166 These types of catalysts also suffer 

from sintering and a controlled regeneration required to restore their 

performance.167   

Other metal oxides formulations reported are based on ZrOx, InOx, ZnO, MoOx, Fe-

based and Co-based. 135  

1.4.3 Other catalysts 

Apart from metal and metal-oxide-based catalysts for PDH, the transition to a 

greener chemical industry demanded environmentally friendly and cheaper 

catalysts. 135 Recently, carbon-based materials or transition metal carbides and 

nitrides were reported for this process.62  

Transition metal carbides and nitrides. 

By the incorporation of C and N atoms into the interstitial sites of the transition 

metals, it is possible to create transition metal carbides and nitrides, respectively. 

135,180,181 Their formation can significatively affect the physicochemical properties of 

the metals.180 Concerning the catalytic perspective, the transition metal carbides 

(TMC) display similar properties as the noble Pt-catalysts, for instance, Mo2C,  
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showing propylene selectivity higher than 95 % in the absence of H2.181 

Nevertheless, there is a limitation regarding the surface area and the deactivation 

of the catalysts.135 

Despite the fact that a myriad of heterogeneous catalysts have proved to possess 

formidable activities and selectivity in PDH, the exact active site structure of PDH 

catalysts remain after unclear.3 A recent review,128 provided fundamental 

understanding via DFT calculations and kinetic analysis, into the selectivity towards 

propylene and coke formation. Computational studies proposed that Pt-based 

alloys, especially the Pt3Sn, as the more suitable candidate for the chemical industry 

as it lowers the desorption energy of the propylene.  

To summarize, the state-of-the-art concerning the metal-based, metal-oxide-

based, and other catalysts were presented for the non-oxidative dehydrogenation 

of propane to target propylene, one of the most important value-added chemical 

building blocks in the chemical industry. Among them, Pt-based catalysts are the 

most studied, especially when promoted with Sn. Ga, Zn and In are other commonly 

used promoters for Pt. The promoters cause geometric and electronic effects, 

improving significatively their catalyst performance. Other active metals are Pd, Rh 

and Ni. Metal-oxides are another very popular option, especially CrOx, VOx or GaOx. 

However, these catalysts suffer from deactivation, and a controlled regeneration is 

required to restore their performance. Due to the demand of more 

environmentally friendly and cheaper catalysts, other formulations were reported 

using carbon-based materials or transition metal carbides and nitrides.  

Carbon materials. 

In the late 70s carbon was found to be active for alkane dehydrogenations.168 

Nanocarbon materials (i.e., graphene, carbon nanotubes, mesoporous carbons, 

activated carbons, etc.) are interesting as supports for the catalyst since they 

present a high surface area and, are inexpensive and environmentally friendly. It 
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has been reported that nanocarbons could be used as a metal-free catalysts for 

PDH and present catalytic activities comparable with those of the noble metal and 

metal oxide-based catalysts.169–173 Furthermore, it is possible to easily tune the 

surface functionalities through chemical oxidation to carry out the introduction of 

O groups (such as ketones, carboxylic, lactone, ether or phenol), ii) introduction of 

N groups (such as pyridine oxide, amide, amine, pyrrole) or, iii) introduction of P 

groups (such as -P=O, -PO(OH)2, -OPO(OH)2 and -P(OH)2).169,170,174 The so-mentioned 

functionalities of activated carbon can catalyze a vast array of reactions.175 Carbon 

nanofibers (CNFs) were reported to be active catalysts, and that the existence of 

radicals formed at the surface of coke favors the dehydrogenation reaction. 

Additionally, oxygen functionalities on activated carbon and CNFs presented active 

sites for the oxidative dehydrogenation reactions.176 Their catalytic performances 

were related with surface functional groups, defects and electronic properties.177 

Moreover, a mixed nanocarbon made of a diamond core and a graphitic shell 

presented activity for PDH, which was explained by the presence of either ketone 

groups or of structural defects in the graphitic part of the material.178 Recently, non-

precious metals (Co and Cu) confined in a carbon matrix which contained nitrogen 

were also reported to be active in PDH reaction at 773 K.179 

1.5  Nanochemistry 

Nanomaterials present at least have one dimension (1D) in the range from 1-100 

nm. Metal NPs (M-NPs) display unique physical and chemical properties that are 

remarkably different from the bulk materials.182 NPs possess high surface volume 

ratio, and as such provide an elevated number of potential active sites exposed.183 

NPs are used in different fields such as biology, medicine, physics, material science 

and chemistry.184,185 One of their most popular application is in the field of 

catalysis.186 Direct application of colloidal (or unsupported) M-NPs, provide 

interesting insights into the reactivity of heterogeneous catalysts (hydrogenation, 

oxidation, C-C bond formation and a long etcetera).187 Since they are not supported, 
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they can freely rotate in the three dimensions, meaning the reactants can easily 

reach the active sites and therefore, high activity is promoted.188  

The formation of M-NPs is believed to follow the LaMer mechanism (Figure 

1.14).189,190  

 

Figure 1.14. LaMer mechanism showing the atomic concentration versus time illustrating the 
generation of atoms, self-nucleation, and posterior growth. Extracted from 191.  

This mechanism consists in three steps: the precursor decomposes and creates (i) 

a fast increase of the concentration of free and available atoms in solution; that (ii) 

self-nucleate until reaching the supersaturation giving rise to (iii) the growth 

nanoparticles/nuclei via homogeneous nucleation.192 In the latter step, the seed 

particles are generated in-situ and it is believed that the growth mechanism follow 

the same process. 193 

1.5.1  Stabilization of metallic NPs 

M-NPs are kinetically stable but not thermodynamically, because the minimum 

energy is the bulk metal.185 Van der Waals forces will pull two near-by particles to 

join each other. Therefore, there is a tendency towards aggregation and the use of 
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a stabilizing agent is required during their synthesis. There are three types of NP 

stabilization: electrostatic, steric or electrosteric (Figure 1.15). 

 

Figure 1.15. Scheme of the electrostatic, steric, and electrostatic stabilization of M-NPs. 

Electrostatic stabilization. 

The electrostatic stabilization is based on an electrical double layer which creates a 

Coulombic repulsion that enables, if the electric potential is high enough, the 

separation of the NPs and thus avoids agglomeration. As an example, we can 

encounter ions, atoms or groups of atoms that bears one or more positive or 

negative electrical charges such as halides or carboxylates. Generally, this type of 

stabilization is performed in an aqueous solutions.194  

Surfactants can form a monolayer which around the core of the M-NPs. Lipophilic 

surfactants with positive ions such as methyltrioctylammonium chloride provide 

very stable NPs.195 

Steric stabilization. 

The steric stabilization consists of the adsorption of sterically demanding molecules 

on the surface of the metal NP, which act as a protective shield. Polymers and/or 

organic ligands as steric stabilizers.  

Polymers can provide metal-NP stabilization through the steric bulk of their 

framework. The most used polymer is the poly(n-vinyl-2-pyrrolidone), PVP.187 The 

lengths of the PVP and its interaction with the solvent have a role in the particle 

aggregation.  
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Dendrimers were also used to stabilize NPs, playing a template role in which, the 

NPs are formed. Furthermore, since dendrimer’s structure is substantially different 

from the traditional surfactants, this opens new options to vary solubility, 

functionality, and morphology.196  

Electrosteric stabilization. 

The electrosteric stabilization consists in the combination of the two previous 

strategies. Amphiphilic compounds, ionic liquids or surfactants provide this form of 

stabilization.197 It was reported that NPs can strongly adsorb a layer of anions at the 

metal surface, that at the same time are surrounded by a layer of countercations 

to maintain the Pauling’s principle of electroneutrality.198  

Ionic Liquids can be used for the synthesis and dispersion of NPs and as their its 

surface functionalization.199  

Small molecules or ligands can also be employed and their structure can affect final 

morphology and size.200  

1.5.1.1 Ligands as stabilizers 

Multiple types of stabilizing agents were reported for the synthesis of metal 

NPs201,202 and can regulate the growth, agglomeration, and physicochemical 

characteristics in a precise way. These includes polymers, dendrimers, surfactants, 

ionic liquids, and small molecules.158 In Figure 1.16, various types of stabilizing 

agents are represented.  
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Figure 1.16. Schematic representation of stabilizing agents for NPs used in the literature. 

In this context, our group in Tarragona is experienced in the preparation by the 

organometallic approach of colloidal and supported metal nanoparticles (M-NPs) 

and using organic molecules as stabilizing agents.203–206 Nanomaterials prepared by 

this methodology display advantages with respect to materials prepared by 

classical methods (i.e., wet-impregnation), such as: (a) improved (small) size and 

shape control, (b) well-defined and more homogeneous compositions, (c) cleaner 

NP-surfaces, (d) reproducible synthesis under mild reaction conditions (r.t. to 100 

°C, and low H2 pressures, i.e., 1-5 bar), (e) tunable catalytic properties, in some 

cases controlled by the organic stabilizing agents, and (f) possible one-step 

preparation of supported monometallic and bimetallic nanoparticles onto porous 

supports by “in-situ” organometallic complex decomposition.207  

There are various types of stabilizing ligands according to the donor atom: C-

donor,208 P-donor,200 S-donor, 209 O-donor, 209 and N-donor ligands.210  

In this thesis we will focus on the use of C-donor and P-donor ligands. C-donor 

ligands such as carbene ligands can be rationalized by their σ-donor intrinsic 

capacity of a sp2-hybridized lone pair that is available to be donated to a σ-acceptor 

orbital of the corresponding transition metal. P-donor ligands are strong bases and 

expected to be σ-donor ligands.200 Selective coordination of these ligands could 

modify the steric hindrance at specific sites of the NPs and hence, selectivity. 

Various P-ligands (i.e., phosphites and phosphines) were used to tune the activity 

and selectivity of the corresponding nanocatalysts.206,211  
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1.5.2 Synthesis of M-NPs 

Generally, NPs synthesis can be carried out by two methodologies: the top-down 

or the bottom-up approach (Figure 1.17). The top-down approach implies 

mechanical and/or physical methods that decrease the size of a bulk material down 

to the nanoscale. This can be achieved via simple techniques such as mechanical 

milling and grinding, but as well through more sophisticated techniques such as 

laser ablation. This approach introduces structural defects and contaminations and 

presents the limitation in terms of size control and size distribution.212,213  

The bottom-up approach involves chemical methods. It starts from atoms through 

precursor decomposition and ends in bigger nanostructures. It is usually more 

expensive but in this case, homogeneous particles with controlled size and shape 

are commonly obtained.214  

 

Figure 1.17. Main approaches for the synthesis of M-NPs. 

Catalytically active NPs can be synthesized without the presence of a support, giving 

rise to colloidal NPs, or in presence of a solid support, obtaining supported NPs. 

Colloidal NPs can be very small and are usually soluble in the reaction media. They 

present high concentration of metal, facilitating the characterization of the material 

while supported NPs facilitates the catalyst recyclability and product separation.215 

Bimetallic NPs have shown also wide applicability especially in the field of catalysis, 

electrocatalysis, medicine, imaging, etc.212  

Bimetallic NPs can combine the properties of individual metals but can also exhibit 

unique properties in terms of electronic, geometric, optical, and even, 

catalytic.216,217 Generally, bimetallic NPs are classified according to their structure: 
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random alloys, core-shell structure, cluster-in-cluster, etc. (Figure 1.18). 174 The final 

structure will depend on the surface energies of bulk elements and the relative 

strengths of the metal bond, relative atomic size, and synthetic methodology. 

 

Figure 1.18. Schematic representation of bimetallic NPs (extracted from174): (a) mixed alloys; (b) 
random alloys; subclusters with (c) two interfaces or (d) three interfaces; (e) subcluster with small A-
B bonds; (f) core-shell NPs; (g) multishell core-shell NPs; (h) small core materials coated by shell 
material or (i) movable core within hollow shell material. Based on 218,219. 

Immobilization of NPs on supports. 

There are different technologies to deposit the NPs on a solid support (Figure 1.19). 

It can be summarized in two main methods: (1) the dispersion of the metal salt 

precursor by deposition, impregnation, co-precipitation, or adsorption followed by 

a reductive procedure from the M-NPs,220 (2) the formation of colloidal NPs, which 

are subsequently immobilized by grafting or adsorption.213 This last methodology 

can be performed in one-pot, meaning that the colloids can be formed in solution 

where the solid support is also present. 
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Figure 1.19. Schematic representation of Colloidal NPs and its impregnation and supported NPs. 

There is a vast array of synthetic methodologies for the preparation of NPs, such as 

chemical reduction of transition metal-salts,221 involving the chemical reduction of 

a metal salt to a zero-valent naked atom; thermal, photochemical or sonochemical 

decomposition,222 (where temperature, light or ultrasound radiation is applied to 

trigger decomposition of a metal complex); electrochemical reduction, 221 consists 

in applying a reductive potential to the precursor to cause its decomposition; metal 

vapor synthesis,223 (using metal vapors at reduced pressure and condense them at 

low temperatures). For the preparation of catalysts for propane dehydrogenation, 

it is noteworthy to mention the following methods: (1) Impregnation and (2) SOMC. 

Nevertheless, in the present thesis the (3) Organometallic Approach, discovered by 

Chaudret and coworkers will be studied for the first time in PDH reaction. 207,224  

1.5.2.1 Impregnation methodology 

The impregnation methodology is by far the most widely used method to synthesize 

heterogeneous catalysts. It is popular due to its technical simplicity, limited amount 

of waste and a low cost.225 It usually consists of three main steps: (1) the 

impregnation of a solid support with the corresponding metal precursor; (2) the 

evaporation of the solvent at high temperatures and (3) reduction of metal 

precursor (Figure 1.20). By capillarity, the solution will be directed into the pores. 

The maximum loading of metal possible is limited by the solubility of the metal 
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precursor. There exist two types of impregnations, the wet and the incipient 

wetness impregnation. The wet impregnation consists in using a higher volume of 

the metal precursor solution than the total pore volume available in the solid 

support. Whereas the incipient wetness impregnation volume is exactly the pore 

volume.215 However, the impregnation procedures do not lead to the exclusive 

formation of bimetallic particles, because monometallic phases coexist.226,227  

 

Figure 1.20. Schematic representation of Impregnation methodology. 

1.5.2.2 Surface organometallic chemistry (SOMC) 

This methodology was pioneered at C2P2-CNRS, Lyon since 1990. Surface 

Organometallic Chemistry (SOMC) approach is a highly developed area of 

heterogeneous catalysis.228 SOMC, with its specific preparation and 

characterization lead to the obtention of well-defined materials, where the metal 

sites are introduced by grafting tailored molecular precursors. 229,230 That, can be 

achieved because all the steps are carefully controlled using the tools of 

organometallic and coordination chemistry.230 The key steps of SOMC (Figure 1.21, 

a), consists in (1) Support preparation, where the initial OH density of the solid 

support is controlled via thermal treatments under vacuum; then (2) grafting of 

tailored molecular precursors (TMP) to generate the isolated metal sites, usually 

implying the protonolysis of an anionic ligand of a metal complex (LnMXx); then 
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depending on the post-treatment, single-sites or M-NPs can be obtained. Using 

SOMC a wide variety of single-sites, supported NPs, isolated metal hydrides or low-

coordinate sites can be obtained (Figure 1.21, b-e). 

 

Figure 1.21. General scheme of SOMC. (a) General strategy for the preparation of single-sites or 
supported NPs. Different supported materials can be obtained such as (b) Well-defined catalysts, (c) 

Supported NPs, (d) Isolated metal hydrides; or (e) low-coordinate sites via SOMC/TMP.229  

SOMC catalysts are in a high variety of catalytic reactions as they provide detailed 

information about the structure of active sites.229 Basset and co-workers showed 

that using SOMC, it is possible to generate surface organometallic fragments 

(SOMFs) or surface coordination fragments (SCFs), which were highly applied in 

various catalytic mechanisms (Figure 1.22).230 
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Figure 1.22. SOMF and SCF can be applied in part of reactions for catalytic mechanisms.230 

SOMC enhances the metal dispersion and can provide homogeneously distributed 

NPs along a solid oxide support (Al2O3, MgAl2O4, SiO2 and zeolites).230,231  

SOMC was used in various applications such as the obtention of 2,3-

dimethylbutenes, 232 alkane metathesis (light alkanes, branched and 

cycloalkanes),233,234 olefin metathesis,235 direct oxidative coupling of methane,233,236 

CO2 conversion with supported metal hydrides,237 epoxidation of alkenes,238 

Baeyer-Villiger oxidation,239 phenol oxidation into quinones,240  and a long 

etcetera.230 

1.5.2.3 Organometallic approach (OA) 

The organometallic approach (OA) was first reported by Chaudret and co-workers 

and consists in the decomposition of organometallic precursors (usually zerovalent 

olefinic metal complexes) under mild conditions in the presence of a reducing gas, 

usually H2 or CO (Figure 1.23). This approach provides a reproducible methodology 
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that enables to have a fine control on the size, morphology, and composition of the 

M-NPs.207,241   

 

Figure 1.23. Schematic representation of the organometallic approach. 

Ideally, the olefinic precursor reacts with dihydrogen to produce an alkane which 

subsequently will be released creating the naked metallic atoms that will grow to 

form the NPs with clean and controllable surfaces.241,242 With this method, it is 

possible to stabilize the NPs with various types of ligands, which allows to tune their 

size, shape, and surface environment and consequently their catalytic activity.243 

Chaudret and co-workers also synthesized Ru-NPs protected by weakly 

coordinating solvents using Ru(COD)(COT) as the organometallic precursor under 

mild conditions (3 bar H2). The size and shape of the NPs was influenced by the 

solvent mixture and the catalytic activity of these NPs was promising in the catalytic 

hydrogenation of arenes under mild conditions.224  

The organometallic approach methodology can also be used in the presence of a 

support to obtain heterogeneous catalysts. This method is thus called one-pot 

organometallic approach (OPOA). For instance, our group reported the preparation 

of Ni NPs stabilized by a heterocyclic carbene supported onto carbon nanotubes 

(CNTs) (Ni-NHC@CNTs) that were used in the semi-hydrogenation of internal 

alkynes.204 Bimetallic nanocatalysts NiCu and PdCu stabilized by heterocyclic 

carbene ligand were supported on CNTs for the selective hydrogenation of alkynes 

and alkynols, and PdCu/CNTs revealed an efficient catalytic system in the 

hydrogenation of terminal and internal alkynes.203 Sala and coworkers reported Ru-
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NPs stabilized with 4-phenylpyridime on TiO2 nanocrystals (Ru@RuO2PP-TiO2) for 

hydrogen evolution using visible light (Figure 1.24). 244    

 

Figure 1.24. Synthesis of Ru@RuO2PP-TiO2.244  

In the present PhD Thesis, metal-based PDH catalysts were synthesized using the 

SOMC and OPOA synthetic approaches as well as a combination of both. The 

specific objectives of this thesis are described in Chapter 2.  
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The main objective of this PhD thesis is the development of efficient and innovative 

catalysts for the propane dehydrogenation (PDH) reaction.  

For this purpose, the present thesis includes three different strategies to synthesize 

the supported catalysts including: (1) the surface-organometallic chemistry (SOMC) 

(2) the one-pot organometallic approach (OPOA) and (3) a mixed approach 

combining OPOA and SOMC.   

The work described in Chapter 3 aims at the study of novel PtSn catalysts prepared 

by Surface Organometallic Chemistry (SOMC) approach. The resulting catalysts will 

be characterized and their performance in PDH will be evaluated. Moreover, an 

exhaustive study of the PDH operation conditions will be performed and a 

benchmark catalyst (Linde-BASF-Statoil) will be tested for comparison purposes. 

The investigation detailed in Chapter 4 aims at the study of novel PtSn catalysts 

synthesized by One-Pot Organometallic Approach (OPOA). The catalysts will be 

characterized and their performance in the PDH reaction will be reported for the 

first time. When necessary, the colloidal analogues will be synthesized and 

characterized to obtain further information on the catalyst active phase. 

The objective of the research described in Chapter 5 is the preparation of PDH 

catalysts based on alternative metals (NiSn and PtGa) using the OPOA as synthetic 

methodology. Characterization and catalytic testing will also be carried out. 

PtGa and PtSn catalysts will also be prepared using an innovative mixed approach 

combining OPOA and SOMC. Their characterization and evaluation in the PDH 

reaction will also be performed.  
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3.1 Introduction 

As in most catalytic reactions, the performance of catalysts based on PtSn in PDH 

depends on their structural features,1,2 and therefore the development of synthetic 

approaches to achieve well defined active species is highly desired.3 As previously 

discussed in Chapter 1, wet-chemistry methodologies such as impregnation, sol-gel 

and colloidal syntheses were used to synthesize such catalysts.4,5 However, several 

issues are often encountered such as (1) particle size > 1 nm, decreases the catalyst 

efficiency; (2) separation between Pt and Sn results in low synergy;4,5  and (3) ill-

defined catalyst structures,6 results in the presence of various catalytically active 

species and therefore in complex analysis. The development of synthetic methods 

for the preparation of catalyst with small size in which the bimetallic structure is 

well defined and homogeneously distributed over the support is therefore of high 

interest. In this context, Surface Organometallic Chemistry (SOMC) appears as an 

interesting approach to overcome these current issues.7 

SOMC provides well-defined materials, as initially demonstrated in the late 1970’s 

by Yermankov.8,9 SOMC can be performed either on an oxide (SOMC/Oxide) or on 

a metal (SOMC/M). SOMC/Oxide consists in the grafting of the organometallic 

precursor onto highly dehydroxylated metal-oxide supports whereas, SOMC/M is 

the selective grafting of a promoter onto the surface hydrides present at the surface 

of a metal.10 SOMC is carried out under inert atmosphere and generate identical 

and homogeneously dispersed catalytic sites. It is important to avoid the presence 

of water as it may accelerate the mobility of different elements on the surface.11  

3.1.1 Surface Organometallic Chemistry in alkane dehydrogenation 

reactions 

As discussed in Chapter 1, PtSn bimetallic catalysts exhibit enhanced selectivity and 

stability in PDH compared to Pt catalysts, mainly due to geometric and electronic 

effects.12,13 Several bimetallic catalysts were previously reported using the SOMC 

approach and applied in alkane dehydrogenation processes.14–17 
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For instance, it was described that SnBu4 selectively reacts at 50 ⁰C (under H2) with 

reduced surface Pt atoms to produce Pts[Sn(n-C4H9)x]y.18 These species 

experimented a complete hydrogenolysis at high temperatures (ca. 100 ⁰C) and tin 

adatoms could be introduced.19 Pt-Sn surface alloy can be subsequently formed by 

a treatment above 450 ⁰C (Figure 3.1).18  

 

Figure 3.1. Scheme concerning SOMC/M approach for PtSn particles. 

Basset and co-workers reported the preparation of monometallic catalysts Pt/Al2O3, 

which, upon addition of SnBu4, produced the bimetallic PtSn/Al2O3 with a 

Sn/Pt=0.7.20 In this study, the Sn fragments were grafted on both the metallic 

surface (Pts[Sn(n-C4H9)x]y) and the support (Al-O-Sn(n-C4H9)3). However, when 

traces of water were added, the grafting on the support was avoided. Prior to 

catalytic testing, the samples were reduced at 550 ⁰C under hydrogen that led to 

the loss of the remaining butyl groups. The catalysts were tested in isobutane 

dehydrogenation. When no Sn is present, low initial selectivity toward isobutene is 

observed (<95%) and it slightly increases at higher TOS. This effect was attributed 

to coke formation on the Pt surface that poisons the catalyst. Whereas, when Sn is 

present, the selectivity toward isobutene increases (>99%). Similar effect of Sn 

were reported by other authors.21,22 These results revealed that this PtSn/Al2O3 

catalyst was highly selective in the isobutane dehydrogenation.19,20  

Pt particle
Grafted fragments

on Pt particle

Adatoms

on Pt particle

Pt-Sn alloy

particle
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In another study, a series of Sn surface enriched PtSn NPs supported on MgAl2O4 

(PtSn/MgAl2O4) were synthesized by SOMC by Basset and coworkers.14 They 

reported that the Sn precursor selectively reacted with the Pt-hydrides formed at 

the surface of Pt-NPs. 1H MAS and 13C CP/MAS solid-state NMR indicated that 

organo-tin moieties Sn(n-C4H9) were chemically bonded to the Pt-NPs surface. Next, 

the removal of most of the butyl fragments led to bimetallic PtSn-NPs. The 

remaining groups were suggested to play the role of stabilizers in the synthesized 

NPs. A total of seven PtSn samples were synthesized at Sn/Pt molar ratios of 0, 1:12, 

1:9, 1:6, 1:3, 1:1 and 2:1. XPS analyses revealed that the Pt(δ+)/Pt(0) ratio 

decreased when Sn concentration increased. The authors commented that it was a 

consequence of the Pt coverage by surface SnO2. HAADF and STEM analyses 

revealed a non-homogeneous structure with Sn species located on the edges and 

core of Pt (Figure 3.2, right). Prior to PDH tests, the catalysts were reduced 2 h at 

580 ⁰C with 10% H2. 10% in volume of C3H8 was used in the fixed-bed reactor with 

10 % H2 and 80% was He.  With an increase of Sn, the NPs surface gradually appears 

to form a shell-like structure while the NP size remained unchanged. XRD 

diffractograms revealed identical Pt structures with diffraction peaks 

corresponding to the corresponding to (111), (200), (220), (311) and (222) planes 

of Pt, which indicated that the formed PtSn NPs had identical metallic Pt crystals. 

These observations also indicated that almost no bulk alloy (PtxSny) was formed 

during the synthesis. At higher Sn/Pt ratio, the diffraction peaks did not shift, 

suggesting again the Sn was not incorporated into the crystal network. The 

crystallite size extracted with the Rietveld analysis showed a dependence on Sn/Pt 

ratio where the crystallite size decreased with more Sn added to the catalysts. This 

was in agreement with HAADF and STEM observations. That aspect was attributed 

to the steric hindrance induced by “Sn-(CH2CH2CH2CH3)” fragments or to a decrease 

in the Pt coordination number that limited the growth of the crystals. The 

introduction of Sn increased the selectivity and conversion in PDH, that was tested 

at 580⁰ C. The enhanced activity was associated with high concentration of inactive 

Sn at the surface of Pt NPs which isolates the active Pt atoms. The catalyst with the 
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highest conversion (38.9%) and propylene selectivity (99.7%) contained a Sn/Pt 

theoretical molar ratio of 1:0.5.14 

 

Figure 3.2. (Left) Activity in PDH of PtSn/MgAl2O4 with different Sn values. (Right) HAADF-STEM and 
EDS mapping.14   

Pt catalysts supported on alumina and promoted by tin were reported (PtSn/Al2O3) 

and prepared using SOMC by Fierro and coworkers for isobutane 

dehydrogenation,23 with Sn/Pt atomic ratio ranging from 0 to 1.6. By FTIR, the peak 

of CO chemisorbed on Pt at 2074 cm-1 was shifted to higher wavenumbers upon Sn 

incorporation. Thus, indicated the electronic interaction Sn-Pt weakened the Pt-CO 

bond resulting in an increase of the catalyst stability. Moreover, NH3 adsorption by 

FTIR indicated that Bronsted sites were partially poisoned. The oxidation state of 

the metals was checked by XPS: Pt was present in Pt (0) form and Sn was present in 

both Sn (0) and Sn (n+). The metallic Sn fraction decreased at higher Sn loading. 

Upon addition of Sn, the stability of the catalysts increased substantially. In 

addition, the selectivity towards isomerization and cracking side reactions 

diminished and dehydrogenation selectivity increased. The highest conversion and 

selectivity to isobutene (ca. 90%) was achieved when Sn/Pt atomic ratio was 1.6 at 

823 K in a fixed bed flow reaction at atmospheric pressure.23 

Ferreti and co-workers prepared a series of Pt-supported catalysts modified with 

lithium (Li(OH)) and/or tin (Sn/Pt atomic ratio of 0.45) by SOMC that were tested in 
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isobutane dehydrogenation.24 They reported that the order of addition of Li was 

important. Indeed, when Li was impregnated onto the supported metallic phases, 

the isomerization reactions were minimized, whereas when Li was added on the 

support (ꝩ-Al2O3), both isomerization and cracking side reactions were inhibited. Tin 

incorporation notably improved selectivity toward isobutene, minimizing side 

reactions.24 The isobutane dehydrogenation was carried out at 823 K, and for Pt 

catalysts, high conversion (ca. 25%) was obtained but low selectivity to isobutene 

(ca. 50%) and the rest was contributing to the cracking and isomerization side 

reactions. Once Sn was added (PtSn), the selectivity to isobutene increased to ca. 

88%, but the conversion was lower (21%). Finally, the catalyst that possessed a 

good balance between conversion (19%) and excellent selectivity to isobutene 

(97%) was PtSn with Li. 

Taoufik and coworkers prepared a trimetallic Pt-Sn-Li material with metal loadings 

of 2 wt.% Pt, 1.3 wt.% Sn and 2.8 wt.% Li, supported onto lithiated alumina (PtSn/Li-

Al2O3) that was active in the conversion of 2,3-dimethylbutane into 2,3-

dimethylbutene.15 Prior to the synthesis, the dehydroxylated ꝩ-Al2O3 was treated 

with BuLi to quench the Bronsted acidity and as such, suppress the side reactions. 

Using SOMC/Oxide approach, LiAl2O3 was treated with Pt(acac)2 and after a 

calcination under air at 400⁰ C, Pt NPs were obtained. Next, SnBu4 was reacted in 

the presence of H2 (550 mbar) with the hydrides present at the surface of Pt-NPs. 

Subsequently, after a treatment under 1 atm H2 at 550 ⁰C for 2h, the PtSn/Li-Al2O3 

catalyst was obtained (Figure 3.3).15 DRIFT spectroscopy was used as a qualitative 

tool to monitor the grafting of the Pt species using the bands at 1400, 1530 and 

1600 cm-1 assigned to δ(C-H), ν(C-C) and ν(C=O) for grafted and physiosorbed acac 

ligands.25 Pt/Al2O3 and Pt/Li-Al2O3 were synthesized for comparative purposes. Li 

had a beneficial role in increasing the Pt dispersion. The 2,3-dimethylbutane 

dehydrogenation was studied at 500 ⁰C in a dynamic flow reactor with a total 

pressure of 1 bar. The reaction using Pt/Al2O3 revealed an initial conversion of 28% 

that decreased to 18% after 30h on stream. The main product obtained were 
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branched alkenes (ca. 40%), branched hexanes (ca. 25%) and methane (ca. 10%). 

Pt/LiAl2O3 provided an initial conversion of 42% with ca. 45% for DMB1 and ca. 51% 

to DMB2, the rest was detected as DMBD. Finally, PtSn/LiAl2O3 was also tested and 

exhibited a conversion near 40% that was maintained over time. The selectivity 

towards desired products (DMB-1 and DMB-2) was high (77%). These results 

showed that the Li and Sn modifications increased the selectivity towards the target 

products providing a good stability over time (Figure 3.4). 

 

Figure 3.3. Synthesis scheme for generation of PtSn catalyst onto Li-Al2O3 using SOMC/M 

approach.15,10  

 

Figure 3.4. Scheme with selective dehydrogenation catalyst prepared by successive SOMC/Oxides and 
metals. Pt/LiAl2O3 provided moderate selectivity versus PtSn/LiAl2O3 that displayed high selectivity in 
DMBs. 15 

Recently, Basset also reported the synthesis of bimetallic PtSn nanoclusters 

supported on ѳ-Al2O3 with a size below 1 nm (Figure 3.5).3 First, the grafting of 

Pt(COD)Me2 and HSnPh3 at the surface of the dehydroxylated ѳ-Al2O3 led to the 

formation of a well-defined material containing [(≡AlO-)Pt(COD)Me] and [(≡AlO-

)SnPh3] fragments; then, the hydrogenolysis of these surface compounds under 

mild conditions generated ultra-small PtSn/ѳ-Al2O3 clusters with Pt loading kept 
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constant at 0.50 wt%.3 Various Sn loadings were added, and various Sn/Pt mol/mol 

ratio of 0, 1/3, ½, 1, 2, 3 and 4 were obtained. XRD analysis only displayed the 

support pattern, suggesting that the formed PtSn NPs were highly dispersed. STEM-

HAADF revealed that bimetallic nanoclusters were homogeneously distributed, all 

of them possessing a mean size below 1 nm. A comparative catalyst using a Sn/Pt 

mol ratio of 3, was synthesized by impregnation and revealed a wide size 

distribution (from 1 to 5 nm) and agglomeration. Surface area and pore volume 

were unchanged after Sn addition. XPS measurements revealed that Sn was present 

in three forms: Sn(0), Sn(II) and Sn(IV), although the exact contribution of each 

species and Pt oxidation states were not included in the paper. However, a general 

tendency indicated that increasing the Sn/Pt ratio increased the Sn oxidized 

species. Nevertheless, the role of Sn in PtSn catalyst remains a matter of debate.26 

It is believed that the presence of oxidized Sn can significatively prevent the 

sintering of Pt NPs under reaction conditions, which explains the enhanced stability 

of these catalysts in PDH.27  

 

Figure 3.5. Synthesis scheme of PtSn/ѳ-Al2O3 by SOMC. 3 

Then, the PtSn/ѳ-Al2O3 catalysts prepared at different Sn/Pt ratios were tested in 

PDH at 550 ⁰C using 10 % propane, 10 % hydrogen and He in the feed (equilibrium 

conversion 45 %). The best catalysts was PtSn(3.0)/ѳ-Al2O3 exhibiting good stability 

for 16 h and a propane conversion of 37% and a propylene selectivity of 99%.3  
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Other examples based on PtM (M ≠ Sn) were described in alkane dehydrogenation, 

such as PtZn,28,29 PtB,30  PtGa,16,31 (111) using SOMC but these reports lie out of the 

scope of this thesis. 

Various parameters such as the cofeeding steam, hydrogen, O2 or CO2, were 

reported to have a positive effect on the catalytic performance in PDH.32–37 

Recently, experiments showed that for alkane dehydrogenation the cofeeding with 

hydrogen has a counterintuitive effect that results in improving the activity of Pt-

based catalyst.35,37,38 Upon increasing of the H2/C3H8 ratios, higher turnover 

frequencies (TOF) to propylene were measured, reaching a maximum for a ratio of 

1.25.37 Nevertheless, the exact cause of the positive effect of hydrogen is still under 

debate.39  Various explanations are suggested such as (i) H2 is reducing the coverage 

of coke precursors; (ii) an alternative pathway produces propylene at higher H2 

coverage;38 iii) the reaction energies and barriers are dependent on H2 coverage in 

a positive manner;1,40 and (iv) the subsurface hydrogen could have an effect as well. 

Other studies indicated that an increased hydrogen coverage is likely to minimize 

the energy of adsorption of propylene at the surface of the catalyst, thus favouring 

the process of desorption.41   

In the present chapter, the SOMC approach (SOMC/Oxide and SOMC/M) was used 

to produce PDH catalysts using various Pt contents, Sn/Pt ratios onto LiAl2O3 with 

as well, various loadings of Li. These catalysts were tested in the Propane 

Dehydrogenation reaction using different reaction conditions and the effects of H2 

in the feed, temperature, pressure, contact time and oxygen poisoning were 

particularly looked at. The performance of the best catalyst was also compared with 

that of a benchmark catalyst for stability studies. 

This work was performed in collaboration with the research group of Dr. M. Taoufik 

(C2P2, CPE Lyon, France), and Dr. Isaias Barbosa Aragao, who was postdoctoral 

fellow in this group, contributed to the work described in this chapter. 
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3.2 Results and discussion 

In the following sections, the synthesis and characterization of supported Pt-NPs 

and PtSn-NPs using the Surface Organometallic Chemistry (SOMC) on metals 

(SOMC/M) and oxides (SOMC/Oxide) will be described as well as their performance 

in PDH.  

3.2.1 Synthesis and characterization of catalysts by SOMC 

γ-Al2O3 from EVONIK, with a surface area of 100 m² g-1, was partially dehydroxylated 

at 500 °C under high vacuum (10-5 mbar) to lessen the effect of neighboring -OH 

groups. n-butyllithium was the Li precursor and readily reacted with the -OH surface 

groups present in the alumina. A Li loading of 0.45wt% was introduced and verified 

by ICP-OES. This synthesis was reproduced following a reported procedure.15 DRIFT 

spectra revealed the consumption of various Al-OH groups and, the appearance of 

new peaks from the aliphatic C-H fragments. In the corresponding 1H MAS NMR 

spectra, signals at 0.1, 0.8 and 1.2 ppm assigned to CH3, CH2-Li and CH2, 

respectively. In the 13C CP MAS NMR spectra, the corresponding C resonances 

appeared at -1.1, 11.4, 18.5 and 28.8 ppm were observed and. 7Li MAS NMR spectra 

displayed a main peak at 0.6 ppm, which was attributed to ≡Al-O-Li (Figure 3.6). 

Therefore, the presence of physiosorbed BuLi species was confirmed.42,43 

 

Figure 3.6. NMR characterization of Li(0.45)Al2O3. (a) 1H MAS NMR (500 MHz, spinning speed 10 KHz). 
(b) 13C MAS NMR (125.7 MHz, spinning speed 10 KHz). (c) 7Li CP MAS NMR (194.4 MHz, spinning speed 
10 kHz). 
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Two more loadings of Li were prepared, 0.89 and 1.45 wt% Li (verified by ICP-OES), 

to study the degree of the alkaline metal promotion. 

· Monometallic supported Pt-NPs (SOMC) 

First, the grafting of the Pt precursor, Pt(acac)2, onto a dehydroxylated lithiated 

mesoporous alumina (Li-Al2O3) (see experimental section) was performed. A Pt 

loading of 2 or 0.5 wt.% Pt was targeted. 

Pt(acac)2 reacted at r.t. in toluene with the Al-OH groups present on the support, 

which can be monitored by DRIFT spectroscopy (Figure 3.7), revealing a gradual 

consumption of the Al-OH groups and the appearance of new peaks in the 3000-

2800 cm-1 region, which are typical of the C-H stretching frequencies of the organic 

ligand. The broad absorption at 3800-3400 cm-1 indicated the presence of Al-OH 

groups interacting with the surface of the organometallic fragment. Additionally, C-

C and C=O stretching, at ca. 1530 and 1600 cm-1, respectively, could be observed 

and assigned to the acetylacetonate ligand (acac) bonded to Pt atoms, which 

indicated a successful grafting.15 After calcination and reduction, the previous 

bands could not be detected, indicating that the ligand had been removed. Only 

residual Al-OH bands could be observed, and Pt-NPs were formed. The final Pt 

loading was measured by ICP-OES, showing 1.7 wt.% Pt (from the theoretical 2%). 

For comparison purposes, a Pt loading of 0.5 wt.% in Pt was also synthesized. 

To gain further information about the availability of the Pt active sites for catalysis, 

H2 chemisorption experiments were carried out (Figure 3.8 a). The irreversible 

adsorption of H2 was measured by subtraction of the total adsorption curve and the 

reversible curve at their plateau. The number of exposed Pt atoms corresponds to 

the number of H atoms adsorbed. For the sample Pt/Li(0.45)Al2O3, a total of 35.6 

µmolPt·gcat-1 was obtained. This result was in very good agreement with the mean 

size distribution of 1.77 ± 0.37 nm observed by TEM (Figure 3.8 b,c), when an 

homogeneous distribution of Pt-NPs along the support was accomplished. 
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Figure 3.7. DRIFT spectra of the stepwise synthesis of Pt/Li(0.45)Al2O3.  Bare support (black), sample 
after grafting the precursor, Pt(acac)2 (blue) and, sample after calcination and reduction treatment to 
obtain the supported Pt-NPs as Pt/Li(0.45)Al2O3. (red). 

 

Figure 3.8. Pt/Li(0.45)Al2O3 characterized by (a) H2 chemisorption showing the total adsorption curve 
(black) and the reversible adsorption curve (red). (b) TEM image and (c) size histogram. 

X-Ray Diffraction (XRD) was also carried out (Figure 3.9). However, only the support 

pattern was observed due to the low metal loading. No other diffraction peaks were 

observed, suggesting that small Pt-NPs were well dispersed onto the surface of the 

support, in agreement with what Basset and coworkers observed for other 

supported catalysts onto alumina.3 
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Figure 3.9. XRD diffractogram of Pt/Li(0.45)Al2O3 (black) and the standards for Pt (red) and Al2O3 (blue) 
in bands are shown for comparison. Radiation CuKα. 

· Bimetallic supported PtSn (SOMC) 

Once the Pt-NPs were synthesized by SOMC/Oxide, the next step consisted in 

applying the SOMC/M with SnBu4 to obtain the supported bimetallic PtSn-NPs.  

The monometallic catalyst with a theoretical 2 wt.% Pt, Pt/Li(0.45)Al2O3, was 

modified with SnBu4 in the presence of H2 at 80 ⁰C, targeting a Sn/Pt (mol/mol) ratio 

of 0.7. After a reductive treatment at high temperature under H2, the remaining 

organic fragments were removed and PtSn(0.7)/Li(0.45)Al2O3 was formed. ICP-OES 

revealed a 1.64 wt.% Pt and 0.73 wt.% Sn, corresponding to a molar ratio of Sn/Pt 

of 0.73. The slightly lower Pt loading in this catalyst is typically observed since the 

Sn adds to the total weight of the catalyst. The grafting was monitored by DRIFT 

(Figure 3.10). After grafting of the Sn precursor (PtSnBu4/0.45Li-Al2O3 (pink line)), 

new peaks appeared in the 3000-2800 cm-1 region. These peaks are characteristic 

of the C-H stretching frequencies arising from SnBu4. After calcination and 

reduction, the final catalyst PtSn(0.7)/Li(0.45)Al2O3 (purple line) was obtained, the 

fading of the previous peaks was clearly observed. Regarding the grafting process, 

the Sn modification was also monitored and quantified by GC, where butane 

formed from SnBu4 was the only product observed after 24 h, with a typical value 
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of 3 moles of butanes per mole of Pt. These results are in agreement with those 

previously reported.18  

 

Figure 3.10. DRIFT spectra of (red) Al2O3 support, (blue) first grafting Pt(acac)/LiAl2O3, (pink) second 
grafting PtSnBux/LiAl2O3 and (purple) final catalyst PtSn/LiAl2O3.  

H2-Chemisorption experiments were also performed to measure the metallic 

dispersion (Table 3.1). The monometallic catalyst adsorbed 35.6 μmolH gcat-1 and 

after Sn addition, the H2 adsorption decreased to 14.3 μmolH gcat-1, yielding to a Pt 

dispersion of 16%, due to Sn was deposited on Pt surface. 

Table 3.1. H2-Chemisorption results. 

Catalyst Μmol H gcat-1 
Dispersion / 

% 

Pt/Li(0.45)Al2O3 35.6 41 

PtSn(0.7)/Li(0.45)Al2O3 14.3 16 

Unless stated theoretical Pt loading is 2 wt.% 

HAADF-STEM image and size distribution were obtained (Figure 3.11), providing a 

mean size of 1.8 ± 0.3 nm. The NPs were well-dispersed on the supports and no 

aggregates were detected. The mean size of the bimetallic NPs was thus identical 

to that of monometallic NPs.  
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Figure 3.11. HAADF-STEM image and size distribution histogram of PtSn(0.7)/Li(0.45)Al2O3. 

To gain further information on the composition and distribution of PtSn-NPs, 

analysis by energy dispersive spectroscopy coupled to scanning-transmission 

electron microscopy (EDS-STEM) was performed (Figure 3.12). In the EDS-STEM 

mapping, Pt and Sn can be observed in the selected regions. If we focus on the EDS-

STEM line scan of a single particle, which allows more accurate measurements the 

presence of Sn was only observed onto the Pt-NPs. This confirmed that SOMC/M 

method is a very good approach to selectively graft Sn onto Pt.18  

By XRD analysis, only the pattern of the support was detected as for monometallic 

catalyst. This suggested that small Pt-NPs were well dispersed onto the surface of 

the support and that the structure of the support was maintained, in agreement 

with previous reports.3 

Atomic composition and oxidation state of Pt and Sn were assessed by X-Ray 

Photoelectron Spectroscopy (XPS). The typical band for Pt is the 4f, with two peaks 

at Pt4f5/2 and Pt4f7/2 described at binding energies of 74.7 eV and 71.53 eV for Pt(0), 

with the possibility to have additional peaks due to the existence of other phases 

of Pt such as Pt(II) and/or Pt(IV).44 In our case the Pt 4f band could not be used due 

to an overlapping with the Al 2p arising from Al2O3. Therefore, the Pt 4d line, that 

was weaker but not overlapped, was used instead. 45 Concerning Sn, the Sn 3d 
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bands used (Sn3d1/2 and Sn3d3/2).14 The binding energies used are detailed in Table 

3.2. 

 

Figure 3.12. EDS-STEM mapping of PtSn(0.7)/Li(0.45)Al2O3, a general view, Pt and Sn. EDS-STEM line 
scan of a single particle and EDS mapping of zone selected in first picture. 

Table 3.2. Deconvolution binding energies used in CASAXPS for Pt and Sn in supported catalysts. 

 Pt4d1/2 Pt4d3/2 

Pt (0) 314.4-314.7 eV 331.4-331.7 eV 

Pt (δ+) 317.7-318.2 eV 334.6-335.2 eV 

   

 Sn3d1/2 Sn3d3/2 

Sn (0) 485.2 eV 493.9 eV 

Sn (II) 486.4 eV 494.8 eV 

Sn (IV) 487.2 eV 495.2 eV 
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XPS measurements confirmed that the presence of metallic Pt (0) was 

predominant, with Pt (70%) vs. Pt (δ+) (30%). The oxidized Pt species are attributed 

to the oxidation of the surface by O2 while metallic Pt (0) is located in the core of 

the PtSn.14 Regarding Sn, the proportion of Sn(IV)/Sn(II)/Sn(0) was 86/0/14. 

According to Basset and coworkers, all the Sn (0) and Pt (0) observed should be 

forming an alloy PtSn,14 since Sn and Pt component must be in metallic form to 

produce an alloy.46 Regarding Sn (IV) and Sn (II) species there could be in a “Snx+-O-

M” form, similarly to what was reported by Corma and co-workers.47 However, it 

was not possible to confirm whether metallic Sn enters Pt structure to form the 

alloy architecture by XPS, XRD (where we only observed the support) nor TEM. The 

Sn/Pt ratio calculated by XPS was 1.0, thus slightly higher than the ratio obtained 

by ICP-OES. Sn/Pt ratios within the same order of magnitude (ca. 0.52) were 

previously measured by the XPS using comparable experimental Sn/Pt ratios 

(between 1:1 and 2:1).14  Since the ratio was here slightly higher, Sn segregation on 

the surface could be indicated in agreement with Sn located at the surface of PtSn.14 

Our hypothesis according to the data provided is that the SnO2-x  can interact with 

PtSn in three different manners: as a core shell, as interacting with the support, or 

even on top of the PtSn NP (Figure 3.13). 

 

Figure 3.13. Proposal of SnO2-x structures in the PtSn catalyst supported on Al2O3. 
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Figure 3.14. XPS analysis of (left) Pt 4d and (right) Sn 3d of PtSn(0.7)/Li(0.45)Al2O3. 

A total of 6 bimetallic catalysts supported onto lithiated alumina were synthesized 

and characterized following the procedure above described. The Sn/Pt ratio was 

varied to 0.5 and 1.0 on the Li(0.45)Al2O3 support. It is important to highlight that 

H2 chemisorption experiments revealed that at higher Sn loading, less Pt was 

located at the surface because less H2 was adsorbed, with values of 12.1 and 6.2 

μmol H gcat-1 for 0.5 and 1.0 Sn/Pt ratios, respectively. Moreover, the average NPs 

diameters for PtSn catalyst supported onto Li(0.45)Al2O3 (Figure 3.15) were slightly 

greater after Sn addition. In all cases, no agglomeration was detected. 

 

Figure 3.15. NPs average diameter supported onto Li(0.45)Al2O3 of the monometallic (Pt) and 
bimetallic (PtSn) NPs, changing the Sn/Pt ratio to 0, 0.5, 0.7 and 1.0. 
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Various Li loadings were tested (0.8 and 1.5Li wt.%) with the Sn/Pt ratio of 0.7. The 

Pt and Sn loadings and Sn/Pt ratios are listed in Table 3.3. 

Table 3.3. Bimetallic PtSn supported catalyst synthesized by SOMC approach. 

Catalyst a Pt(Sn) wt.%  b Sn/Pt 

PtSn(0.5)/Li(0.45)Al2O3 1.70 (0.57) 0.55 

PtSn(0.7)/Li(0.45)Al2O3 1.64 (0.73) 0.73 

PtSn(1.0)/Li(0.45)Al2O3 1.67 (1.14) 0.70 

PtSn(0.7)/Li(0.80)Al2O3 1.89 (0.78) 0.67 

PtSn(0.7)/Li(1.5)Al2O3 1.92 (0.54) 0.46 

0.5PtSn(0.7)/ Li(0.45)Al2O3 0.5 0.70 

a = Unless stated, theoretical content of Pt is 2 wt.% b = Measured by ICP-OES. 

Therefore, it can be concluded that a series of catalysts based on Pt and Sn 

supported on LiAl2O3 was successfully synthesized using SOMC methodology. These 

catalysts contain well-dispersed NPs with mean sizes of ca. 1.7-2.0 nm. In the next 

section, their catalytic performance in PDH is described. 

3.2.3 Catalytic evaluation in PDH  

Various effects were studied in PDH reaction: (1) the influence of the Sn/Pt ratio; 

(2) the additive content, and (3) the Pt loading. Furthermore, a study of the 

operation conditions of PDH reaction regarding the effect of (i) H2; (ii) temperature 

and pressure; (iii) contact time; and (iv) oxygen poisoning was assessed.  

Unless stated differently, the catalytic tests were carried out inside a stainless-steel 

fixed bed reactor at 530 ⁰C and 1 bar of pressure, using a Gas Hourly Space Velocity 

(GHSV) of 15.000 mL·g-1·h-1, 25 mg of catalyst dispersed in SiC and the feed gases 

applied where 3 C3H8 / 1 H2 / 21 Ar (expressed in mL/min). In the Experimental 

section of the present chapter, all the details concerning conversion and selectivity 

calculations are described. 
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(1) Influence of Sn/Pt ratio. 

With a loading of 2 wt.% Pt and using Li(0.45)Al2O3 as support, the effect of various 

Sn/Pt ratios (0, 0.5, 0.7 and 1.0) was evaluated in PDH reaction. When the 

monometallic catalyst Pt/Li(0.45)Al2O3 was tested in PDH at 560⁰C and 1 bar (Figure 

3.16), the propane conversion was initially near 25% and decreased to 15% after 

10h of TOS. Concerning the selectivity, the main product obtained was propylene 

(ca. 90%) and the main by-products were methane (C1) and ethane (C2). 

 

Figure 3.16.(a) Propane conversion of Pt/Li(0.45)Al2O3 and (b) selectivity. PDH Conditions: 560 ◦C, 1 

bar, 3C3H8/1 H2/21 Ar (mL/min), GHSV = 15000 mL·gcat-1·h-1 

Then, the bimetallic catalysts with various Sn/Pt (mol/mol) ratios of 0.5, 0.7 and 1.0 

were tested in PDH at 560⁰C and 1 bar (Figure 3.17). The propane conversion, was 

enhanced when Sn/Pt ratios of 0.5 and 0.7 were used, reaching an initial propane 

conversion of 34% and 33%, respectively; and after 600 min of TOS the conversion 

was 24% and 32%, respectively. However, when Sn/Pt 1 was used, the propane 

conversion decreased to 7%. This suggested that the surface was saturated. H2 

chemisorption measurements indicated above, where the μmolH gcat-1 of Sn/Pt 

ratios of 0, 0.5, 0.7 and 1 were: 35.6, 12.1, 14.3 and 6.2, respectively with a 

dispersion of 41%, 13%, 16% and 7%, respectively. Concerning selectivity, 

independently of the Sn/Pt ratio, all the catalysts were selective to propylene with 

ca. 99%. This clearly indicated the promoting effect of Sn that geometrically 

affected the surface of Pt-NPs, inhibiting hydrogenolysis pathways. 
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Figure 3.17.(a) Propane conversion of PtSnx/Li(0.45)Al2O3 catalysts with various Sn/Pt ratios (x = 0, 
0.5, 0.7 and 1.0). Selectivity of (b) PtSn(0.5)/Li(0.45)Al2O3, (c) PtSn(0.7)/Li(0.45)Al2O3 and (d) 
PtSn(1)/Li(0.45)Al2O3. PDH Conditions: 560⁰C, 1 bar, 3C3H8/1 H2/21 Ar (mL/min), GHSV = 15000 
mL·gcat-1·h-1 

In Figure 3.18, a volcano-like behaviour can be observed as the addition of Sn 

improves activity but, at the same time, poisons the Pt sites. Therefore, it is of 

uppermost importance to pay attention to the Sn/Pt ratio to minimize the side 

reactions and therefore maximize activity and selectivity.  

 

Figure 3.18. Volcano-like behavior in PDH activity of PtSnx/Li(0.45)Al2O3 catalysts with various Sn/Pt 
ratios (x = 0, 0.5, 0.7 and 1.0). 
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The Sn/Pt ratio showing the best compromise was 0.7, achieving a propane 

conversion of 33% and a propylene selectivity of 99% at 560 ⁰C. Comparing to the 

literature in PDH, PtSn(3.0)/ѳ-Al2O3 displayed similar conversion (37%) and 

propylene selectivity of 99% at 550 ⁰C.3 When another support such as MgAl2O4 was 

used, the best Sn/Pt molar ratio was 1:0.5 to reach a conversion of 38.9% and a 

selectivity of 99.7%, at higher temperature (580 ⁰C).14 In another study based on 

the isobutane dehydrogenation at 550 ⁰C, the optimum Sn/Pt ratio was also 0.7.19 

(2) Effect of Li loading on Al2O3. 

The Li loading (0.45, 0.8 and 1.5 wt.% Li) on Al2O3 was studied maintaining the Sn/Pt 

ratio at 0.7 (with 2 wt.% Pt). The performance of these catalysts in PDH at 560⁰C 

and 1 bar (Figure 3.19) followed the order: 0.45 ≥ 0.8 > 1.5 % Li, with a propane 

conversion at 800 min of 32%, 29% and 11%, respectively. The 0.45 and 0.8 Li 

loadings had a similar behaviour, but the sample with less Li (0.45 wt.% Li) was 

selected as the most promising catalyst. A notable difference in activity was 

observed when a loading of 1.5 wt.% Li was used. This could be assigned to the 

presence of lithium oxides at the surface of the catalyst due to an excess of BuLi. 

The propylene selectivity was high in all cases (ca. 98%). Therefore, these results 

show the importance of optimizing not only the Sn content but also the Li content. 

A previous study showed the importance of Li in PDH.48 The presence of Li improved 

the activity and stability of the catalyst in the conversion of 2,3-dimethylbutane into 

2,3-dimethylbutene, although in this case, the Li content was not optimized and a 

loading of 2.8 wt.% Li was used.15 
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Figure 3.19. Catalytic activity of bimetallic PtSn(0.7)/Li(x)Al2O3 with x = 0.45, 0.80 or 1.50wt.%Li. PDH 
Conditions: 560 ⁰C, 1 bar, 3C3H8/1 H2/21 Ar (mL/min), GHSV = 60.000 mL·gcat-1·h-1 

(3) Loading of Pt. 

Next, the effect of Pt loading was looked at. Indeed, lowering the metal loading of 

a noble transition metal such as Pt is not only interesting economically but could 

also affect the size of the NPs. Regarding the monometallic catalysts, 0.5 and 2.0 

wt.% Pt loadings were studied with Li(0.45)Al2O3 as a support in PDH reaction at 

560⁰C and 1 bar (Figure 3.20 a). The propane conversion for the catalyst with 0.5% 

is lower than for 2 wt.% Pt when using the same amount of catalyst. When the mass 

of the weighted catalysts (0.5 wt.% Pt) was increased 4 times to have the same Pt 

content, the propane conversion increased from 16 to 21%. Concerning the 

bimetallic catalysts (Figure 3.20 b), 0.5 wt.% Pt was tested with Sn/Pt ratio of 0.7. 

In that case, the propane conversion increased from 8% to 15%. However, the rest 

of this study was conducted with 2 wt.% Pt since very low metal contents difficult 

the characterization of the samples. 
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Figure 3.20. Catalytic activity of (a) monometallic and (b) bimetallic catalysts based on Pt variation 
supported onto Li(0.45)Al2O3. PDH Conditions: 560 ◦C, 1 bar, 3C3H8/1 H2/21 Ar (mL/min), GHSV = 
15.000 mL·gcat-1·h-1 

Study of the operation conditions. 

The optimization of the operational parameters is not trivial in PDH reaction.32–37  

In the following sections, the effect of various parameters such as (i) partial H2 

pressure; (ii) temperature and pressure; (iii) contact time; (iv) oxygen poisoning; (v) 

propane concentration will be assessed. Moreover, the best catalyst will be (vi) 

compared with a benchmark technology; (vii) subjected to a stability test and (viii) 

tested under CO2 poisoning. 

(i) Study of H2 partial pressure in the feed. 

The stability of a catalyst is usually directly affected by the modification of the gas 

composition of the feed. The presence of hydrogen (H2) in the stream could lower 

the conversion at equilibrium due to the thermodynamics, but also lead to a more 

stable catalyst. Here, two ratios of C3H8/H2 were tested with PtSn(0.7)/Li(0.45)Al2O3 

obtained: (1) C3H8/H2= 3 and, (2) C3H8/H2= 1 (see Figure 3.21). However, practically 

no difference in conversion nor propane selectivity (ca. 99 %) could be observed. 

Since a slightly better conversion and stability was achieved with the C3H8/H2= 3 

ratio, this proportion was maintained in subsequent tests. Previous report 
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described that with at higher H2/C3H8 ratio, an increase in the turnover frequency 

(TOF) in propylene during PDH was observed, reaching a maximum at 1.25 ratio.37,39  

 

Figure 3.21. Study of the C3H8/H2 ratio variation of 1 (black) or 3 (red) using bimetallic 
PtSn(0.7)/Li(0.45)Al2O3 and its (a) Catalytic activity and (b) Propane Selectivity in PDH reaction.  PDH 
Conditions: 560 ◦C, 1 bar, 3C3H8/x H2/21 Ar (mL/min) where x = 1 or 3, GHSV = 15.000 mL·gcat-1·h-1 

(ii) Study of the temperature and pressure. 

The temperature and pressure have a direct effect on the PDH conversion since it 

affects the thermodynamics of the reaction.49 The variation of the equilibrium 

propane conversion was discussed in Chapter 1. Since the PDH is endothermic, 

conversion is favoured at high temperatures and low pressures. The effect of 

temperature was evaluated at 500 ⁰C, 530 ⁰C and 560 ⁰C using 

PtSn(0.7)/Li(0.45)Al2O3 as catalyst (Figure 3.22). As expected, it was observed that 

the higher the temperature, the higher the propane conversion, achieving a 

propane conversion of 33% at 560 ⁰C. At that temperature (Figure 3.22), the 

selectivity was maintained at ca. 90% of propylene. In contrast, at 530 ⁰C, the 

selectivity to propylene was above 98%, showing a good compromise in terms of 

selectivity and activity. At lower temperature, lower conversion was obtained but 

high selectivity to propylene was obtained. Thus, the selected temperature was 530 

⁰C for the subsequent experiments. 
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Figure 3.22. Effect of temperature at 500 ⁰C, 530 ⁰C and 560 ⁰C with PtSn(0.7)/Li(0.45)Al2O3 in the 
Propane Conversion, propylene selectivity is indicated. PDH Conditions: T (500 ⁰C, 530 ⁰C and 560 ⁰C), 
1 bar, 3C3H8/1 H2/21 Ar (mL/min), GHSV = 60.000 mL·gcat-1·h-1 

The effect of the pressure (1 or 3 bar) was also evaluated (Figure 3.23). At high 

pressure values (3 bar) low conversion was obtained (ca. 5%) due to 

thermodynamic limitations. In terms of selectivity to propylene, 80% was 

measured. On the other hand, when 1 bar of pressure was used, a propane 

conversion of 30% and a propylene selectivity of 95% were obtained. These results 

show as expected that at higher pressure, there is a negative effect on the 

performance of the catalyst. 

 

Figure 3.23.  Effect of pressure (1 or 3 bar) with PtSn(0.7)/Li(0.45)Al2O3 in the Propane Conversion, 
propylene selectivity indicated. PDH Conditions: 560 ◦C, P = 1 or 3 bar, 3C3H8/1 H2/21 Ar (mL/min), 
GHSV = 60.000 mL·gcat-1·h-1 
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(iii) Study of the contact time. 

The contact time refers to the Gas Hourly Space Velocity (GHSV): 

GHSV = 
𝑇𝑜𝑡𝑎𝑙 𝑓𝑙𝑜𝑤 (

𝑚𝐿

ℎ
)

𝑔·𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 
 

Three different values of GHSV were studied: 15.000, 60.000 and 120.000 mL·gcat
-

1·h-1 (Figure 3.24). Concerning the initial propane conversion, a higher value was 

obtained with at lower GHSV: 35%, 20% an 10% for 15.000, 60.000 and 120.000 

mL·gcat
-1·h-1, respectively. Moreover, the conversion after 10h (600min of TOS), was 

maintained. In terms of propylene selectivity, no effect was observed (> 98% in all 

cases). Thus, it can be concluded that increasing the GHSV lowers the conversion.  

 

Figure 3.24. Effect of GHSV (15000, 60000 or 120000 mL·gcat-1·h-1r) with PtSn(0.7)/Li(0.45)Al2O3 in the 
Propane Conversion, propylene selectivity indicated. PDH Conditions: 560 ◦C, P = 1 bar, 3C3H8/1 H2/21 
Ar (mL/min), GHSV = 15.000, 60.000 or 120.000 mL·gcat-1·h-1 

(iv) Study of oxygen poisoning. 

The oxygen poisoning is another parameter to consider since all the catalysts were 

prepared under inert conditions using glove box techniques. The performance of 

PtSn(0.7)/Li(0.45)Al2O3 was compared when the catalyst sample was charged in the 

glove box and when charged outside, thus exposed to air. In the experiments, its 

catalytic activity (Figure 3.25) and the selectivity remained unchanged. Therefore, 

UNIVERSITAT ROVIRA I VIRGILI 
INNOVATIVE NANOCATALYSTS FOR SUSTAINABLE NON-OXIDATIVE DEHYDROGENATION OF PROPANE 
Laia Gil Jiménez



                                                                 Pt and PtSn for PDH prepared by SOMC   
 

- 101 - 
 

the present catalyst could be easily stored and packed under air, which could be of 

interest for possible industrial applications.  

 

Figure 3.25. Catalytic activity of PtSn(0.7)/Li(0.45)Al2O3 tested with inert handling (black diamonds) 
and under air exposure (red balls).  PDH Conditions: 530 ◦C, 1 bar, 3C3H8/1 H2/21 Ar (mL/min), GHSV 
= 60.000 mL·gcat-1·h-1 

(v) Comparison with a benchmark catalyst. 

Linde-BASF-Statoil catalyst Pt(0.3 wt.%)Sn/Mg(Al)O was used as a benchmark 

catalyst and its performance was compared to PtSn(0.7)/Li(0.45)Al2O3. The catalyst 

weight was increased to ensure similar Pt content. Using the same conditions, the 

catalytic activity of Linde-BASF-Statoil catalyst (Figure 3.26 a), displayed very low 

conversion values (stabilizing near 3.5%) in comparison with PtSn(0.7)/Li(0.45)Al2O3 

(stabilizing near >30%).  

 

Figure 3.26. (a) Catalytic activity of PtSn(0.7)/Li(0.45)Al2O3 (red balls) and Linde-BASF-Statoil (blue 
diamonds). (b) Selectivity of Linde-BASF-Statoil catalyst (Pt(0.3)Sn/Mg(Al)O). PDH Conditions: 560 ◦C, 
1 bar, 3C3H8/1 H2/21 Ar (mL/min), GHSV = 60.000 mL·gcat-1·h-1 
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Moreover, the propylene selectivity provided by the benchmark catalyst (Figure 

3.26 b) was only 80%, far from the >98% obtained with the synthesized PtSn 

catalyst. Therefore, it was concluded that, under the same conditions, the catalyst 

prepared in this work is more active and selective than the benchmark Linde-BASF-

Statoil. 

(vi) Stability test against time. 

To test the stability of PtSn(0.7)/Li(0.45)Al2O3 a 3000min test was performed at 

530⁰ C. As shown in (Figure 3.27), almost no deactivation was observed over time 

with an initial propane conversion of 20% and 14% after 3000min. 

 

Figure 3.27. Long runs for the best PtSn catalyst synthesized by SOMC PtSn(0.7)/Li(0.45)Al2O3.  PDH 
Conditions: 530 ◦C, 1 bar, 3C3H8/1 H2/21 Ar (mL/min), GHSV = 15.000 mL·gcat-1·h-1

 

The deactivation constant (Kd) was calculated at time 10h and 50h and was 0.0031 

and 0.0085 h-1, respectively. 

3.3 Conclusions 

A series of Pt and PtSn-NPs supported onto LiAl2O3 were prepared by SOMC/Oxide 

followed by SOMC/M and tested in the PDH reaction. The catalysts were 

characterized by various techniques such as TEM, HAADF-STEM, N2-

adsorption/desorption isotherms, H2-chemisorption, DRIFT and XRD, which 

revealed the presence of small and well-dispersed bimetallic NPs, crucial to obtain 

highly active and selective catalysts for PDH.  
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Moreover, an exhaustive study of the operation conditions of PDH concerning the 

effect of H2, temperature and pressure, contact time, oxygen poisoning and long-

time studies for stability was performed. Finally, the operation conditions were 

optimized to a propane/H2 ratio of 3, feed composition of 3 C3H8/1 H2/21 Ar 

(mL/min), 530 ⁰C and 1 bar, inert preparation of the reactor inside the glovebox 

and, GHSV = 15.000 mL·gcat-1·h-1.  

The influence of the Sn/Pt ratio, the loading of Li on the support and the Pt loading 

of the catalyst were also studied. The most promising Sn/Pt ratio was 0.7 (mol/mol), 

with a Li loading on the Al2O3 support of 0.45 wt.% Li. An initial propane conversion 

of 20% was obtained, still providing 18% and 14% conversion after 900 min and 

3000 min of TOS. The selectivity of the optimized catalyst to propylene was always 

>98%, displaying an excellent performance in PDH, superior to that of the 

benchmark catalyst (Linde-BASF-Statoil). 

3.4 Experimental Details 

3.4.1 General Methods. 

Pt(acac)2 was purchased from Aldrich and used without further purification. SnBu4 

precursor was purchased from Aldrich, degassed, and stored under molecular 

sieves 4Å before use. Solvents (n-hexane and toluene) were dried under a NaK alloy 

and degassed by freeze-pump-thaw cycles prior use.  Gases were purchased from 

Air liquide. All experiments were carried out under controlled atmosphere, using 

Schlenk and glove box techniques for organometallic synthesis. The synthesis and 

handling of supported species were carried out using high-vacuum lines (ca. 1 mPa) 

and glove boxes. Calcination of the supports and catalyst was performed using in-

house produced furnaces (C2P2, CPE) with the following general conditions, 80 mL 

min-1 oxygen flow and 250-500o C temperature for 16 h. The evolved gases during 

the grafting reaction were analyzed on a Hewlett-Packard 5890 series II gas 

chromatograph (GC), equipped with a flame ionization detector (FID) and an HP 

PLOT KCl/Al2O3 column (50 m × 0.32 mm). 
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3.4.2 Support pre-treatment. 

(1) Al2O3. 

Pyrogenic Al2O3 from EVONIK (100 m² g-1) was pretreated before use. ꝩ-Al2O3 (10 g) 

was hydrated and compacted by slurring with deionized water and completely 

dried at 110o C. Later, Al2O3 was sieved, calcined under synthetic air at 500° C 

overnight, and then dehydroxylated under 10-5 mbar at 500° C overnight. The solid, 

labelled as Al2O3-500, is stored inside an argon filled glovebox. OH titration was 

performed by reaction between the support and excess AliBu3, which reacts 

quantitatively with hydroxyl groups from Al2O3-500, and quantification of released 

isobutane by GC. Al2O3 samples were characterized by TEM analysis, N2 

adsorption/desorption isotherms, DRIFT and solid-state NMR.  

(2) Li-Al2O3. 

Al2O3-500 (3.0 g) was lithiated with BuLi (0.8 mL, 2.5 mol L-1 in hexanes) at room 

temperature in hexane (10 mL) for a minimum of 2 h, then it was filtered, washed 

(3x hexane 10 mL) and dried under vacuum (10-5 mbar), yielding 0.45 wt.% Li, which 

was called Li(0.45)Al2O3.  Li content was studied and two other Li-Al2O3 were 

prepared. Sample with 1.5 wt.% Li, was prepared without washing steps, the 

sample was dried directly after the reaction, which yielded the sample Li(1.5)Al2O3. 

The second, an excess of BuLi was used (eq. to 4 wt% of Li) but the solid was 

thoroughly washed, which yielded the sample labelled Li(0.89)Al2O3. Li-Al2O3 

samples were characterized by TEM analysis, N2-adsorption/desorption isotherms, 

DRIFT and solid-state NMR. 

3.4.3 Catalyst Preparation by SOMC. 

PtSn-catalysts were prepared by a two-step grafting. First, Pt(acac)2 (205 µmol, 81 

mg) is grafted on 2 g of the oxide support (LiAl2O3) at room temperature, overnight, 

using the desired amount of precursor on toluene to achieve 2wt% of Pt. Then, the 

Pt nanoparticles (Pt-NPs) were formed by calcination at 400 °C, 4oC min-1, for 4 h 
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followed by reduction at 500 °C, 1oC min-1, for 4 h under pure H2. The monometallic 

materials were stored inside an Ar filled glovebox.  

The second grafting is the reaction of the organotin precursor on the hydride 

covered Pt-NPs. Briefly, on a double Schlenck, the desired amount of SnBu4 (Sn/Pt 

ratios of 0.5, 0.7, and 1) is stirred at 80oC in heptane (15 mL) with the monometallic 

catalyst (max. of 1.2 g per batch) under 500 mbar of pure H2 overnight. After that, 

the solid is washed 3 to 5 times with the same solvent to remove the unreacted Sn 

precursor. Gases and liquid are collected for butane analysis. The powder is dried 

under vacuum (10-5 mbar), and, finally, it is treated under H2 at 550oC, 1oCmin-1, 4 

h for the hydrogenolysis of the grafted organometallic species and formation of the 

desired PtSn-NPs. Catalyst samples were characterized by TEM, HAADF-STEM 

experiments, N2-adsorption/desorption isotherms, H2-chemisorption, DRIFT, XRD 

and solid-state NMR.  

3.4.4 Catalyst Characterization. 

Transmission Electron Microscopy (TEM) experiments were performed at the 

“Unitat de Microscopia dels Serveis Cientificotècnics de la Universitat Rovira i 

Virgili” in Tarragona with a JEOL model 1011 electron microscope operating at 100 

kV with resolution of 3 Å. The particle size distributions were determined by a 

manual analysis of enlarged images. At least 200 particles on a given grid were 

measured to obtain a statistical size distribution and a mean diameter.  

Scanning Transmission Electron Microscopy - High Angle Annular Dark Field 

(STEM-HAADF) images were obtained in a probe-corrected Titan Low Base (FEI) at 

a working voltage of 300 kV, coupled with a HAADF detector (Fischione), available 

in the “Advanced Microscopy Laboratory of Instituto de Nanociencia de Aragón” in 

Zaragoza. X-ray Energy Dispersive Spectra (EDS) were obtained with an EDAX 

detector. The samples were dispersed in THF, and a small amount of solution was 

then deposited on a Cu-carbon grid.  
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N2 adsorption/desorption isotherms were acquired in a Micrometrics ASAP 2020 

instrument. N2 adsorption/desorption isotherms were acquired after 

dehydroxylation, under air-free conditions and without further pretreatments.  

Elemental analyses were carried out by inductive plasma coupled atomic emission 

spectroscopy (ICP-AES) under air-free conditions by Mikroanalytisches Labor 

Pascher, Remagen (Germany).  

Diffuse reflectance infrared - Fourier transform spectroscopy (DRIFTS) was taken 

at room temperature in a Nicolet 6700 FTIR spectrophotometer equipped with a 

MCT detector and the SMART accessory DRIFT module in an airtight cell with CaF2 

windows.  

Solid-state NMR spectra were acquired on Bruker Advance 500. For Chemical shifts 

are given in ppm with respect to TMS as external reference. The 13C CP-MAS NMR 

spectrum was obtained at 11.74 T using the CP-MAS pulse sequence and a high 

power 1H decoupling at RF field amplitude of 70 kHz. Chemical shifts are given in 

ppm with respect to TMS as external reference for 1H and 13C.  

Powder X-Ray Diffraction (PXRD) patterns were collected on a Bruker D8 Advance 

diffractometer with Bragg-Brentano geometry goniometer in Theta-Theta mode 

and Cu Kα1,2 X-Ray source. Diffractograms were collected in 10–70° 2θ range by 

ethanol dispersion over Silicon support and treated using DIFFRAC.EVA Bruker 

software. 

H2 chemisorption was measured manually on the high-vacuum lines using high 

purity H2, an Edwards 655AB TRANS 1000 MB sensor, and an Edwards model 1575 

pressure display. Around 1 g of each sample was reduced in situ at 500oC for 30 

min, the surface is cleaned for 60 min under 10-5 mbar at 500oC, and the 

measurements are performed at room temperature. Total adsorption is measured 

stepwise, and after the sample is submitted to 60 mins the irreversible adsorption 

is measured as well as the total volume of the cell.  
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3.4.5 Catalyst Activity Measurements. 

Propane dehydrogenation (PDH) experiments were carried under O2 and H2O 

exclusion conditions, unless stated differently. All gases were purchased from Air 

Liquide and further purified in line with molecular sieves and BTS catalysts traps (is 

a copper oxide/aluminium oxide/zinc oxide mixture used as a highly efficient 

oxygen scavenger in gas purification) to assure high purity. A stainless-steel tubing 

of a ½ inch was used as a continuous flow reactor, containing a thermocouple that 

is heated by a vertical furnace (Ptotal = 1 bar, T = 530 °C) and it was packed inside an 

Ar filled glovebox. A 4-way valve system allowed the inert handling and various 

stainless-steel fillers were used to reduce the dead volume. Typically, 25 mg of 

catalyst were diluted to 2.5 g with SiC. A reductive pre-treatment of 16 h at 550 ⁰C 

(1 °C/min) was carried out with pure hydrogen flow, prior to start the catalytic tests, 

the system reached room temperature and it was purged with Ar. A 3 C3H8: 1 H2: 

21 Ar (mL/min) gas composition was used and controlled by Brooks mass flow 

controllers. The Gas hourly space velocity (GSHV) was kept to 60.000 mL·gcat-1·h-1, 

unless stated differently. The products were determined by an online HP 6890 GC 

equipped with 50 m KCl/Al2O3 column and FID detector. Propane conversion was 

calculated typically by carbon balance. Selectivity to each product was similarly 

obtained.

 

 

The deactivation constant (kd) was calculated at the reaction temperature (i.e., 

530 ⁰C) according to the following formula: 

ln [
(1 − 𝜒𝑓𝑖𝑛𝑎𝑙)

𝜒𝑓𝑖𝑛𝑎𝑙
] = 𝑘𝑑 × 𝑡 +  ln [

(1 − 𝜒𝑖𝑛𝑖𝑡𝑖𝑎𝑙)

𝜒𝑖𝑛𝑖𝑡𝑖𝑎𝑙
] 

𝑃𝑟𝑜𝑝𝑎𝑛𝑒 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 (%) =  
𝑇𝑜𝑡𝑎𝑙 𝑃𝑟𝑜𝑝𝑎𝑛𝑒𝑜𝑢𝑡

𝑇𝑜𝑡𝑎𝑙 𝑃𝑟𝑜𝑝𝑎𝑛𝑒𝑖𝑛

 𝑥 100 

𝑃𝑟𝑜𝑝𝑦𝑙𝑒𝑛𝑒 𝑠𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (%) =  
𝑇𝑜𝑡𝑎𝑙 𝑝𝑟𝑜𝑝𝑦𝑙𝑒𝑛𝑒𝑜𝑢𝑡

𝑇𝑜𝑡𝑎𝑙 𝑝𝑟𝑜𝑝𝑎𝑛𝑒𝑖𝑛 − 𝑇𝑜𝑡𝑎𝑙 𝑝𝑟𝑜𝑝𝑎𝑛𝑒𝑜𝑢𝑡

 𝑥 100 
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Where 𝜒𝑓𝑖𝑛𝑎𝑙 and 𝜒𝑖𝑛𝑖𝑡𝑖𝑎𝑙, are the final and the initial propane conversion values 

and “t” represents the lifetime of the catalyst. 
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4.1 Introduction 

The propane dehydrogenation (PDH) has been proposed as one of the most 

promising approaches to obtain propylene. As mentioned in Chapter 1, the 

most efficient for catalysts are generally based on  PtSn systems supported 

onto Al2O3.1–3 In this chapter, the application of innovative synthetic 

methodologies for the preparation of stable PtSn-based catalysts supported 

onto alumina-based supports and the study of their stability under relevant 

reaction conditions are described. 

PtSn-catalysts.  

PtSn-catalysts should display certain physicochemical properties such as small  

size and appropriate electronic properties of the NP to reach high activity and 

selectivity in the PDH process.1–3 Although many studies have described the 

roles of Sn, the exact active structures under reaction conditions are still under 

continuing debates.4,5 Both geometric (Sn separates large Pt aggregates into 

smaller clusters, thus avoiding the structure-sensitive coke formation)6 and 

electronic effects (strong electron transfer between Sn and Pt promotes the 

desorption of propylene and coke transfer from Pt sites to the support)7,8 were 

reported to contribute to the performance of these catalysts. In addition, it 

was recently demonstrated that the Sn species can help the redispersion of 

the Pt clusters during the regeneration operation.4 Proposed structures for 

PtSn/Al2O3 catalysts are displayed in Figure 4.1, note that initially the Sn was 

already added to the support.1,9 It seems that various chemical states of Sn 

coexist, namely Sn (0) and/or SnO2-x. 1,9 
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Figure 4.1. Illustration of possible models of PtSn/Al2O3 based catalysts. 1,9 

Recent examples revealed that Pt clusters modified with partially reduced 

SnOx species, 4 including encapsulation or coating of the Pt-active phase by 

SnOx,5 displayed outstanding activity, selectivity and stability in propane 

dehydrogenation. For instance, Corma and coworkers reported 

subnanometric bimetallic PtSn clusters confined in zeolites (MFI) promoted 

with K+ that were highly active in PDH at 600⁰ C.5 The structural evolution of 

the freshly prepared catalysts was studied under H2 flow at high temperatures 

and is displayed in Figure 4.2. 5 They report that different PtSn structures could 

coexist within the catalysts. 

 

Figure 4.2. Structural proposal of freshly prepared K-PtSn@MFI during reduction with H2. (a) Pt 
and Sn (IV) are dispersed in the channels of the zeolite. (b) After a reductive treatment with H2 
at 400 ⁰C, Pt atoms form subnanometric Pt clusters, whereas only some of the Sn (IV) species 
are reduced. (c) when the temperature increased to 600 ⁰C, the vast majority of Sn (IV) species 
were reduced to Sn (II), the latter ones remaining separated from the Pt clusters. (d) After long 
time flow of H2, some of the reduced Sn migrate to the Pt clusters and PtSn bimetallic clusters 

UNIVERSITAT ROVIRA I VIRGILI 
INNOVATIVE NANOCATALYSTS FOR SUSTAINABLE NON-OXIDATIVE DEHYDROGENATION OF PROPANE 
Laia Gil Jiménez



                                                                                                          Pt and PtSn OPOA for PDH 

- 117 - 
 

with reduced Sn interacted with the external surface of Pt clusters formed in the channels of 

the MFI zeolite.5 

Therefore, one of the current challenges in PDH is the design and development 

of catalysts through innovative protocols that maximize the control of their 

physical-chemical properties and provide suitable interactions with the 

support.  

Alumina is one of the most widely catalyst support for the dehydrogenation of 

alkanes due to its competitive price and outstanding properties such as high 

thermal conductivity and stability, high specific surface area and uniform pore 

size distribution.1–3 Methodologies applied so far for the control of the acid-

base properties of the alumina supports involved basic treatments prior to 

catalyst impregnation.1–3 These treatments result in the poisoning the strong 

acid sites and avoid the coke deposition on catalyst surface. Such methods are 

used in the commercial Pt PDH catalysts: OLEFLEX® (Pt-Sn/K(Na)-Al2O3), 

LINDE-BASF-STATOIL® (Pt-Sn/MgAlO), STAR® (Pt-Sn/ZnAl2O3/CaO-Al2O3) and 

FCDh® (Pt-Ga/K-Si-Al2O3).1–3 Alternatives to this approach generally involve: 

(a) the treatment of the catalyst with a metal compound such as Pb to block 

the active sites responsible for the coke formation,10 or (b) the application of 

alternative synthetic procedures such as the surface organometallic approach, 

which permit the selective Sn-deposition onto the Pt-NP surface, thus avoiding 

the accumulation of Sn on the support.11–19 

One-pot organometallic approach (OPOA).   

Over the last years, our group reported the use of the one-pot organometallic 

approach, initially described by Chaudret,20 as an alternative strategy for the 

preparation of supported metal nanoparticles.21,22,23 This approach is based on 

the controlled decomposition of organometallic precursors in the presence of 
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the support and a stabilizing agent, usually an organic ligand such as 

triphenylphosphine (PPh3) or N-heterocyclic carbenes (NHCs).  

These materials displayed improved catalytic performances (activity, 

selectivity, and stability) due to the great control on the nanoparticle physical 

(i.e., high surface-to-volume ratio compared to standard heterogeneous 

catalysts) and chemical properties (i.e., possibility of modulation by the 

selection of the stabilizer or ligand to provide the transformation of the 

substrate into a specific product).  

In this context, the preparation of supported metal nanoparticles via colloidal 

methods offers the possibility to fine-tune the properties of the active phase 

at structural and surface level.24–30,54 Moreover, the colloidal-NPs can be 

utilized as models for the characterization of the active phase of the catalysts, 

providing information which is hardly accessible when diluted onto solid 

carriers. The effect of the interactions of the ligands with the NP surfaces on 

their physico-chemical properties has been corroborated by different 

techniques such as electron microscopy, 38,39 spectroscopic techniques (NMR, 

40–44 IR,45–47 XRD48 or XPS32,33) and deutero-labelling experiments.49,50  For 

instance, CO adsorption-FT-IR-studies conducted using Rh-NPs stabilized by 

these different ligands suggested differences in the CO-coordination modes 

probably because of the different interaction of the ligand with the Rh-NP 

surface (Figure 4.3). 24,26,51  

Furthermore, NMR-studies suggested differences in the ligand stability, 

sorption on the NP surface and coordination strength on the NP surface. 24,26,51   
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Figure 4.3. CO coordination modes in FT-IR studies of Rh-NPs with different ligand, PPh3 and 

NHC.26,51   

Metal phosphides, P-doped metal alloys, can also modify the electronic and 

geometric structures of NPs, having a similar behavior to bimetallic alloys.52,53 

In comparison with bimetallic alloys, P is more electronegative and offers 

additional flexibility towards the tuning of catalyst properties, which is of 

interest for catalyst design.54 

Recently, platinum phosphides (PtP2) NPs supported on silica catalysts were 

prepared via incipient wetness impregnation method, using H3PO4 as the 

phosphorus source, and exhibited a mean size of ca. 2-3 nm.55
 The authors 

reported the coexistence of Pt in both metallic or higher oxidation states, even 

after treatment in H2 at 550 ⁰C. The presence of other species such as platinum 

phosphides (PtP2) was reported where the Pt2+ ions are separated by P2
2-, 

therefore no Pt-Pt bonds were present, and the distance between two Pt 

atoms was 4.02 Å compared to 2.78 A Å in the Pt fcc cell. The XPS analyses of 

PtP2/SiO2 and Pt/SiO2 after a reduction at 550 ⁰C under H2, revealed two 

components in the Pt 4f bands that corresponded to Pt 4f7/2 and Pt 4f 5/2. In 
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PtP2 catalyst, the Pt4f 7/2 had a binding energy of 73.0 eV, 1.2 eV higher than 

that of Pt/SiO2 (71.8 eV), which the authors attributed to Pt2+ NPs, also 

consistent with a shifting observed in XANES to higher energies of 1.5 eV. 

Regarding the P, the peak P 2 p was studied and found at 135.3 eV, suggesting 

that the vast majority of P was present as P5+. XPS and XANES displayed 

indirect measurements of the energy of the filled 5d orbitals, which are 

directly related with the catalytic performance.56 These electronic effects 

minimized the bond strength of adsorbates which its consistent with its 

catalytic properties since PtP2/SiO2 and Pt/SiO2 catalysts were tested in PDH 

reaction (Figure 4.4). The propane dehydrogenation rate was lower in the first 

case, but excellent propylene selectivity was obtained.55 

 

Figure 4.4. PtP2/SiO2 and Pt/SiO2 catalysts tested in PDH reaction and their propane conversion 

and propylene selectivity.55 

Other groups reported the study of the introduction of phosphorus (0%, 10% 

and 25% wt. P) in Ni/γAl2O3 for the selective conversion of furfural to 

cyclopentanone via the incipient wetness impregnation.57 The authors 

showed that phosphorus species could react with the support and the metal, 

creating an AlPO4 phase, reducing the specific area of the catalysts. Nickel 

phosphide species were detected using XRD analysis (Ni2P, Ni3P and Ni12P5) 

and XPS analyses showed changes in the chemical states of Ni (Figure 4.5 left). 

Indeed, when no P was added, the peaks at 855.6 and 862.0 eV were assigned 
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to Ni (δ+) reduced by H2 and Ni (2+) ions, respectively. This result thus revealed 

that Ni was not completely reduced under H2 atmosphere at 600 C⁰. When 

10% P was added, the Ni 2p peaks were located at 856.2 and 862.1 eV, and 

assigned to Ni (δ+) in the nickel phosphide and Ni (2+) ions with phosphate 

ions, respectively.58 The authors mentioned that the amount of Ni (δ+) 

reduced species decreased from 5.7% to 1.8% when the P loadings increased 

from 10% to 25%, revealing that phosphorus additions hinders the Ni 

reduction. Moreover, the shifting at higher binding energies suggest that P and 

Ni form an alloy. Concerning P 2p (Figure 4.5 right), three peaks were analyzed 

on the catalyst surface. When 10% P was used, the peaks at 133.2 and 133.9 

eV were ascribed to reduced P (δ1-) and reduced P (δ2- ), respectively.59 The 

peak at 134.6 eV was assigned to H2PO3
- located in the passivated layer of 

catalysts. By XRD, authors confirmed the presence of Ni3P phase. When 25%P 

was used, peaks were observed at a higher binding energy, suggesting the 

formation of a new phosphide phase. using XRD analysis, the authors 

attributed these peaks to Ni12P and Ni2P.  

 

Figure 4.5. XPS deconvolutions (left) Ni 2p and (right) P 2p of Ni-xP@Al2O3 (x = 0, 10 or 25% wt. 
P).57 

Other authors reported that the phosphorus content that modifies the change 

of phase, depending on the relative molar ratio (Ni:P). 60 
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Corma and co-workers described the interaction of the P-based molecules 

(i.e., trimethylphosphine oxide (TMPO)) with the SnOx-extra-framework 

structures on the support in Pt-Sn PDH catalysts supported onto zeolites.5,61,62 

The interaction of these probe molecules is related with the Lewis acidity of 

framework and extra-framework Sn species dispersed onto the 

aluminosilicate supports. The authors observed by 31P NMR that initially, the 

TMPO (Lewis base) interacted with Sn sites (Lewis acid) but after a thermal 

treatment by hydrogen (H2) at 600 ⁰C, the 31P peak intensity decreased as the 

Sn species evolved to other species (Pt-SnOx) which do not interact with the 

TMPO. 

The use of dimethyl imidazolium carboxylate as NHC precursor (Figure 4.6) 

revealed particularly efficient for the preparation of small and well-defined 

supported monometallic (Pt, Ni, Cu, Rh and Pd) and bimetallic nanoparticles 

(NiCu and PdCu).21,22,23 

 

Figure 4.6. NHC NPs stabilization.25 

A recent review collects relevant examples using the organometallic approach 

methodology.63 The main advantages of using NHC relies on its ability to 

electro-donate density to the metal, resulting in a strong coordination. In 

comparison to phosphines, carbenes are not easily oxidized. 63 
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For instance, the interaction of different imidazolium-amidinate ligands  with 

Ni NP surface has been reported for selective dehydrogenation of alkynes, 

using the organometallic approach (Figure 4.7).64 By XPS analyses the chemical 

state and coordination mode of the ligands was studied.  

 

Figure 4.7.  Ni NPs stabilized with various imidazolium-amidinate ligands (L1, L2 and L3).64 

Herein, we report the application of the one-pot organometallic approach 

(OPOA) for the preparation of PtSn-NPs supported onto alumina for the first 

time. To the best of our knowledge, no examples of catalysts were reported 

using carbene ligands (NHC) and triphenylphosphine (PPh3) as stabilizers for 

alkane dehydrogenation reactions. 

In contrast to other synthetic approaches, the organometallic approach 

offered the opportunity to prepare the corresponding colloidal PtSn systems 

for their use as model samples for characterization to provide insights into the 

catalyst structure.  

Various Pt and PtSn catalysts were synthesized following the OPOA and 

characterized by combination of techniques such ICP-OES, N2-physisorption, 

TEM, STEM-EDS, STEM-HAADF, XRD, XPS, 31P NMR, and TGA analyses. The 

possible effect of the ligand (samples prepared using no ligands, sub-

stoichiometric amounts of PPh3 or of 1,3-diemthylimidazolium carboxylate 

(NHC-CO2) was particularly looked at. The catalysts performance was 

evaluated in the propane dehydrogenation (PDH) reaction and the scope of 
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the best performing catalyst was extended to the dehydrogenation of butane 

and 1-butene.  

 As depicted in Scheme 4.1¡Error! No se encuentra el origen de la referencia., 

this methodology offers the possibility to access well-defined PtSn bimetallic 

nanostructures using a one-pot approach, offering a simple alternative to 

previous multistep routes.  

Scheme 4.1. Schematic illustration of one-pot organometallic approach to obtain supported 
PtSn bimetallic stabilized NPs and its advantages. 

 

4.2 Results and Discussion 

The bimetallic Pt-Sn catalysts were prepared in a Fisher Porter vessel via the 

organometallic approach.20 First, a brief optimization of conditions was 

performed, including metal precursor, organic stabilizing agent, concentration 

of precursors, temperature, and time to produce small (i.e., 1-2 nm) and well-

dispersed colloidal and supported NPs. 

4.2.1 Synthesis and characterization 

4.2.1.1 Initial optimization of synthesis parameters 
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Catalysts for the Propane Dehydrogenation reaction (PDH) were synthesized 

by the one-pot organometallic approach evaluating different reaction 

variables typical of colloids chemistry.  

The effect of the stabilizing agent was evaluated through the preparation of 5 

sets of colloidal Pt-NPs by decomposition of Pt2(dba)3 in THF under 3 bar H2 at 

r.t. in the presence / absence of 0.2 equivalents of organic molecules: PVP, 

none, octadecyl amine (ODA), triphenylphosphine (PPh3), and 1,3-

dimethyimidazolium carboxylate (NHC-CO2) (Scheme 4.2). 

Scheme 4.2. Preparation of Pt ligand capped colloidal NPs using organometallic approach and 
various stabilizing ligands. 

 

 The decomposition of the Pt-precursor was quantitative obtaining in all cases 

small Pt-NPs. Analysis of TEM images (Figure 4.8).  revealed mean diameters 

of 1-2 nm for Pt-NPs/PVP and 2-3 nm Pt-NPs for the rest of samples. The Pt-

NPs obtained using PVP were very similar to those previously reported by 

Phillipot et al.46  

The main effect of the ligand was related with the formation of large Pt-NPs 

aggregates. In the presence of PVP (Pt1a), the NPs formed were well-dispersed 

and no aggregates were observed, while the use of NHC-CO2 (Pt1e) and PPh3 

(Pt1d) as stabilizing agents provided some degree of agglomeration. In 
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contrast, when ODA (Pt1c) or no stabilizing agent (Pt1b) were tested, large 

amounts of agglomerates were detected.  

In view of these results, the NPs stabilized by PVP seemed the most suitable. 

However, since PVP stabilization of Pt-NPs requires the use of larger amount 

of polymer (much higher than ligand amount) and that its removal from the 

Pt-NP surface could be complicated and result in the formation of coke 

(catalyst deactivation) at high temperature, subsequent studies were 

conducted using NHC-CO2 and PPh3 as stabilizing agents. 

 

Figure 4.8. TEM Pt-NPs via organometallic approach stabilized with (a) PVP, Pt1a, (b) no 
stabilizer, Pt1b, (c) ODA (Pt1c), (d) PPh3 ,Pt1d, and (f) NHC-CO2, Pt1e. 
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The synthesis of supported Pt-NPs was initially studied with no extra stabilizing 

agents for 20h at r.t.. Two metal loadings (1 and 2 wt.% Pt) and two supports 

Al2O3 (Pt3a-b), LiAl2O3 (Pt4a-b), were initially studied using toluene as solvent. 

ICP-OES analyses indicated a Pt (wt%) content was: 1.0% and 0.98% for 

Pt(1%)@Al2O3-rt (Pt3a) and Pt(1%)@LiAl2O3-rt (Pt4a), and 2.0% and 1.9% for 

Pt(2%)@Al2O3-rt (Pt3b) and Pt(2%)@LiAl2O3-rt (Pt4b),  respectively. The 

formation of small Pt-NPs onto the supports was confirmed by TEM (Figure 

4.9), when using 1 wt.% Pt content. The NPs were smaller (1.1-1.7 nm) than 

with 2 wt.% Pt (1.9-2.6 nm). However, samples with 2 wt.% Pt composition 

were selected to facilitate the characterization of the resulting materials due 

to the higher metal content. 
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Figure 4.9. TEM Pt-NPs with 1 wt% Pt weight supported onto (a) Pt3a, Al2O3 (b) Pt4a, LiAl2O3 
and using 2 wt% Pt supported onto (c) Pt3b, Al2O3 (d) Pt4b, LiAl2O3 prepared by organometallic 
approach at r.t. 

The effect of the reaction time and temperature was also tested at 40 h and 

at 100 ⁰C. Pt-NPs with 2 wt%. Pt supported onto aluminas (Al2O3 or LiAl2O3) 

were stabilized without any stabilizing agent Pt(2%)@Al2O3 (Pt5), 

Pt(2%)@LiAl2O3 (Pt6b) or with PPh3 Pt(2%)-P@Al2O3 (Pt7), Pt(2%)- P@LiAl2O3 

(Pt8). TEM images (Figure 4.10) revealed that the NPs synthesized in the 

presence of PPh3 have a slightly smaller size (1.2-1.3 nm) than those prepared 

without ligand (1.6-1.8 nm).  
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Figure 4.10. TEM Pt(2%)-NPs supported on Al2O3 (a, Pt5) and LiAl2O3 (b, Pt6) and stabilized with 
PPh3 supported on Al2O3 (c, Pt7) and LiAl2O3 (d, Pt8) at 100 C for 40 h. 

Monitoring of SnBu4 decomposition by GC-TCD. 

The in-situ decomposition of the Sn (IV) precursor was monitored using a GC-

TCD (Figure 4.11a). The results indicated that the Sn precursor was only 

partially decomposed, and the decomposition rate was affected by nature of 

the support in the following order: Al2O3 > LiAl2O3 >> No support. Moreover, a 

synthesis temperature at 100 ⁰C was needed for its decomposition. This 

behavior can be attributed to the presence of protons with amphoteric 
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character on the alumina surface, i.e., Al-OH groups. The lower reactivity of 

lithiated alumina compared to untreated material is thus explained since less 

OH groups are available. Furthermore, in the absence of Pt (Figure 4.11a), 

lower decomposition of Sn precursor was observed, indicating that Pt species 

are involved in the Sn precursor decomposition, in agreement with previous 

reports from Basset and co-workers.13 To further study the decomposition of 

the precursor, the colloidal system in the presence and absence of Pt 

precursor was assessed (Figure 4.11b). We can observe that, when no Pt is 

added, no Sn is decomposed, and no Sn-NPs were formed. However, once Sn 

is added with the presence of Pt, 5% decomposition of SnBu4 was observed. 

 

Figure 4.11. GC monitoring of SnBu4 decomposition at 100° C with the presence of PPh3 with 
a) supported bimetallic catalysts, b) monometallic Sn catalyst and c) colloidal NPs. 

 

 

BET Area. 

The surface BET areas and pore volume values were measured (Table 4.1). No 

relevant differences in area and pore volume values were observed between 

the catalysts, suggesting a partial filling of the support pores without blocking 

them. This thus indicated that the support pores remained available, and that 

the propane could diffuse inside the structure. 
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Table 4.1. BET area and total pore volume. 

Sample BET (m2/g) 
Total pore volume 

(cm3/g) 

Al2O3 116 0.69 

Pt(1)@Al2O3 134 0.71 

Pt(2)@Al2O3 113 0.60 

Pt(2%)/SnIV(1)-P@Al2O3 126 0.71 

LiAl2O3 102 0.69 

Pt(1)@LiAl2O3 115 0.66 

Pt(2)@LiAl2O3 105 0.55 

Pt(2)/SnIV(1)-P@LiAl2O3 122 0.69 

 

4.2.1.2 Supported PtSn catalysts by OPOA 

A nominal value of 2 Pt wt.% was initially used with a Pt/Sn molar ratio of 1. 

The Pt precursor Pt2dba3 and Sn precursor (SnBu4 or C12H26N2Sn) were 

decomposed at 100 ⁰C under H2 atmosphere in the presence of 0.2 equivalent 

of stabilizing ligand (none, PPh3 = P, NHC-CO2= NHC) per Pt using toluene or 

THF as solvent. The synthesis was performed in the presence of the support 

(Al2O3 or LiAl2O3 with 0.45 wt.% Li, (Scheme 4.3), and produced 6 catalysts 

(Table 4.2¡Error! No se encuentra el origen de la referencia.). Sample labels 

given in this table are used hereafter to reference specific catalysts. Once 

formed, the supported catalysts were washed thoroughly with the reaction 

solvent and with hexane and dried under reduced pressure. 

UNIVERSITAT ROVIRA I VIRGILI 
INNOVATIVE NANOCATALYSTS FOR SUSTAINABLE NON-OXIDATIVE DEHYDROGENATION OF PROPANE 
Laia Gil Jiménez



                          Chapter 4 

- 132 - 
 

4 

Scheme 4.3. One-pot organometallic approach preparation for the supported bimetallic-ligand 
capped NPs. 
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Table 4.2. Supported bimetallic catalysts prepared by one-pot organometallic approach. 

Catalyst Sn precursor Ligand 

PtSnIV-P@Al2O3 SnBu4 PPh3 

PtSnII-P@Al2O3 C12H26N2Sn PPh3 

PtSnIV-NHC@Al2O3 SnBu4 NHC-CO2 

PtSnII-NHC@Al2O3 C12H26N2Sn NHC-CO2 

PtSnIV-P@LiAl2O3 SnBu4 PPh3 

PtSnIV@Al2O3 SnBu4 none 

 

The formation of NPs was first confirmed by STEM-HAADF analysis. Small and 

well dispersed NPs were obtained in all cases with a mean diameter of 1.3 – 

2.0 nm. No significant differences in size were observed by variation of the 

support (Al2O3 or LiAl2O3) or of the Sn precursor used (Figure 4.13). STEM-EDS 

mappings of PtSn
IV

-P@Al2O3 shows the Sn distribution onto both the support 

and the Pt-NP, while the P is mainly located at the surface of the Pt-NPs (Figure 

4.12,a). STEM-EDX mappings of PtSn
IV

@Al2O3 shows that more Sn was located 

on the Pt-NP than onto the support (Figure 4.12, b). 

 

Figure 4.12. EDS-STEM of (a) PtSnIV-P@Al2O3 and (b) PtSnIV@Al2O3. 
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Figure 4.13. HAADF or TEM pictures and mean sizes of the supported catalysts (with 2 wt.%Pt 
and 1 wt.% Sn) a) PtSnIV@Al2O3, b) PtSnIV-P@Al2O3, c) PtSnIV-P@LiAl2O3, d) PtSnIV-NHC@Al2O3, e) 
PtSnII-P@Al2O3 and f) PtSnII-NHC@Al2O3. 

X-Ray Diffraction (XRD) analysis of the synthesized materials was also 

performed. However, the XRD patterns observed for all catalysts exhibited 

main peaks at 2θ = 37°, 45.9° and 66.9° corresponding to the bare support γ-

Al2O3 phase (JCPDS 01-080-0956) (Figure 4.14¡Error! No se encuentra el 

origen de la referencia.¡Error! No se encuentra el origen de la referencia.). This 
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suggested that the structure of the support remained unaltered and that the 

Pt NPs were small and well dispersed onto the surface of the support, in 

agreement with HAADF-STEM observations and previous reports.65,66,67,68  

 

Figure 4.14. XRD diffractogram of PtSnIV-P@Al2O3, γ-Al2O3. (γ-Al2O3-JCPDS: 01-080-0956). 

The in-situ decomposition of the Sn (IV) precursor was monitored by GC 

analyses and as commented before, the Sn precursor was partially 

decomposed. The decomposition rate was affected by nature of the support 

in the following order:  Al2O3 > LiAl2O3 >> No support, suggesting that the Sn 

precursor reacted both with the support and the Pt NPs. Once again, in the 

case of LiAl2O3, the decomposition was lower than with Al2O3 since many of 

the reactive hydroxyl groups had reacted with the BuLi. 

Inductively coupled plasma – optical emission spectrometry (ICP-OES) results 

also indicated that Sn precursor decomposition was greater with Al2O3 than 

when LiAl2O3 was used as support, i.e., 1.1 wt.% Sn and 0.7 wt.% Sn, for PtSnIV-

P@Al2O3 and PtSnIV-P@LiAl2O3, respectively. Therefore, the relative amounts 

of Pt and Sn depend on the ligand and the Sn precursor. All Pt and Sn 

compositions and Sn/Pt ratios (mol/mol) are listed in Table 4.3, Sn/Pt ratio (a). 
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The same Sn/Pt ratios were compared with X-ray photoelectron spectroscopy 

(XPS) and for all the catalysts, the ratio was higher than that obtained by ICP-

OES, which suggests Sn segregation at the surface (Table 4.3, Sn/Pt ratio (b)). 

Surface area of bare supports and Pt based catalysts was analyzed using 

Brunauer, Emmet and Teller (BET) method, as explained before. The 

difference in area and pore volume values between the bare supports and 

supported catalysts, indicates there is partial filling of the support pores 

without blocking them, implying that diffusion of propane inside the porous 

structure could take place. 

The freshly prepared catalysts were measured by X-ray photoelectron 

spectroscopy (XPS) to investigate the atomic composition and oxidation state 

of each element. The characteristic peak Pt 4f could not be analyzed due to 

overlapping of Al 2p peak, therefore Pt was studied using Pt 4d band and Sn 

with 3d band, respectively (Table 4.3, XPS). Pt 4d deconvolutions of the 

supported catalysts are found in Figure 4.15 and Sn 3d in Figure 4.16. 

The Pt monometallic supported catalyst (Pt-PPh3@Al2O3) revealed Pt 4 d with 

99% of a Pt (0) component. In contrast, the PtSn catalysts displayed Pt 4d 

bands composed by combinations of two components, one attributed to the 

Pt (0) and another attributed to the Pt (δ+) species. The ratio between these 

two components was affected by the Sn/Pt molar ratio, the stabilizing agent, 

and the alumina support. This behavior highly suggested that the control of 

these three variables resulted in variation of the electron density at the Pt 

surface.  

 

 

UNIVERSITAT ROVIRA I VIRGILI 
INNOVATIVE NANOCATALYSTS FOR SUSTAINABLE NON-OXIDATIVE DEHYDROGENATION OF PROPANE 
Laia Gil Jiménez



                                                                                                          Pt and PtSn OPOA for PDH 

- 137 - 
 

 

Table 4.3. Catalyst properties of PtSn supported catalysts synthesized by OPOA. 

 
M loading, 

wt %
[a]

 
Sn/Pt 

(mol/mol) 
 XPS 

Catalyst Pt Sn ICP  XPS 
NPs size 

(nm) Ptδ
+
/Pt

0
 Sn

IV
/Sn

II
/Sn

0
 

SnO2-xP@Al
2
O

3
 - 1.4 - - - - 100 / 0 / 0 

PtP@Al
2
O

3
 1.6 - - - 1.2 ± 0.3 1 / 99 - 

PtSn
IV

@Al
2
O

3
 1.6 1.4 1.4 2.0 1.7 ± 0.3 32 / 68 49 / 34 / 17 

RED- 

PtSn
IV

@Al
2
O

3
 

1.6 1.4 1.4 2.3 1.7 ± 0.3 6 / 94 67 / 4 / 29 

PtSn
IV

-P@Al
2
O

3
 1.7 1.1 1.1 1.5 1.3 ± 0.3 18 / 82 22 / 38 /40 

PtSn
IV

-
P@LiAl

2
O

3
 

1.7 0.7 0.7 1.2 1.6 ± 0.3 17 / 83 1 / 76 / 23 

PtSn
II
-P@Al

2
O

3
 1.5 0.8 0.9 1.8 1.4 ± 0.3 27 / 73 36 / 48 / 16 

PtSn
IV

-
NHC@Al

2
O

3
 

1.6 0.4 0.4 1.7 1.6 ± 0.5 11 / 89 96 / 4 / 0 

PtSn
II
-

NHC@Al
2
O

3
 

1.6 0.9 0.9 2.6 2.0 ± 0.9 40 / 60 23 / 25 / 52 

[a] Quantified by ICP-OES analysis; [b] Quantified by XPS analysis. [c] measured by TEM. 
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Figure 4.15. XPS Pt 4d deconvolutions. 
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Figure 4.16. XPS Sn 3d deconvolutions. 

The Sn component, Sn content and the Sn/Pt molar ratio varied depending on 

the ligand (PPh3 and NHC), Sn precursor (Sn (IV) or Sn (II)) and the support 

(Al2O3 or Li-Al2O3). All the Sn 3d deconvolutions of the supported catalysts are 

displayed in the Figure 4.16. A blank sample was prepared by reaction of the 

SnBu4 precursor, PPh3 and Al2O3 under H2 atmosphere and 100⁰ C. After 
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washing and isolation, the monometallic Sn supported catalyst (SnO2-x-

P@Al2O3) was analyzed, revealing the presence of tin attached to the support 

surface probably as Sn oxide species, i.e., SnO2-x or tin aluminates (SnxAl2O4). 

Previous studies revealed that in PtSn@Al2O3 systems, in the reduced catalyst, 

most of the tin is present in a valence state higher than Sn (0), which was 

consistent with tin being present as an eggshell of “tin aluminate” surrounding 

the alumina support with the Pt (0) supported on the “tin aluminate.”69 

Here, when no ligand was added and when Sn (IV) was used, the Sn-precursor 

preferentially reacted with the alumina support thus forming Sn oxide species 

(83%), i.e., SnO2-x or tin aluminates (SnxAl2O4) (PtSnIV@Al2O3). For the samples 

containing PPh3, a reduction of the content of Sn oxide species, attributed to 

the reaction of Sn precursor with the support, was observed together with an 

increase in the proportion of the species detected at lower binding energies 

(i.e., Sn (II) and Sn (0)), corresponding to the Sn on a PtSn-NP alloy structure. 

In contrast, when the catalysts were prepared in the presence of NHC-ligand, 

no clear tendency was observed. When the Sn (IV) precursor was used, the Sn-

content appeared essentially as Sn (IV), whereas when the Sn (II) precursor 

was used, the Sn-content and distribution of the components was similar to 

those recorded with PPh3. This behavior was attributed to the possible 

reactivity of the stabilizing agent with the two different Sn precursors.  

Comparing the results obtained using the Sn (IV) and Sn (II) precursors, the 

catalyst synthesized using the Sn (IV) precursor displayed lower proportion of 

components at higher binding energies, related with the Sn oxide species 

located on the support, and a higher proportion of the components at lower 

binding energies attributed to the Sn forming part of the PtSn-NP alloy. This 

tendency seems to be contradictory since a higher proportion of reduced Sn 

in the samples prepared using the Sn precursor in the lower oxidation state. 

However, this tendency could be explained by the higher reactivity of the Sn 
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(II) respect to the Sn (IV) precursor with the support than with the Pt-NP 

surface thus resulting in the formation of SnOx.  

As could be expected, the catalysts supported onto Li-Al2O3 displayed much 

lower proportion of Sn oxide species (attributed to the reaction of the Sn 

precursor with the support) and a greater proportion of Sn (II) and Sn (0) 

species, which are related with the PtSn-NP alloy structure. 

Finally, a selected sample was reduced under H2 flow at 500⁰ C and analyzed 

by XPS to study the evolution of the Pt and Sn component. The thermal 

treatment under hydrogen flow resulted in only slight variations of the 

oxidation states of Sn species on the support of the catalyst surface, being the 

Sn in low oxidation states (Sn (0)) incorporated in the PtSn alloy structure and 

the Sn in higher oxidation (Sn (δ+)).   

This experiment suggested that either the reduction of Sn in higher oxidation 

state (Sn (δ +)) was inefficient, which could be explained by their location on 

the support surface as SnOx or as tin aluminates (i.e., SnAl2O4 or SnAlO3). The 

presence of this Sn species on the surface of the PtSn/Al2O3 catalyst was 

previously reported in the literature4,5 and there is still a debate on the 

importance of the chemical states of Sn, the metallic state, oxidation state or 

coexistence of Sn (0) and Sn (n+) (n = 0 ≤ x ≤ 4). The positive effect of the 

presence of partially reduced species Sn (n+) (n = 0 ≤ x ≤ 4) interacting with 

the support and the PtSn-NP surface was reported.5 Blekkan and co-workers 

studied the degree of reduction of Pt and Sn in PtSn/Al2O3 using TPR and 

studying the catalysts under hydrogen flows at 600 ⁰C and 940 ⁰C. They 

reported that Pt was fully reduced whereas 35 % of the Sn was reduced at 600 

⁰C  and 60% at 940 ⁰C.70  

The calculated Sn/Pt ratios were greater by XPS analysis than that measured 

by ICP-OES (Table 4.3, above), suggesting Sn segregation at the surface of the 
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catalyst, and indicating that the Pt-surface is more electron deficient. The 

extend of the segregation seems to be affected by the support, ligand and 

precursor used. 

Although, the presence of phosphorus on the surface of the NP was confirmed 

by EDX in the catalysts synthesized in the presence of PPh3, XPS analysis did 

not reveal any information on the P (P2p band) and N (N1s band) of the 

stabilizing ligands, probably because the P and N contents were below the 

detection limit.  

To obtain more information about the effect of the thermal treatment under 

on the catalyst sample, Thermogravimetric analyses (TGA) of PtSnIV@Al2O3 

fresh catalyst and reduced Red-PtSnIV@Al2O3 were conducted. In the fresh 

catalyst, a weight loss of 6% was observed at 620 ⁰C, which could indicate that 

part of the SnBu4 precursor was present on the NP surface. The presence of 

ligand would not explain such a weight loss since sub-stoichiometric amounts 

were used. After reduction of the sample at 550 ⁰C under H2, a smaller weight 

loss was observed (3%). This suggests that similar amounts of organic matter 

are present before and after reduction. 

In conclusion, a series of PtSn catalyst supported onto Al2O3 have been 

prepared by the OPOA approach. These catalysts displayed small NP with good 

nanoparticle distribution onto the support. XPS revealed that the Sn content, 

Sn/Pt ratio and the extent of Sn segregation at the surface of the catalyst 

varied depending on the ligand, Sn precursor and alumina support.  

4.2.1.3 PtSn colloidal NPs by OPOA 

The corresponding colloidal ligand capped bimetallic nanoparticles with 0.2 

equivalents of stabilizing ligand (or with no stabilizing agent) and with Sn (II) 

or Sn (IV) precursors were prepared (Scheme 4.4).  
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Scheme 4.4. PtSn-L NPs with L = none, PPh3 or NHC-CO2, using organometallic approach. 

 

A total of 6 colloidal bimetallic NPs were synthesized Table 4.4.  

Table 4.4. All the PtSn bimetallic colloidal NPs prepared with Pt2dba3. 

Colloid Sn precursor Ligand 

PtSnIV SnBu4 None 

PtSnII C12H26N2Sn None 

PtSnIV-PPh3 SnBu4 PPh3 

PtSnII-PPh3 C12H26N2Sn PPh3 

PtSnIV-NHC SnBu4 NHC-CO2 

PtSnII-NHC C12H26N2Sn NHC-CO2 

 

TEM images of the PtSn NPs stabilized with SnIV with no ligand (PtSn
IV

), PPh3 

(PtSn
IV

-P), and NHC·CO2 (PtSn
IV

-NHC), are displayed in Figure 4.17. 

Analogously, PtSn NPs stabilized with SnII with no ligand (PtSn
II
), PPh3 (PtSn

II
-

P), and NHC·CO2 (PtSn
II
-NHC), are displayed in Figure 4.18.  
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When no ligand was used, aggregates were obtained. When PPh3 was used, 

the size of the resulting NPs was smaller than when NHC-CO2 was used. 

 

Figure 4.17. TEM images and histograms of colloidal PtSnIV NPs with a) no stabilizing agent a) 

(PtSn
IV

), b) PPh3 ((PtSn
IV

-P) and c) NHC·CO2 ((PtSn
IV

-NHC). 

 

Figure 4.18. TEM images and histograms of colloidal PtSnII NPs with a) no stabilizing agent 

(PtSn
II
), b) PPh3 ((PtSn

II
-P) and c) NHC·CO2 ((PtSn

II
-NHC). 

 The organic content was estimated by thermogravimetric analyses (TGA) of 

the SnII colloidal samples (PtSnII, PtSnII-PPh3 and PtSnII-NHC) (Figure 4.19). The 

summary of mass losses and temperature intervals is collected in Table 4.5. 
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Figure 4.19. TGA profile of PtSnII, PtSnII-PPh3 and PtSnII-NHC, Pt precursor (Pt2dba3) and ligands 
(NHC and PPh3). 

Table 4.5. Percentages or organic and metal substances in PtSnII NPs. 

Colloid T (⁰ C) ΔMass (wt.%) 
Metal content 

(wt.%) 

PtSnII 
50-218 

218-687 
687-744 

2 
4 
1 

92 

PtSnII-NHC 
50-100 

100-463 
465-764 

3 
4 
5 

88 

PtSnII-P 

50-173 
173-266 
266-482 
482-570 
570-900 

3 
8 
9 
2 
6 

72 

 

It is noteworthy that in the 3 cases, the loss of only small amounts of organic 

matter was detected. The NPs stabilized with PPh3, PtSnII-P, presented the 

larger weight loss, which can be related to the higher molecular weight of the 

ligand. The next sample with more organic matter was PtSnII-NHC, and the NPs 

without stabilizer presented the lowest quantity of organic matter. The metal 

content in these samples were 72% for PtSnII-P, 88% for PtSnII-NHC, and 92% 

for PtSnII. 

Furthermore, the higher reactivity of the Sn (II) precursor with respect to the 

Sn (IV) precursor was corroborated by the ICP analysis of the samples (Table 

4.6). 
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Table 4.6. Metal weight (%) calculated by ICP-OES in PtSnII NPs. 

Colloid Pt wt.% Sn wt.% 
Metal content 

(wt.%) 

Pt/Sn molar 

ratio 

PtSnII 50 39 89 0.8 

PtSnIV 71 13 84 0.3 

PtSnII-NHC 52 39 91 0.8 

PtSnIV-NHC 61 6 67 0.2 

PtSnII-P 46 35 80 0.8 

PtSnIV-P 58 8 66 0.2 

 

Since XRD analysis of the supported systems did not provide any information 

on the crystalline phase of the Pt-based NPs, the analogous colloidal NPs 

obtaining with the Sn (IV) precursor (PtSnIV, PtSnIV-PPh3 and PtSnIV-NHC NPs) 

were analyzed by XRD at room temperature and at the temperature of PDH 

reaction (530 ⁰C). These analyses were performed under inert atmosphere 

(N2) using a BRUKER MTC-HIGHTEMP chamber.  

When the PtSnIV NPs colloids were analyzed at r.t., the only crystalline phase 

observed was Pt fcc (space group Fm-3m) with the main peaks at 2θ = 39.7°, 

46.2°, 67.4 and 81.2° (ICDD card 01-071-3756). The crystallite size was ca. 3.66 

nm. At 530 ⁰C, the first diffractogram at time zero, showed Pt and Pt3Sn alloy 

(space group Pm-3m) exhibiting the main peaks at 2θ = 38.3°, 44.5°, 64.8°, 

77.9° and 82.1° (ICDD card 01-072-2976, ICSD 183076) with a relative amount 

of Pt 4.4 wt.% and Pt3Sn 95.6 wt.%. The crystallite size was 4.49 nm for Pt 

phase and 14.13 nm for the alloy Pt3Sn. After 1 h of analysis, the 6 

diffractograms taken showed that the relative amounts of the two phases 

changed to Pt 55.6 wt.% and Pt3Sn 44.4 wt.%. The crystallite size after 1h at 

530 ⁰C is 13.88 and 19.98 nm, respectively for the correspondent Pt and Pt3Sn 

phases. In Figure 4.20, the main XRD diffractograms of PtSnIV NPs are 

displayed.  
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Figure 4.20. XRD diffractograms of PtSnIV colloidal NPs at r.t. (black), at 530 °C initial time (red) 
and at 530 °C after 1 h (green). Pt (blue) and Pt3Sn (orange) crystallographic phases are 
displayed. 

When PtSnIV-PPh3 was analyzed at room temperature, the apparent crystalline 

phase was Pt (0)-fcc (100 % wt.) with a crystallite size of 1.41 nm, which is in 

accordance with the TEM mean size between 1.5 – 2.6 nm. The first 

diffractogram at 530 ⁰C showed again two different crystalline phases, Pt and 

Pt3Sn with a wt. % of 62.5 and 37.5 % respectively, showing a displacement 

toward the alloy phase in comparison with the colloid without ligand. The 

crystallite size was 3.94 nm for Pt and 7.60 nm for Pt3Sn. After only 712 s, three 

phases were detected: Pt (72.4 wt%.), Pt3Sn (23.1 wt%.) and Pt5PSn (4.5 wt%.), 

with a crystallite size of 5.11 nm, 26.10 nm and 30.69 nm, respectively. The 

Pt5PSn phase presents the main peaks at 2θ = 31.6°, 34.1°, 37.6°, 40.6°, 

45.3°and 60.4° (ICDD card 01-082-6797, ICSD 647972, P4/mmm), thus, 

confirming that part of the P from the ligand was incorporated into the metal 
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structure. In Figure 4.21, the main XRD diffractograms of PtSnIV-PPh3 are 

showed.  

 

Figure 4.21. XRD diffractograms of PtSnIV-PPh3 colloidal NPs at r.t. (black), at 530 °C initial time 
(red) and at 530 °C after 1 h (green). Pt (blue), Pt3Sn (orange) and Pt5PSn (grey) crystallographic 
phases are displayed. 

At the end of the experiments (after 1 h), the same three crystalline phases 

were detected, and the proportion showed that the Pt and Pt3Sn are the most 

abundant phases: Pt (48.0 wt %.) and Pt3Sn (43.3 wt %.) leaving around an 8.7 

wt % of Pt5PSn.  

The sample with the heterocyclic carbene (NHC) was studied as well (Figure 

4.22). For PtSnIV-NHC, at r.t., only Pt (100 % wt.) was detected with a crystallite 

size of 1.5 nm, which is in accordance with the TEM mean size between 1.7 – 

2.5 nm. The first diffractogram at 530 ⁰C showed two different crystalline 
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phases, Pt and Pt3Sn with a wt. % of 70.1 and 29.9 % respectively. The 

crystallite size was 4.15 nm for Pt and 5.54 nm for Pt3Sn.  

 

Figure 4.22. XRD diffractograms of PtSnIV-NHC colloidal NPs at r.t. (black), at 530 °C initial time 
(red) and at 530 °C after 1 h (green). Pt (blue) and Pt3Sn (orange) crystallographic phases are 
displayed. 

In contrast with the NPs stabilized with triphenylphosphine, in all the analyses 

only two phases were observed. At the end of the experiments (after 1 h), the 

same two crystalline phases were observed in the proportion Pt (62.7wt %.) 

and Pt3Sn (37.3wt %.).  

Comparing the XRD values obtained after 1 h of treatment, the PtSn colloid 

contain more alloy Pt3Sn (44.4%wt.) than PtSn-PPh3 (43.3%wt.), since the 

latter also exhibits the Pt5PSn phase. The PtSn-NHC colloid is the one that 

contains more Pt phase (62.7 %).  
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The main structures found in the XRD patterns of samples are Pt, Pt3Sn and 

Pt5PSn (Figure 4.23Figure 4.28).  

 

Figure 4.23. Pt, Pt3Sn and Pt5PSn crystalline 3D structures.  

All the distribution (in weight percentage) of all the crystalline phases, their 

crystallite size and cell parameters are expressed in the Experimental Section 

of the present chapter as well as the Rietveld Refinement used. 

In conclusion, these results clearly indicated that the presence or not of PPh3 

during the PtSn nanoparticle synthesis resulted in similar Sn/Pt molar ratios 

but with a different crystalline phase behavior, i.e., PtSn-PPh3 colloidal 

nanoparticle displayed the incorporation of P in the PtSn-NP structure and 

much higher Pt/Pt3Sn molar ratios than PtSn (Figure 4.24). This behavior could 

be ascribed to the PPh3 coordination and blockage of the Pt-sites avoiding the 

interaction with the Sn-precursor during the nanoparticle synthesis, thus, 

reducing the final Pt3Sn alloy content. However, for PtSn-NHC, this was not the 

case and the highest Pt/Pt3Sn ratio was obtained. Although the formation of 

Pt nitrides was previously reported, the conditions of this study did not give 

rise to such material. Decomposition of the NHC ligand could be too fast. 
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Figure 4.24. Illustration of the PtSn, PtSn-PPh3 and PtSn-NHC nanoparticles assuming that the 
rest of the tin is in the form of tin oxides. All the % are expressed in mol/mol. 

When colloidal NPs were analyzed by XPS, a band attributed to Pt (0) – ligand 

interaction was observed. When PtSnIV systems with different ligands (PtSnIV-

P and PtSnIV-NHC) (Figure 4.25, Pt (a,d)) were analyzed, this new component 

Pt(0)-L was measured as ca. 40% in both P and NHC-stabilized systems, which 

correspond to the percentage of surface Pt atoms in nanoparticles of this size 

(2.1 nm) using the Van Hardeveld-Hartog (VHH) model.77  

 

Figure 4.25. XPS of PtSnIV-PPh3 (a) Pt, b) Sn and c) P compositions and PtSnIV -NHC) (d) Pt, e) Sn 
and f) N compositions). 

The theoretical consideration for the calculation of the number of total atoms 

(Nt) and surface atoms (Ns) to gain further characterization of the metal 

nanoparticles was calculated using the Van Hardeveld and Hartog (VHH) 
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model,78 which is based on the principle that atoms at the surface of a metal 

can be differentiated according to the number and arrangement of their 

nearest neighbors. Using different algebraic equations for the population of 

atomic site depending of the coordination numbers were reported as a 

function of the cluster edge length m, which can be expressed as a number of 

atoms for several geometries.79,80 Here, the VHH model was used to extract 

the approximate number of atoms in the nanoparticle, using the structure and 

diameter of the nanoparticles determined by TEM. For the PtSnIV-P and PtSnIV-

NHC, both possess a mean size NPs of 2.1 nm. After applying the equations, 

Ns and Nt are calculated (Table 4.7¡Error! No se encuentra el origen de la 

referencia.). 

Table 4.7. Ns and Nt calculations for PtSnIV-PPh3 and PtSnIV-NHC using the VHH model. 

 PtSnIV-PPh3 PtSnIV-NHC 

Mean size (nm) by TEM 2.05 2.10 

Ns 172 174 

Nt 341 346 

Ns/Nt 0.5 0.5 

  

Sn components were also extracted from XPS (Figure 4.25,b,e) measurements 

and revealed that Sn is mainly in +2 and +4 oxidation states when P is used, 

whereas 35% of Sn is in its metallic form when NHC is the stabilizer. The Sn in 

low oxidation states (Sn (0)) incorporated in the PtSn alloy structure and the 

Sn in higher oxidation (Sn (δ+)). This behavior could be ascribed to the 

coordination of the stabilizing agent (PPh3 or NHC) and blockage of the Pt-sites 

avoiding the interaction with the Sn-precursor during the nanoparticle 

synthesis, thus, reducing the final Pt3Sn alloy content. 
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The presence of P and NHC ligands was confirmed through the detection of 

bands in the P 2p (Figure 4.25 c) and N 1s  regions, in agreement with previous 

reports. 81,64  Furthermore, compared to the  78% of the Pt surface accessible 

to the covered by ligands, we have measured that only a fraction of the PPh3 

and NHC ligands is interacting with the Pt-NP surface and the rest of PPh3 and 

NHC remained in a second-coordination sphere interacting with PtSn-L-NPs. 

All the characterization of PtSn colloids is displayed in Table 4.8. 

 

Table 4.8. PtSn Colloids characterization properties. 

Colloid Sn/Pt 
[a]

 
(mol/mol) 

XRD Phase/ 
Crystallite size 

at r.t.  

NPs size 

(nm)
 [b]

 
Pt (IV/II/0-L/0) Sn (IV/II/0) 

PtSn
IV

 0.3 
Pt 

3.66 nm 
14 ± 4 - - 

PtSn
II
 1.2 

Pt + PtSn  

4.80 nm 
5 ± 1 - - 

PtSn
IV

-PPh3 0.2 
Pt 

1.41 nm 
2.1 ± 0.5 7 / 18 / 42 / 33 56 / 44 / 0 

PtSn
II
-PPh3 1.3 

Pt + shoulder 

0.77 nm 
2 ± 1 6 / 13 / 40 / 41 57 / 36 / 7 

PtSn
IV

-NHC 0.2 
Pt 

1.51 nm 
2.1 ± 0.4 8 / 14 / 44 / 34 9 / 56 / 35 

PtSn
II
-NHC 1.3 

Pt + PtSn hex. 

3.14 nm 
5 ± 3 - - 

[a] Quantified by ICP-OES analysis; [b] measured by TEM. 
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Since the XPS results indicated the presence of the PPh3 stabilizing ligand on 

the colloidal samples, we have conducted liquid and solid state-NMR analyses 

after precipitation of the colloids. The samples were thoroughly washed with 

hexane and analysis of these washings and when a sample was analyzed by 

31P{H}-NMR, no signals were detected, which suggested that the PPh3 is 

present within the catalysts, presumably at the Pt surface. 31P{H}-NMR spectra 

of the colloidal samples (entries 2 and 3) and supported catalysts (entries 4 to 

6) and PPh3 as blank (entry 1) are displayed in Figure 4.26. Solid state-NMR 

analyses of the colloids were carried out but no 31P NMR signals could be 

detected, presumably probably because of the broadening of the signals due 

to the proximity of these molecules to the surface of the Pt-NP. 

 

Figure 4.26. 31P{H}-NMR (161 MHz, CDCl3, n = 128 scans) of PPh3 (1), Pt-PPh3 (2), PtSnIV-PPh3 
(3), SnIV-PPh3@Al2O3 (4), PtSnIV-PPh3@Al2O3 (5) and PtSnIV-PPh3@LiAl2O3. 

In conclusion, supported PtSn onto alumina’s (Al2O3 and Li(0.45)Al2O3) and 

colloidal PtSn samples have been prepared by OPOA and characterized by 

various microscopic and spectroscopic techniques. In all cases, small and well-
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dispersed bimetallic nanoparticles were obtained with mean diameters of ca. 

1.3-2.0 nm. According to ICP-OES analysis and GC-MS monitoring of the 

synthesis, the rate of Sn decomposition was influenced by the acidity of the 

support and the obtained Pt/Sn ratio revealed dependent on the nature of the 

ligand stabilizer and of the Sn precursor. The more basic ligand (NHC) provided 

NPs with a lower Sn wt.% compared to the catalyst stabilized with the less 

basic PPh3, or when no stabilizing ligand was used. The results revealed the 

formation of small and well dispersed NPs, probably composed by Pt3Sn and 

Pt crystalline phases for PtSn catalysts, and with the extra Pt5PSn phase in 

PtSn-PPh3, confirming the P incorporation into the structure. The rest of the 

tin to attain the composition determined by ICP is present as tin oxides or tin 

aluminates either on the surface of the NP or on the surface of the support. 

The presence of stabilizing ligand (PPh3 or NHC) on the surface of the NP has 

been recorded by combination of EDS and XPS experiments and highly 

suggested the presence or not of stabilizing ligand during the PtSn 

nanoparticle synthesis resulted in similar Sn/Pt molar ratios but with a 

different crystalline phase behavior, i.e., PtSn-PPh3 colloidal nanoparticle 

displayed much higher Pt/Pt3Sn molar ratios than PtSn catalyst. This behavior 

could be ascribed to the PPh3 coordination and blockage of the Pt-sites 

avoiding the interaction with the Sn-precursor during the nanoparticle 

synthesis, thus, reducing the final Pt3Sn alloy content.  

4.2.2 Catalytic evaluation in PDH 

The influences of the ligand stabilizer (PPh3 and NHC-CO2) and of the Sn 

precursor (Sn(IV)Bu4 and N,N'-Di-t-butyl-2,3-diamidobutanetin (II)) on the 

supported catalysts onto Al2O3 were examined in PDH at 530 °C on Al2O3 

supported catalysts with a 2 wt.% Pt. The catalysts stabilized by PPh3 (PtSnII-

P@Al2O3 and PtSnIV-P@Al2O3) showed an initial propane conversion near the 

equilibrium (23.0% and 23.6%, respectively). After a rapid deactivation, the 
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conversion remained stable and reached 12.6% and 14.4%, respectively, after 

15h on stream. When PtSnII-NHC@Al2O3 and PtSnIV-NHC@Al2O3 were tested 

under the same conditions, the initial propane conversions were significantly 

lower (15.7% and 6.2%, respectively). The catalyst PtSnII-NHC@Al2O3, 

deactivated very rapidly, conversion dropped to 1.8% after 15 h on stream 

whereas PtSnIV-NHC@Al2O3 exhibited much lower conversions but without 

apparent deactivation throughout the experiment (5.0% conversion after 15 

h on stream). High selectivity to propylene (>97%) was afforded for all 

catalysts and was maintained during the whole time on steam (Figure 4.27).  

 

Figure 4.27. Propane conversion and propylene selectivity over PtSnIV-P@Al2O3 (red), PtSnII-
P@Al2O3 (blue), PtSnIV-NHC@Al2O3 (green) and PtSnII-NHC@Al2O3 (purple). Reaction 
conditions: 530 °C, atmospheric pressure, C3H8/H2/Ar = 3/1/21 (mL/min), and GHSV = 60000 
mL·gcat-1·h-1. 

The effect of the support was studied by testing the PtSnIV-P@LiAl2O3 catalyst 

(0.45 wt.% Li) (Figure 4.28). Lower initial conversion was observed (20%) and 

it decreased up to 9.7 % after 15 h on stream.  Comparable deactivation with 

the PtSnIV-P@Al2O3 (similar deactivation constants (Kd) between 0.04-0.05) 

and selectivity to propylene was measured. 
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Figure 4.28. Propane conversion and propylene selectivity over PtSnIV-P@Al2O3 (red) and PtSnIV-
P@LiAl2O3 (turquoise). Reaction conditions: 530 °C, atmospheric pressure, C3H8/H2/Ar = 3/1/21 
(mL/min), and GHSV = 60000 mL·gcat-1·h-1. 

The effect of small quantities of CO2, given its mild oxidant nature, was 

examined with PtSnIV-P@Al2O3.82 Initially, a slightly lower conversion was 

achieved with the CO2 poisoning (19.8%), however the catalyst remained more 

stable over time with the addition of CO2 (19.0% at 15 h and 16.6% at 40 h) 

and the propylene selectivity over propylene was improved (>99%) (Figure 

4.29). The Kd value was 0.0034, improved compared with the same catalyst 

without the CO2 in the feed, 0.0405. 

 

Figure 4.29. CO2 poisoning effect on the propane conversion and propene selectivity over 
PtSnIV-P@Al2O3 without CO2 poisoning (filled red) and with CO2 poisoning (unfilled red). 
Reaction conditions: 530 °C, atmospheric pressure, C3H8/H2/Ar = 3/1/21 (mL/min) and 200 ppm 
of CO2 in the feed, and GHSV = 60000 mL·gcat-1·h-1. 
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To study the scope of alkane/alkene feedstock the PtSnIV-P@Al2O3 catalyst 

was also evaluated in the butane and 1-butene dehydrogenation (Figure 

4.30). 

 

Figure 4.30. Butenes conversion and selectivity of PtSn-PPh3@Al2O3. 530 ⁰C, 60.000 
mLtotal·gcat-1·h-1 using 3 C4:1H2:21 Ar. 

Concerning the thermodynamic equilibrium conversion using the reaction 

conditions: 3C4: 1H2:21Ar at 530 ⁰C, the maximum theoretical conversion is 

13.8%. The tested catalyst showed an initial conversion of 10% with a slow 

deactivation to 6.8% after with a high butadiene selectivity of 70% at the 

beginning of the catalysis and 88% after 600 min. The hydrogenation product 

was the main side-reaction observed with a selectivity to butane of 25% 

initially and 7.7% after 600 min. This test proved that also the catalysts are 

valid for the butane dehydrogenation reactions. 

Then, PtSnIV@Al2O3 catalyst was tested under the same PDH conditions, high 

initial conversion, and selectivity over propylene (25.6% and >97%, 

respectively) were observed. Moreover, the activity remained stable over time 

(20.6% after 15 h and 20.5 % after 24 h) (see Supporting Information for 

details). Those values indicated a greater propylene productivity than the 

ligand capped catalysts. For comparison purposes, one of the benchmark 

catalysts Linde-BASF-Statoil was tested under the same catalytic conditions, 

obtaining an initial conversion of 7.5% (4.0% after 7.5 h on stream) and a 
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propylene selectivity of 83%. This experiment showed that the two catalysts 

(PtSnIV@Al2O3 and PtSnIV-P@Al2O3) outperform the benchmark catalyst Linde-

BASF-Statoil in terms of both activity and propylene selectivity (Figure 4.31).   

 

Figure 4.31. Ligand effect vs benchmarking catalyst on the propane conversion and propene 
selectivity over PtSnIV@Al2O3 (grey), PtSnIV-P@Al2O3 (red) and Linde-BASF-Statoil (black) 
supported onto a hydrotalcite. Reaction conditions: 530 °C, atmospheric pressure, C3H8/H2/Ar 
= 3/1/21 (mL/min), and GHSV = 60000 mL·gcat-1·h-1. 

The mean size of the reduced NPs (PtSnIV@Al2O3 and PtSnIV-P@Al2O3) was 

measured by TEM (Figure 4.32). 
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Figure 4.32. Mean size of the supported catalysts: PtSn
IV

@Al2O3, (a) reduced and (b) after 16 h 

of time of streaming in PDH and PtSn
IV

-P@Al2O3, (c) reduced and (d) after 16 h of time of 
streaming in PDH. 

PtSnIV@Al2O3 and PtSnIV-P@Al2O3) of the reduced systems (ca. 2.3 nm and ca. 

2.8 nm, respectively) and after 16 h of TOS the catalyst containing PPh3 (PtSnIV-
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P@Al2O3) grow fast (ca. 4.7 nm), fomenting the coke formation and explaining 

the faster deactivation over time whereas the PtSnIV@Al2O3 remained almost 

in the same size (ca. 2.5 nm) (Table 4.9). 

Table 4.9. NPs sizes of the catalyst fresh, reduced and after being tested. 

 NPs size (nm)[b] 

Catalyst[b] Fresh Reduced Tested after 16 h 

PtSn
IV

-P@Al2O3 1.3 ± 0.3 2.8 ± 0.7 4.7 ± 1.3 

PtSn
IV

@Al2O3 1.4 ± 0.4 2.3 ± 0.7 2.5 ± 0.5 

[a] All catalysts were synthesized with a theoretical metal content of 2 wt% Pt and 2 wt.% Sn 
unless stated differently. [b] Obtained through TEM analyses and measuring more than 200 
nanoparticles, NP sizes are quoted as the mean diameter ± the standard deviation. 

The effect of Pt loading was studied by comparison of the performance of 

PtSn
IV

-P@Al2O3 with that of 1Pt0.5Sn
IV

-P@Al2O3, containing 1 wt.% Pt and 0.5 

wt.% Sn. The catalyst containing a lower amount of Pt showed greater stability 

(Figure 4.33¡Error! No se encuentra el origen de la referencia.): It displayed 

lower initial activity of 22.3% but the conversion was maintained practically 

constant and, after 22 h on stream, it was 20.6% higher than that observed for 

that of 1 wt.% Pt (Figure 4.33, deactivation constant of 0.006). This result 

could be explained by the higher Pt dispersion in sample 1Pt0.5Sn
IV

-P@Al2O3 

resulting in lower degree of sintering. The selectivity was not affected, and in 

both cases a propylene selectivity of >97% was observed.   
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Figure 4.33. Propane conversion and propylene selectivity over PtSnIV@Al2O3 with 2 wt.% Pt 
and 1 wt.% Sn (grey) and 1 wt.% Pt and 0.5 wt.% Sn (pink). Reaction conditions: 530 °C, 
atmospheric pressure, C3H8/H2/Ar = 3/1/21 (mL/min), and GHSV = 60000 mL·gcat-1·h-1. 

The catalytic performance of all the PtSn systems tested for PDH at 530 ⁰C, at 

atmospheric pressure under flow conditions (25 mL/min, C3H8, H2, Ar = 3 / 1 / 

21) and GHSV = 60000 mL·gcat-1·h-1, has been summarized in Table 4.10. 

Table 4.10. PDH results for all the PtSn-based catalysts, including conversion, propylene 
selectivity’s and Kd calculations. 

 Catalyst Time (h) Conv. (%) Selec. (%) Kd 

1Pt0.5Sn
IV

@Al
2
O

3
 

0.0 22.3 98.5 

0.0067 15.0 20.6 98.7 

24.0 20.5 98.7 

PtSn
IV

@Al
2
O

3
 

0.0 25.6 98.8 

0.0128 

15.0 22.1 99.0 

24.0 19.9 98.9 

40.0 17.2 98.9 

PtSn
IV

-P@Al
2
O

3
 

0.0 23.6 98.1 

0.0405 

15.0 14.4 97.8 
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24.0 13.0 97.5 

40.0 10.9 97.0 

CO2 PtSn
IV

-P@Al
2
O

3
 

0.0 19.8 98.1 

0.0034 15.0 19.0 99.5 

40.0 16.6 99.6 

PtSn
IV

-P@LiAl
2
O

3
 

0.0 20.0 98.9 

0.0563 

15.0 9.7 96.7 

24.0 9.0 96.1 

40.0 7.7 94.1 

PtSn
II

-P@Al
2
O

3
 

0.0 23.0 99.0 

0.0372 

15.0 12.6 99.9 

PtSn
IV

-NHC@Al
2
O

3
 

0.0 6.2 99.9 

0.0210 

15.0 5.0 99.9 

PtSn
II

-NHC@Al
2
O

3
 

0.0 15.7 98.6 

0.154 

15.0 1.8 99.9 

 

In conclusion, during the syntheses of these bimetallic PtSn nanoparticles, 

there is a surface modification of the Pt due to the stabilizing ligand (none, 

NHC·CO2 or PPh3). The ligands have an indirect effect on the final Sn amount 

contained in the catalysts which affects their performance in PDH. The higher 

Sn content is achieved by no stabilizing ligand > PPh3 > NHC-CO2. Since Pt 

content is similar in all the catalysts (containing 1.5-1.7 wt.% Pt) it is possible 

to represent the PDH conversion in front of the Sn/Pt ratio (M/M) (Figure 

4.34).  
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Figure 4.34. PDH conversion versus Sn/Pt ratio (M/M) content of the PtSn-L@Al2O3 stabilized 
with L =none, PPh3 or NHC. 

4.3 Conclusions 

In this chapter, we have reported for the first time the preparation of the PtSn 

catalysts using OPOA for PDH reaction. The as-prepared catalysts were 

characterized by combination of microscope and spectroscopic techniques 

providing insights on the NP dimensions, catalyst compositions, crystalline 

phases, and oxidation states of the surface elements. The efficiency in the PDH 

of these catalysts has been evaluated at 530 ⁰C and 1 bar revealing high initial 

conversions (up to 23 %), outstanding conversion stability and high propylene 

selectivity (99.9%). Furthermore, scope of substrate applications of the best 

performing catalyst has been also demonstrated by studying the 

dehydrogenation of butane and 1-butene to butadiene.  

The effects studied during this work are the effect of the tin precursor, 

stabilizing agent, the effect of the support. As more detailed conclusions: 

• Concerning the effect of the stabilizing agent, the PtSn/Al2O3-catalysts 

synthesized in absence of stabilizing agent provided better activity 
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and catalytic stability than those prepared in presence of PPh3, and 

this formed catalyst provided much better performance than the 

catalyst prepared in presence of NHC. In terms of propylene 

selectivity, no relevant difference was recorded, and the three 

catalysts provided outstanding selectivity. This behavior has been 

ascribed to the higher Sn/Pt loading and higher Pt3Sn/Pt recorded for 

the stabilizing agent free catalyst than those recorded for the catalyst 

prepared in presence of stabilizing agent. 

•  Concerning the effect of the Pt loading, the 1Pt0.5SnIV@Al2O3 with 

1wt.% displayed an initial conversion of 22.3% and after 24 h of time 

on stream, the conversion was maintained at 20.5%, whereas the 

PtSn(IV)@Al2O3 displayed higher slightly higher (25% close to the 

thermodynamic equilibrium conversion) initial conversion and the 

conversion after 24h is also around 20%. Both catalysts displayed 

outstanding selectivity (>99%). 

• Concerning the effect of the Sn precursor, the use of Sn (IV) precursor 

seems to allow a more controlled deposition of the Sn onto the 

catalyst (deposition onto Pt-NP and onto the support) resulting in 

better performing catalyst. This behavior has been ascribed to the 

higher reactivity of the Sn (II) precursor observed with the colloidal 

system. 

• Concerning to the support, the catalyst supported onto LiAl2O3 

displayed worst results than the catalyst supported onto Al2O3. This 

behavior has been ascribed to the lower Sn content and Sn/Pt ratios, 

and the presence of Sn oxide species partially reduced onto the Al2O3. 

The presence of this kind of species has been pointed out by the 

recent literature as one of the keys for the development of better 

catalyst. 
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• Overall, the catalyst was highly selective toward propylene 

throughout the experiment (>98.5% after 24h) and was stable, with a 

deactivation constant (kd) of 0.0067. The OPO allows us to explore 

new horizons in the preparation of other catalyst for propane 

dehydrogenation with a very easy one-step methodology. 

 

4.4 Experimental Details 

4.4.1 General Methods. 

Tris(dibenzylideneacetone)diplatinum (Pt2(dba)3) was prepared adapting the 

reported procedure83 using potassium tetrachloroplatinate(II) (K2PtCl4, 

Johnson Matthey), dibenzylideneacetone (dba) and sodium acetate with 

metal trace levels (NaOAc), all of them from Sigma Aldrich, were purchased 

from commercial sources and used without further purification, unless stated 

differently. The tin precursors (SnBu4, Sigma-Aldrich, and N,N'-Di-t-butyl-2,3-

diamidobutanetin(II), Strem Chemicals), stabilizing agents 

(triphenylphosphine (PPh3), from Sigma-Aldrich) were used without further 

purification, unless stated differently. The imidazolium carboxylate (NHC·CO2) 

was prepared following reported procedures.22,84 Solvents (Toluene, 

tetrahydrofuran (THF) and hexane) were purchased from Scharlab and 

purified by MBraun Solvent Purifier Systems and degassed by freeze-pump-

thaw cycles prior use. High purity gas (such as, hydrogen (H2), nitrogen (N2) 

and argon (Ar) with purity >99.999%) and hydrocarbons (propane with purity 

99.9999%) were purchased from Linde. All the operations for the syntheses of 

ligand-capped nanoparticulated systems (either colloidal or supported) were 

carried out using standard Schlenk tubes, Fisher-Porter bottle techniques or in 

a glovebox under nitrogen atmosphere. Pyrogenic ꝩ-Al2O3 from EVONIK (100 

m² g-1) was pre-treated before used as reported elsewhere85 to obtain Al2O3 
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and LiAl2O3, the supports were provided by the group of Dr. Mostafa Taoufik 

from the C2P2, CPE (Lyon, France).  

4.4.2 Catalyst Preparation. 

To prepare the bimetallic PtSn-NPs ligand capped (L), Pt-(2 wt.%)/Sn-(1 wt.%)-

NPs supported onto Al2O3 (PtSn-L@Al2O3), the platinum precursor (i.e., for 

Pt2dba3, 0.274 mmol, 150 mg), tin precursor (i.e., for SnBu4, 0.274 mmol, 101 

mg), the selected stabilizing agent (L: none, PPh3, NHC·CO2) (i.e., for PPh3, 

0.054 mmol, 14.35 mg), the corresponding support (i.e., for Al2O3, 2.57 g) and 

solvent (i.e., 37.5 mL toluene) were introduced in a Fisher Porter. The mixture 

was pressurized with 3 bars of H2 and stirred at 700 rpm at 100 °C during 40 h. 

After filtration (14-15 μm pore filter), washing with toluene and hexane and 

drying under vacuum, the supported PtSnIV-P@Al2O3 was isolated in high 

yields (ca. 90-95%) and stored under inert atmosphere. Same procedure was 

followed to obtain PtSnIV-NHC@Al2O3 (using the NHC·CO2) or PtSnIV- @Al2O3 

(without adding any stabilizing agent). To obtain the PtSnIV-P@LiAl2O3, LiAl2O3 

was used as support. PtSnII-P@Al2O3 and PtSnII-NHC@Al2O3 were prepared 

using the as-described methodology with Sn (II) precursor ((N,N'-Di-t-butyl-

2,3-diamidobutanetin(II)). 1Pt0.5SnIV@Al2O3 was prepared using a theoretical 

content of Pt-(1 wt.%)/Sn-(0.5 wt.%).  

Herein, the syntheses of colloidal stabilized PtSn-L NPs ligand capped (L: none, 

PPh3, NHC·CO2), PtSnIV-L is described. Pt precursor (Pt2dba3, 0.274 mmol,150.0 

mg), the tin precursor (i.e., for SnBu4, 0.274 mmol, 101.0 mg), the selected 

stabilizing agent (i.e. for PPh3, 0.054 mmol, 14.35 mg), and toluene (37.5 mL) 

were introduced in a Fisher Porter. The mixture was pressurized at 3 bars of 

H2 at 700 rpm at 100 °C during 40 h. After washing with toluene and hexane 

and drying under vacuum, the colloidal PtSnIV-P were isolated in low yields (20-

30%) and stored under inert atmosphere after precipitation. Same procedure 
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was followed for the obtention of PtSnIV-NHC (adding 0.2 equivalents of 

NHC·CO2) and PtSnIV (without any stabilizing agent). PtSnII-L colloids were 

prepared following the same methodology described, changing the Sn (N,N'-

Di-t-butyl-2,3-diamidobutanetin(II)). PtSnII-P, PtSnII-NHC and PtSnII were 

obtained in low yields (20-30%) and stored under inert atmosphere after 

precipitation. 

4.4.3 Catalyst Characterization. 

Inductively coupled plasma optical emission spectroscopy (ICP-OES) analyses 

were performed on digested samples of the materials, employing a Spectro 

Arcos FHS-16 spectrometer at the “Servei Cientificotècnics de la Universitat 

Rovira i Virgili” in Tarragona. The digestions were carried out using Ethos Easy 

Advanced microwave digestion system. As a general procedure, 50 mg of 

sample were charged in Teflon liners followed by 12 mL of a concentrated acid 

mixture of aqua regia (3 mL HNO3 69% and 9 mL HCl 37%). The heating 

program started with the increase from room temperature to 200 ºC during 

30 min (approx. 6 °C/min) and followed with an isotherm at 200 °C during 1 h 

more. The irradiation power during all the runs was automatically controlled 

by the equipment to fit the temperature program. After a typical digestion, 

the reactors were open, and the homogeneity of the solution examined. The 

solutions were transferred to volumetric flasks of 50 mL and the liners washed 

exhaustively with Milli-Q water. Finally, the obtained solutions were analyzed 

by ICP-OES. Quantification of Pt and Sn is performed by comparison with the 

respective calibration curve constructed in the range of 0-20 ppm. 

Gas Chromatography-Thermal Conductivity Detector (GC-TCD) analyses were 

carried out on an Agilent 7890A with a TCD detector using a column HP-Plot Q 

(30 m, 0.32 mm, 20 μm). All the syntheses were injected 4 times (manually). 

The first injection at time 0 of the reaction at r.t., afterwards, the temperature 
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was set to 100 °C using a silicon bath. After 30 min the second injection was 

done. Finally, two more injections were done at time of 20 and 40 h at 100 °C. 

N2 adsorption/desorption isotherms were acquired in a Micrometrics ASAP 

2020 instrument. N2 adsorption/desorption isotherms were acquired after 

dehydroxylation, under air-free conditions and without pretreatments. 

Transmission Electron Microscopy (TEM) experiments were performed at the 

“Unitat de Microscopia dels Serveis Cientificotècnics de la Universitat Rovira i 

Virgili” in Tarragona with a JEOL model 1011 electron microscope operating at 

100 kV with resolution of 3 Å. The particles size distributions were determined 

by a manual analysis of enlarged images. At least 200 particles on a given grid 

were measured to obtain a statistical size distribution and a mean diameter. 

Scanning Transmission Electron Microscopy - High Angle Annular Dark Field 

(STEM-HAADF) images were obtained in a probe-corrected Titan Low Base 

(FEI) at a working voltage of 300 kV, coupled with a HAADF detector 

(Fischione), available in the “Advanced Microscopy Laboratory of Instituto de 

Nanociencia de Aragón” in Zaragoza (LMA-INMA) in Zaragoza. X-ray Energy 

Dispersive Spectra (EDS) were obtained with an Ultim Max (Oxford 

Instruments) detector. High Resolution TEM (HRTEM) imaging of the 

nanoparticles was performed in an image-corrected Titan (Thermofisher) 

operated at a working voltage of 300 kV, and equipped with a S-FEG and a 

spherical aberration corrector of the objective lens (CETCOR from CEOS 

company). TEM and HRTEM images were acquired with a bottom mounted 

2Kx2K Ultrascan CCD camera from Gatan. The samples were dispersed in 

absolute ethanol or hexane, using ultrasonication. A drop of this solution was 

then deposited on a Holey carbon 300 mesh copper grid.  

X-Ray Diffraction (XRD) measurements were performed at the “Unitat de 

Microscopia dels Serveis Cientificotècnics de la Universitat Rovira i Virgili” in 
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Tarragona using a a Bruker-AXS D8-Advance diffractometer with vertical 

theta-theta goniometer, incident- and diffracted-beam Soller slits of 2.5º, a 

fixed 0.5º receiving slit and an air-scattering knife on the sample surface. The 

angular 2θ range was between 5 and 80º. The data were collected with an 

angular step of 0.02º at a step/time of 0.2s, resulting in a duration of 712s. 

Cukα radiation was obtained from a copper X-ray tube operated at 40 kV and 

40 mA. Diffracted X-rays were detected with a PSD detector LynxEye-XE-T with 

an opening angle of 2.94º. Sample was placed inside an MTC-HIGHTEMP 

chamber for in-situ temperature analysis. The sample was placed onto a 

Si(510) plate (0.5mm thick) and that onto the Pt heater. This setup was chosen 

to avoid both the Pt peaks of the heater and any reaction of the sample with 

the Pt heater. The desired temperature of the analysis was calibrated 

previously for this special support with a MgO (perciclase) standard. The 

temperature chamber, with the sample inside, was firstly evacuated with a 

primary bump and after a constant flow of 0.5 L/h of N2 was maintained 

through the analysis. The first diffractogram was taken at room temperature 

and the second at the chosen temperature at a heating rate of 10⁰/min. The 

temperature was maintained constant and the diffractograms were taken 

consecutively in such a way that the time between diffractograms was of 712s. 

The diffractograms were interpreted with the software DIFFRAC.EVA 5.2 from 

BRUKER.AXS and the database PDF-2 release 2018 from ICDD (International 

Center for Diffraction Data). 

X-Ray Photoelectron Spectroscopy (XPS) measurements were performed at 

the Catalan Institute of Nanoscience and Nanotechnology (ICN2) in 

Cerdanyola del Vallès with a Phoibos 150 analyzer (SPEC GmbH, Berlin, 

Germany) in ultra-high vacuum conditions (base pressure 5E-10 mbar) with a 

monochromatic aluminum Kα X-Ray source (1486.74 eV). The energy 

resolution was measured by the FWHM of the Ag 3d5/2 peak for a sputtered 
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silver foil was 0.62 eV. Binding energies were calibrated relative to the C1s 

photoemission at 284.5. The XPS data were curve-resolved using the CasaXPS 

software after Shirley background subtraction. The spectra were fit with the 

minimum number of peaks needed to reproduce the spectral features. 

Gaussian (70%)–Lorentzian (30%), defined in CasaXPS as GL(30)2, profiles 

were used for each component.  

Monodimensional (1H, 13C and 31P) Nuclear Magnetic Ressonance (NMR) 

experiments were performed at the “Unitat de Microscopia dels Serveis 

Cientificotècnics de la Universitat  Rovira i Virgili” in Tarragona on a Varian 400 

MHz using deuterated chloroform (CDCl3) as a solvent. Chemical shifts (ppm) 

are given relative to trimethyl silane (TMS) in 1H NMR (16 scans) and CDCl3 in 

13C NMR (32-64) and frequency of deuterated solvent in 31P NMR (32-64 

scans). 

The thermogravimetric analyses (TGA) experiments were carried out with a 

Mettler Toledo TGA/SDTA851 instrument. For a typical TGA experiment, 5-10 

mg of sample was placed in the sample holder in the furnace and the material 

was heated up at a rate of 10 °C min-1 under N2 flow, while the weight was 

recorded continuously from 30 °C to 900 °C. The weight loss of the organic 

part and metal were used to calculate an approximate number of ligands 

coordinated to the metal surface and the organic matter remaining on the 

surface. The ligand loss was attributed to the weight loss observed between 

100 and 450 °C. For the calculation, the molecular weight of the corresponding 

ligands and of the metal, and the number of metal atoms at the surface from 

TEM data were considered.  
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4.4.5 XRD Measurements 

Table S.1. XRD data extracted from diffractograms of PtSnIV NPs (Part 1). 

  
Crystalline phase (% wt.) Crystallite size (nm) 

Time (s) T (⁰C) Pt  Pt3Sn Pt  Pt3Sn 

- 30 100.0 ± 0.3 - 3.66 ± 0.09 - 

0 530 4.4 ± 3.6 95.6 ± 3.6 4.49 ± 3.10 14.13 ± 0.57 

712 530 58.9 ± 5.4 41.1 ± 5.8 13.24 ± 0.61 17.95 ± 1.57 

1424 530 54.3 ± 5.1 45.7 ± 5.1 14.07 ± 0.69 18.32 ± 1.37  

2136 530 50.1 ± 5.2 49.9 ± 5.2 13.87 ± 0.89 17.65 ± 1.30 

2848 530 52.7 ± 5.1  47.3 ± 5.1 14.24 ± 0.72 19.03 ± 1.42 

3560 530 55.6 ± 5.2 44.4 ± 5.2 13.88 ± 0.73 19.98 ± 1.74 

 

Table S.2. XRD data extracted from diffractograms of PtSnIV NPs (Part 2). 

 Cell parameters (Å) 

Time (s) T (⁰C) Pt (a) Pt3Sn (a) 

- 30 3.9883 ± 0.0011 - 

0 530 3.9960 ± 0.0280 4.0201 ± 0.0007 

712 530 4.0160 ± 0.0011 4.0257 ± 0.0011 

1424 530 4.0154 ± 0.0012 4.0255 ± 0.0010 

2136 530 4.0162 ± 0.0012 4.0241 ± 0.0010 

2848 530 4.0154 ± 0.0012 4.0254 ± 0.0010 

3560 530 4.0166 ± 0.0012 4.0250 ± 0.0010 

 

Table S.3. XRD data extracted from diffractograms of PtSnIV-PPh3 NPs (Part 1). 

  Crystalline phase (% wt.) Crystallite size (nm) 

Time 
(s) 

T (⁰C) Pt  Pt3Sn Pt5PSn Pt  Pt3Sn Pt5PSn 

- 30 100.0 ± 0.1 - - 1.41 ± 0.01 - - 

0 530 62.5 ± 3.6 37.5 ± 3.6  - 3.94 ± 0.12 
7.60 ± 
0.46 

- 

712 530 72.4 ± 1.3 23.1 ± 1.3 4.5 ± 0.3 5.11 ± 0.12 
26.1 ± 
2.10 

30.69 ± 3.46 

1424 530 63.1 ± 0.8 30.5 ± 0.8 6.3 ± 0.2 4.88 ± 0.10 
35.82 ± 

1.82 
37.41 ± 3.12 

2136 530 56.6 ± 0.7 35.8 ± 0.7 7.6 ± 0.2 4.68 ± 0.11 
39.17 ± 

1.68 
36.67 ± 2.64 

2848 530 52.0 ± 0.6 39.8 ± 0.6 8.2 ± 0.3 4.34 ± 0.11 
40.24 ± 

1.50 
35.95 ± 2.45 
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3560 530 48.0 ± 0.6 43.3 ± 0.6 8.7 ± 0.3 4.22 ± 0.11 
41.08 ± 

1.40 
38.12 ± 2.50 

4272 530 45.6 ± 0.6 45.5 ± 0.6 8.8 ± 0.3 3.91 ± 0.10 
41.52 ± 

1.30 
41.35 ± 2.71 

4984 530 44.9 ± 0.6 46.2 ± 0.6 8.9 ± 0.3 3.81 ± 0.10 
43.93 ± 

1.33 
43.187 ± 

2.83 

 

Table S.4. XRD data extracted from diffractograms of PtSnIV-PPh3 NPs (Part 2). 

 Cell parameters (Å) 

Time (s) 
T 

(⁰C) 
Pt  (a) Pt3Sn (a) Pt5PSn (a/c) 

- 30 3.9331 ± 0.0017 - - - 

0 530 4.0078 ± 0.0015 4.0220 ± 0.0011 - - 

712 530 4.0141 ± 0.0007 4.0237 ± 0.005 3.9498 ± 0.0012 7.0420 ± 0.0036 

1424 530 4.0133 ± 0.006 4.0237 ± 0.0003 3.9490 ± 0.0007 7.0396 ± 0.0022 

2136 530 4.0129 ± 0.0007 4.0237 ± 0.0002 3.9486 ± 0.0006 7.0405 ± 0.0019 

2848 530 4.0128 ± 0.0008 4.0236 ± 0.0002 3.9491 ± 0.0006 7.0383 ± 0.0018 

3560 530 4.0125 ± 0.0008 4.0237 ± 0.0002 3.9490 ± 0.0005 7.0389 ± 0.0016 

4272 530 4.0121 ± 0.0009 4.0238 ± 0.0002 3.9490 ± 0.0005 7.0408 ± 0.0015 

4984 530 3.9543 ± 0.0009 4.0120 ± 0.0002 3.9492 ± 0.0005 7.0408 ± 0.0014 

 

Table S.5. XRD data extracted from diffractograms of PtSnIV-NHC NPs (Part 1). 

  Crystalline phase (% wt.) Crystallite size (nm) 

Time (s) T (⁰C) Pt  Pt3Sn Pt  Pt3Sn 

- 30 100.0 ± 0.2  0.0 1.51 ± 0.02 - 

0 530 70.1 ± 1.5 29.9 ± 1.5 4.15 ± 0.05 5.54 ± 0.19 

712 530 66.6 ± 1.2 33.4 ± 1.2 4.94 ± 0.06 5.81 ± 0.16 

1424 530 64.1 ± 1.0 35.9 ± 1.0 3.95 ± 0.01 6.39 ± 0.15 

2136 530 64.7 ± 0.9 35.3 ± 0.9 6.18 ± 0.08 6.97 ± 0.16 

2848 530 63.6 ± 0.8 36.4 ± 0.8 6.71 ± 0.08 7.67 ± 0.16 

3560 530 62.7 ± 0.8 37.3 ± 0.8 7.36 ± 0.10 7.98 ± 0.17 

4272 530 63.6 ± 0.7 36.4 ± 0.7 7.78 ± 0.10 8.79 ± 0.18 

4984 530 62.5 ± 0.6 37.5 ± 0.6 9.69 ± 0.12 9.79 ± 0.18 
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Table S.6. XRD data extracted from diffractograms of PtSnIV-NHC NPs (Part 2). 

  Cell parameters (Å) 

Time (s) T (⁰C) Pt  (a) Pt3Sn (a) 

- 30 3.9440 ± 0.0017 - 

0 530 3.9626 ± 0.0011 4.0234 ± 0.0013 

712 530 3.9595 ± 0.0008 4.0192 ± 0.0011 

1424 530 3.9578 ± 0.0007 4.0196 ± 0.0009 

2136 530 3.9575 ± 0.0006 4.0194 ± 0.0007 

2848 530 3.9571 ± 0.0005 4.0194 ± 0.0006 

3560 530 3.9567 ± 0.0005 4.0191 ± 0.0006 

4272 530 3.9576 ± 0.0005 4.0202 ± 0.0005 

4984 530 3.9384 ± 0.0003 4.0006 ± 0.0004 

 

The Rietveld refinement,71 was performed with the TOPAS v6 software72 under 

the so called “launch mode”. The background was modelized with a 2nd order 

Chebyschev polynomial. The instrumental contribution to the diffraction 

profile was calculated with the Fundamental Parameters Approach.73 The 

relative quantitative phase analysis was obtained by refining the Rietveld scale 

factor for each phase and applying the corresponding well-known equations.74 

The net peak width of each phase was modelled with the Double-Voigt 

Approach75 by considering only the Lorentzian contribution of the crystallite 

size effect and discarding any contribution of the micro strain to the peak 

width. The averaged integral breadth was obtained from the resulting fitted 

Voigt function to the whole diffractogram. The Scherrer equation76 was then 

applied to obtain the apparent crystallite size. 

An example of the Rietveld analysis for sample PtSn-PPh3 is showed Figure S.1. 

The Pt peaks are completely overlapped by the Pt3Sn. However, the Pt peaks 

are broadener than the Pt3Sn ones and must be included in the fitting model 

to ensure a good fit. The base of the Pt3Sn peaks is much broadener than the 

expected and can only be explained by the presence of broad Pt peaks below. 
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Figure S.1. Observed (red circles), calculated (black line) and difference (grey line) 
diffractograms for sample PtSn-PPh3. The Miller indexes for each phase are also plotted. 

 

4.4.5 Catalytic Activity Measurements 

Propane dehydrogenation (PDH) experiments were carried under O2 and H2O 

exclusion conditions. All gases were purchased from Air Liquide and further 

purified in line with molecular sieves and BTS catalysts traps to assure high 

purity. A stainless-steel tubing was used as a continuous flow reactor (Ptotal = 

1 bar, T = 530 °C) and it was packed inside an Ar filled glovebox. Typically, 25 

mg of catalyst were diluted to 2.5 g with SiC. A reductive pretreatment of 16 

h at 550 ⁰C (1 °C/min) was carried out with pure hydrogen flow, prior to start 

the catalytic tests, the system reached room temperature and it was purged 

with Ar. A 3 C3H8: 1 H2: 21 Ar (mL/min) gas composition was used and 

controlled by Brooks mass flow controllers. The Gas hourly space velocity 

(GSHV) was kept to 60000 mL·gcat-1·h-1, unless stated differently. The products 

were determined by an online HP 6890 GC equipped with 50 m KCl/Al2O3 
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column and FID detector. Propane conversion was calculated typically by 

carbon balance. Selectivity to each product was similarly obtained. 

The propane conversion and propene selectivity were determined by gas 

chromatographic (GC-TCD) analysis of gas samples taken at regular interval. 

The response factor of the propane and propene were determined using argon 

as internal standard. The mathematical formula for the determination of the 

conversion and selectivity are: 

 

 

 

The deactivation constant (kd) was calculated at the reaction temperature 

(530 ⁰C) according to the following formula: 

ln [
(1 − 𝜒𝑓𝑖𝑛𝑎𝑙)

𝜒𝑓𝑖𝑛𝑎𝑙
] = 𝑘𝑑 × 𝑇 + ln [

(1 − 𝜒𝑖𝑛𝑖𝑡𝑖𝑎𝑙)

𝜒𝑖𝑛𝑖𝑡𝑖𝑎𝑙
] 

Where 𝜒𝑓𝑖𝑛𝑎𝑙 and 𝜒𝑖𝑛𝑖𝑡𝑖𝑎𝑙, are the final and the initial propane conversion 

values and T represents the lifetime of the catalyst. 
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5.1 Introduction 

As mentioned in Chapter 1, Pt catalysts for light alkane dehydrogenation to alkenes 

can be promoted with various metals, such as Ga or Sn.1 Detailed studies on the 

application of the advanced synthetic methodologies for the preparation of PtSn 

based catalysts supported onto alumina are described in the Chapter 2 and Chapter 

3. Herein, our target was to extend the scope of these synthetic methodologies to 

other metal compositions by replacing the metal modifier, for instance, PtGa 

systems, or by replacing the active metal, for instance, NiSn systems. 

PtGa systems 

The use of PtGa for dehydrogenation reactions was extended since, similarly to the 

behaviours observed with Sn, Pt-Ga alloys with various compositions were 

prepared by the corresponding thermal treatment (ca. 500⁰ C) and the selectivity 

toward the desired alkene was remarkably increased and attributed to geometric 

and electronic effects.2 However, there are some differences between the catalytic 

behaviours of PtSn and PtGa systems, and one of the objectives of this chapter is to 

ascribe whether the catalyst preparation described in chapter 4 (OPOA) for PtSn 

systems could be extended for PtGa systems. Herein, a summary of the most 

relevant examples of PtGa systems described in the recent literature is collected. 

A series of Pt catalysts (0.3wt.%) supported on gamma alumina promoted with 

Ga(NO3)3 (gallium loading between 0.05 and 0.66 wt.%) were prepared by 

impregnations and applied in the PDH reaction.3 Comparison of the performance 

of mono and bimetallic catalysts showed that Ga enhanced the selectivity to 

propylene and decreased the catalyst deactivation and coke formation. The 

catalysts with Ga loading lower than 0.44wt.% resulted in less hydrogenolysis 

activities and prevented the blocking on Pt sites. This behavior was ascribed to the 

Ga modification of the metallic phase structure and a slight effect on the acidity of 

the support.3 
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In another study, a sequential impregnation method was applied for the 

preparation of the Pt/(10 wt.%)CeO2-Al2O3 catalyst doped with Ga3+ cations. The 

resulting catalyst was evaluated in the PDH reaction (studied at 600⁰ C) (Figure 

5.1).4 The authors observed that Ga3+ cations incorporated into the cubic fluorite 

structure of CeO2 enhanced the lattice oxygen storage capacity and the surface 

oxygen mobility. As such, the reducibility of the support was enhanced, which was 

beneficial to eliminate the coke deposition and therefore improve the catalytic 

stability. DFT studies confirmed that upon addition of Ga, the desorption of 

propylene was improved and consequently, that the deep dehydrogenation and 

the coke formation were greatly supressed. The optimal Ga loading was 3 wt.%, 

with a Pt particle size of 1.7-2.3 nm, reaching a propane conversion of 39.4% at 600 

⁰C with a propylene selectivity near 99%.4 

 

Figure 5.1. Representation of PtGa/CeO2Al2O3 catalyst and its mechanism for PDH reaction.4 

Bell and coworkers reported the preparation of a series of Pt/Mg(Ga)(Al)O catalysts 

by incipient wetness impregnation and its application in the ethane and propane 

dehydrogenations.5 They observed a strong dependency of the catalytic 

performance on the Ga content, reaching nearly 100% selectivity using a Ga/Pt 

(atom/atom) ratio of 5.4 in both reactions. The authors also reported that the 

presence of Ga suppressed the coke formation.  

The alloying of Pt with Ga was also studied using a hydrotalcite support to produce 

bimetallic catalysts (Pt/Mg(Al,Ga)Ox) for PDH.6 Various Ga/Pt molar ratios (between 
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0 and 10) were studied with a Pt loading of 2-3 wt.%. XRD analyses were performed 

during a temperature programmed reduction (5% H2) cycling with 20% O2/N2 at 

873K and an alloy formation and segregation were revealed depending on the gas 

environment and Ga loading. For the highest ratio Pt/Ga, the alloy was formed at 

the beginning of the reduction. The presence of XRD diffraction peaks at 2θ = 40.2⁰ 

and 46.5⁰ attributed to pure Pt and one or more PtGa alloys were observed after 

consecutive sequence of reduction/oxidation treatments (Figure 5.2). However the 

exact composition of the alloy was not described.6 This study revealed a reversible 

alloy/segregation looping once the sample was exposed to a redox cycle 

(alternating 5%H2/He and 20%O2/N2 at 600 ⁰C). Therefore, stability of the catalyst 

was ensured during the reaction and the regeneration process. 

 

Figure 5.2. The alloying of Pt-Ga on a hydrotalcite-like support controlled by means of XRD during 
temperature-programmed reduction in 5% H2/He and isothermal reduction with 5% H2/He  and 
oxidation cycling with 20% O2/N2 at 873 K.6 

Recently, highly productive PtGa/SiO2 catalysts for PDH were generated from single 

sites using the SOMC method.7 [Pt(COD)(OSi(OtBu)3)2] was grafted by SOMC/TMP 

approach onto silica-supported GaIII single sites. The introduction of a controlled 

amount of Pt was performed through grafting by reaction of the -OH groups of the 

supports. After reductive treatment under H2 (Scheme 5.1 a), highly dispersed NPs 
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of ca. 1.0 nm, were obtained even at high Pt loadings (4.37 wt.%).7 The detailed 

characterization (CO adsorption IR, XPS and XAS studies) revealed that Pt-Ga alloy 

was formed and that a fraction of the overall Ga was located on the surface of the 

support. EXAFS analyses indicated that bulk Ga2O3 was not present. PtGa/SiO2 

catalyst (4.82 wt.% Pt and 1.48 wt.% Ga) showed high productivity (32%) and 

selectivity to propylene (99%) at 550 ⁰C using 20% propane in Ar as feed. This 

material showed activity during 20h, according to an in situ XAS analysis, the 

catalyst average remained unchanged.  

 

Scheme 5.1. (a) Synthetic procedure employed for PtGa alloyed NPs supported on Ga-doped silica 

using SOMC approach.7 

To get insights into the origin of the high performance of this catalyst, DFT 

calculations were performed using periodic surfaces, clusters and realistic size silica 

supported NPs and metadynamics simulation (Figure 5.3).8 Combining DFT with 

experimental data (XAS, TEM), the interaction between Pt and Ga was explored. At 

the interface of the support, interactions between metallic Pt and Ga with Si-O 

bonds were observed, together with additional interactions between Pt(0) with the 

Ga(III) Lewis acid sites . These NPs-support interactions and a possible flattening of 

the NPs could hinder the sintering and thus stabilize the PtGa catalyst during PDH. 

The authors also revealed that Pt atoms were isolated in the alloy, hindering coke 

formation.8 The formation of the catalyst was further investigated. First, a fast 

formation of small Pt clusters/NPs at low temperature from the isolated Pt (II) sites 

was revealed by XANES/EXAFS techniques. Then, the Pt NPs reacted at high 

temperatures with isolated Ga (III) sites and alloyed PtGa particles were generated, 

interacting with the SiO2. Moreover, they reported that the PtGa alloying minimized 
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large Pt ensembles, therefore that Pt site isolation at the surface of the NPs 

increased, as well with the mobility of Pt atoms in the alloyed NPs.  

 

Figure 5.3. (a) State-of-the-art of SOMC/TMP of PtGa and Pt based catalyst on SiO2 for PDH.7 (b) 
Multiscale Ab Initio modelling and experimental evidence. Step 1: structure of a Pt2Ga (311) and (111) 
surfaces; Step 2: interphase interaction of silica and Ga(III) single-sites with Pt(0) and Ga(0). Step 3: 
structure of Pt and Pt2Ga NPs supported on SiO2. Step 4: comparison of Pt and Pt2Ga supported NPs 

in PDH.8 

They suggested transient formation of unsaturated Pt isolated sites, highly active 

in the first C-H activation. Then, Pt atoms were isolated in the alloy, hindering coke 

formation through electronic effects. The addition of Ga to Pt diminished the 

affinity of Pt toward the unsaturated hydrocarbon intermediates. Moreover, a tri-
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Pt-coordinated propyne intermediate (a coke formation precursor) would need 

partial dealloying of PtGa to provide larger Pt ensembles. Therefore, the coke 

formation is prevented.8   

Other authors reported intermetallic PtGa species displaying three-fold Pt hollow 

ensembles and isolated Pt single atoms isolated by a Ga inert species at the surface, 

which were blocked by introducing Pb in the surface.9 In Figure 5.4, the PDH 

conversion and selectivity to propylene over time are displayed and PtGa-Pb/SiO2 

(Pt/Pb = 2) (mean size of 2.4 ± 0.5 nm ) catalyst exhibited 30% propane conversion 

with 99.6% propylene selectivity at 600⁰ C for 96 h. The Pb was reported to block 

some active Pt sites, and therefore limit the Pt specific activity as well as the Pt 

dispersion that was reported to decrease from 9.9% to 5.9% upon Pb deposition.9 

They reported that the single atom Pt catalysed both C-H activation but  inhibited 

further dehydrogenation, thus explaining the minimization of side reactions and 

improved selectivity. 

 

Figure 5.4. (a) Propane conversion and (b) propylene selectivity in PDH catalyzed by PtGa/SiO2, PtGa-

Pb/SiO2 (Pt/Pb = 2) and Pt3Sn/SiO2.9 

The use of Ca as a secondary modifier for this PtGa-Pb catalyst was also reported.10 

Upon addition of Ca cations, the electron density remarkably increased in the Pt1 

sites in PtGa. In contrast with Pb atoms, the Ca cations were deposited around the 

PtGa NPs, but without covering the Pt active sites or without replacing the Pb 

deposited (Scheme 5.2). The doubly decorated catalyst PtGa-Pb-Ca/SiO2, exhibited 
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a mean particle size of 2.2 ± 0.5 nm (HAADF-STEM) and EDX analysis revealed that 

Pt and Ga coexist in each NPs with an estimated ratio of ca. 1, which is similar to 

the structure reported without Ca. HRHAADF-STEM analysis revealed an ordered 

crystal structure that was attributed to PtGa intermetallic planes, in agreement 

with results from EXAFS curve fitting. Once Ca was added, no changes were 

detected in the bulk structure of intermetallic PtGa and the Pt dispersion was 

maintained. XANES analysis revealed a slight oxidation of Ga, and the authors 

suggested the existence of Ga-O-Ca interaction. The PtGa-Pb-Ca/SiO2 catalyst 

exhibited an outstanding lifetime of 3067h at 600⁰C in the presence and absence 

of H2 in the feed, displaying excellent durability and stability in PDH. No sintering 

was detected, confirming a great thermal stability of Pt1 in PtGa, probably because 

the high value ΔHf (55.6 KJ·mol-1).  

 

Scheme 5.2. Structure of the double decoration of the PtGa NPs supported on SiO2 with Pb and Ca 
cations. Synergistic effects regarding the geometric and electronic effects are expected to enhance 
the propylene selectivity and the catalyst stability in PDH.10 

Wasserscheid and co-workers reported a supported catalytically active liquid metal 

solutions (SCALMS) consisting of PtGa supported catalysts (2wt.% Pt) for PDH 

between 500 to 600⁰C (Scheme 5.3).11 They reported a new synthetic procedure by 

means of ultrasonication. These catalysts differ from previous PtGa compounds 

because they possess lower melting points and exhibit a liquid metal phase on the 

support, with dynamic Pt atoms at the surface during the alkane dehydrogenation 
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reaction. GaPt-SCALMS catalysts were synthesized on various porous supports such 

as SiO2, Al2O3 and SiC. All the catalysts showed high activity and good selectivity to 

propylene. The SiC supported catalyst displayed the highest activity in PDH followed 

by Al2O3. However, the SiO2 catalyst exhibited the highest stability and lowest 

cracking activity at high temperatures. HRTGA-MS analysis of all spent catalyst 

confirmed that most of the coke produced was originated from the support.  

 

Scheme 5.3. Representation of GaPt-SCALMS catalyst for PDH. Single Pt atoms (green) in the Ga matrix 
(blue). The arrows indicate that at high temperatures the Pt is moving from the bulk to the surface 
and back.11   

PtGa NPs confined in Silicalite-1 (MFI) for PDH reaction were also reported (Scheme 

5.4). 12 The subsurface was studied for the first time.  

 

Scheme 5.4. Graphical representation of PtGa subsurface confined on MFI zeolite for high selectivity 
of propylene in PDH reaction. 12 

UNIVERSITAT ROVIRA I VIRGILI 
INNOVATIVE NANOCATALYSTS FOR SUSTAINABLE NON-OXIDATIVE DEHYDROGENATION OF PROPANE 
Laia Gil Jiménez



                                                    Alternative metals for PDH using SOMC-OPOA    
 

- 195 - 
 

Herein, PtGa-NPs with various subsurface compositions was studied by EXAFS and 

EDS. A PtGa alloy subsurface increased the electron density of surface Pt active site 

and diminished the desorption energy of propylene, thus increasing the selectivity 

to propylene from 95% (when there was Pt subsurface) to 98%. The PtGa was 

encapsulated in MFI zeolite and displayed a strong inhibition of the sintering and 

coke deposition processes. 

NiSn systems 

Given the high cost of Pt catalysts, other alternative metals such as Ni have been 

developed for alkane dehydrogenation.2 Ni alone is highly active towards C-C 

hydrogenolysis, and therefore, these systems generally displayed high tendency to 

the formation of methane and coke. To selectively activate the C-H bond of alkanes, 

a reported approach consists in the introduction of other elements such as S, P, Cu, 

Sn and Ga (Figure 5.5).2,13 The geometric effect induced by the introduced elements 

facilitates the dispersion of  Ni particles while the electronic effect  was reported to 

minimize the desorption energy of olefins and hinder the secondary reactions.13  

 

Figure 5.5. Promoting effect of different species (S, P, Sn or Au) in Ni-based catalysts for alkane 
dehydrogenation reactions.13 

For instance, Ni phosphide catalysts were explored in alkane dehydrogenation.13 

Phosphorus was introduced using impregnation with ammonium dihydrogen 
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phosphate and Ni2P/active carbon (AC) catalyst was prepared.14  When tested in 

the dehydrogenation of isobutane, the catalytic performance of Ni2P/AC revealed 

to be superior to those displayed by Ni/AC. The characterization results indicated 

that the improvement of the selectivity could be attributed to the partial positive 

charges on Ni surface in Ni2P particles, which minimize the strength of Ni-C bond in 

carbonium-ion intermediates and therefore inhibit further dehydrogenation. XPS 

analysis of the Ni 2p binding energies revealed much higher than those reported 

for Ni (0) and lower than those reported for NiO, suggesting that Ni carried a partial 

positive charge. Regarding the P 2p band, an electron transfer from Ni to P in Ni2P 

was revealed, indicating that P was charged negatively. When Cesium (Cs) was 

added as a modifier, an improved catalytic performance with a selectivity to 

isobutene of 93% at 973 K was observed. Such amelioration was attributed to an 

enhancement of the dispersion of Ni2P particles due to electron transfer from Cs to 

Ni, thus decreasing the acid site number and strength. To explain the superior 

activity of Ni2P compared to Ni and the enhancing role of Cs, a mechanism was 

proposed (Scheme 5.5).  

 

Scheme 5.5. Proposed mechanism for the isobutane dehydrogenation over Ni/AC and Cs-modified 
Ni2P/AC catalysts.14  
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The strength of Ni-C bond between the Ni and the carbonium-ion intermediates 

and the charge type of the Ni surface will determine the path of the reaction either 

towards the dehydrogenation of isobutane to isobutene or towards the cracking 

and therefore coke or methane obtention. Regarding the Ni/AC catalyst, the C-C 

bond of the intermediates can be easily broken because more electrons are 

available at the Ni surface to attack the C-C bond, leading to side reactions. 

The composition of nickel phosphide catalysts affected significatively the alkane 

dehydrogenation performance.15 The P addition to Ni/SiO2 catalyst was studied in 

the isobutane dehydrogenation. At Ni:P ratio of 1:1, Ni2P is formed on the surface 

of the catalyst, exhibiting an optimum performance with an isobutane conversion 

of 22% and an isobutene selectivity of 81%. An excess of P may generate additional 

Bronsted acid sites, favouring the undesired cracking reactions. Nevertheless, the 

Ni-P based catalysts suffer from fast deactivation due to coke formation, because 

there is a phase transformation from Ni2P to Ni12P5. For that reason, alkali 

promoters are generally introduced to these catalysts to increase the selectivity to 

olefins and prevent coke formation.16  

Ni/SiO2 catalysts exhibit high hydrogenolysis activity with high methane selectivity 

and coke formation. To overcome this issue, Sn was introduced obtaining NiSn/SiO2 

(Ni/Sn=1 (mol/mol)) by incipient wetness impregnation for  isobutane 

dehydrogenation (Scheme 5.6).17 XRD, TEM and XPS characterizations indicated 

that NiSn alloys were formed on the surface of the catalyst and that Sn introduction 

reduced the size of the NPs from 77 to 16 nm. XPS analysis revealed that upon Sn 

introduction, the Ni 2p peak shifted, suggesting that an electron transfer occurred 

from Sn to Ni in the NiSn alloy phase. The Ni/Sn molar ratio was determined to be 

1.39, which corresponded with Ni2.67Sn alloy in agreement with the XRD patterns. 

The Sn role was interpreted as geometric and electronic because Sn helped in 

dispersing efficiently the Ni aggregates and diminished their size. Moreover, the 

ability of Ni towards the C-C scission was weakened. Sn provided electrons to Ni, 

increasing its electronic density, and easing the isobutene desorption from the 
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catalyst, which was confirmed by DFT calculations. As expected, the NiSn/SiO2 

selectivity to isobutene was improved significatively up to a 90% at 600 ⁰C. Notably, 

coke was also remarkably supressed, and an outstanding catalyst stability longer 

than 120 h was achieved.17 

 

Scheme 5.6. Ni or NiSn catalyst on SiO2 depending on the active species on the catalyst surface.17 

Other studies regarding the nature of active tin species and its promoting effect in 

silica, on Ni-SnOx/SiO2 catalyst for dehydrogenation of propane were reported.18 

The nature of the active sites in PDH were studied. Tin oxide was supported on silica 

using incipient wetness impregnation. Authors found that dispersion played a key 

role in catalytic activity and stability. Using XRD, XPS, DRUV-Vis and TPR, a new 

polymeric species “Si-O-Sn2+” was reported as the active species in the PDH when 

compared to Sn4+ isolated cations and Sn (0). A proposal of the mechanism was 

reported (Scheme 5.7) where the Si-O-Sn2+ species anchored to silica were the 

actives sites and their stability and activity was related with the dispersion. The 

Ni3Sn2 alloy played a role of “hydrogen conductor” and not as active component, 

which was reported to facilitate the regeneration of active sites suppressing the 

reduction of the active species. Moreover, the introduction of Ni was found to 

remarkably improve the stability of SnO2/SiO2 catalyst, and they postulated that 

Ni3Sn2 alloy fomented the migration and recombination of hydrogen atoms on the 
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surface of the catalyst, providing a resistance to reduction. It is noteworthy that 

this catalyst remained active after 160 h of time on stream. 

 

Scheme 5.7. Reaction mechanism proposed over Ni-SnOx/SiO2 catalyst in PDH reaction.18 

Miller and co-workers reported the preparation of single site tetrahedral Ni (II) 

phosphosilicate using a two-step process consisting in (1) strong electrostatic 

adsorption of Ni (II)  and (2) impregnation of H3PO4 solution and thermolysis, as 

highly stable and selective catalyst in PDH reaction.19 The tetrahedral structure was 

verified by XANES. And more characterization by AAS, XAS and IR allowed to see 

the dispersed tetrahedral Ni (II) species on the surface, which was reported to 

provide stability in PDH at 600⁰ C. The presence of Ni(II)-OSi and Ni(II)-OP bonds 

was reported and the first bonds activated the C-H bonds of propane while the 

latter prevented Ni (II) from reducing in the reaction conditions.  

Several non NiGa-based intermetallic compound catalysts were reported for the 

dehydrogenation of ethane20 and propane.21 A core-shell structure where Ni3Ga 

alloy surrounded by a shell with different Ni and Ga compositions was reported. Ni 

on the surface is believed to conduct the alkane dehydrogenation, whereas the Ga 

present at the surface sustains the selectivity and catalyst stability. The optimal 

surface composition is not trivial. The propane conversion decreased, and 
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propylene selectivity increased when Ni/Ga molar ratio 3:1 to 1:2 (Ni/Ga molar 

ratio) (Figure 5.6).  

 

Figure 5.6. Ni3Ga/Al2O3  (with various Ni:Ga loadings) and its (a) Propylene selectivity and (b) 
Propane conversion of PDH reaction.21 

DFT calculations revealed that increasing the Ga amount remarkably inhibited the 

unselective dehydrogenation reactions leading to coke and methane formation. 

The catalyst with a Ni:Ga ratio (1:1) exhibited the best balance between activity and 

selectivity in both ethane and propane dehydrogenation reactions.20,21 For PDH, the 

1:1 Ni:Ga@Ni3Ga/Al2O3 exhibited a high selectivity toward propylene (ca. 94%) and 

a moderate propane conversion of ca. 13% at 600 ⁰C using Ar-diluted propane. 

5.2 Results and discussion 

The present section is organized according to the nature of the metals. Initially, 

PtGa and NiSn catalysts synthesized by OPOA will be described. Later, the efficiency 

of the OPOA approach for the preparation of PtSn and PtGa catalysts was evaluated 

in dehydrogenation processes by comparison with a new approach that combines 

concepts of the OPOA (i.e., stabilization of Pt-NPs by ligands) and SOMC (i.e., 

selective introduction of Sn on the Pt-NP surface) to synthesize. In the last part, the 

catalytic activity of the as-prepared catalysts will be evaluated in the PDH reaction. 

Selected catalysts will also be evaluated in the butadiene production from butane 

and 1-butene dehydrogenation.  
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5.2.1 Synthesis and characterization 

5.2.1.1 PtGa OPOA 

PtGa supported systems 

The bimetallic Pt-Ga catalysts were prepared in a Fisher Porter vessel via the 

organometallic approach22, as depicted in Scheme 5.8.  

 

Scheme 5.8. PtGa supported NPs by one-pot organometallic approach. 
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A nominal value of 2 wt.% Pt was initially used with a Pt/Ga molar ratio of 1.  The 

Pt precursor Pt2dba3 and Ga precursor (GaMe3 or Ga(isobutyl)3) were decomposed 

at 100 ⁰C under H2 atmosphere (3 bar) in the presence of 0.2 equivalent (0.2 

mol/mol Pt) of stabilizing ligand (none, PPh3) using toluene as solvent. 

 Furthermore, a PtGaSn-PPh3/Al2O3 catalyst has been also prepared by 

simultaneous decomposition of Sn precursor (SnBu4, 1 mol/mol Pt) and Ga 

precursor (GaMe3). The synthesis was performed in the presence of the selected 

alumina support applied in the chapter 3 and 4 (Al2O3 or Li(0.45)Al2O3), and 5 

catalysts were produced. Once the supported catalysts were formed, they were 

washed thoroughly with the reaction solvent and with hexane and dried under 

reduced pressure. The catalysts were produced in a 1-to-2-gram scale, and isolated 

as grey-powders in high yields (> 99%).  

The formation of the catalysts was first confirmed by TEM and HAADF analysis 

(Figure 5.7). Small and well dispersed NPs were obtained. When Ga(isobutyl)3 was 

used as the precursor, the NPs size was larger (2.5-4.5 nm) than when Ga(Me)3  was 

used (1.5-3.1 nm) (Figure 5.7 a,b) (entries 1 and 2, Table 5.1¡Error! No se encuentra 

el origen de la referencia.). When PPh3 was added as stabilizing agent onto Al2O3 or 

LiAl2O3, using Ga(Me)3, a stabilizing ligand effect resulted in the formation of 

smaller NPs of 0.9-2.1 nm and 1.2-1.7 nm, respectively (Figure 5.7c,d) (entries 3 

and 4, Table 5.1). The trimetallic PtGaSn catalyst supported onto Li-Al2O3 and using 

PPh3 as a stabilizing agent (0.2 mol/ mol Pt) resulted in the formation of highly 

dispersed NPs of 1.3-2.3 nm (entry 5, Table 5.1). These particles were slightly larger 

than those measured for the system PtGa-PPh3/Li-Al2O3 (1.88 ± 0.50 nm) Figure 5.7  

e).  
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Figure 5.7. TEM or HAADF images and its size distribution histograms of (a)PtGa(isob)@Al2O3, 
(b)PtGa@Al2O3, (c) PtGa-PPh3@Al2O3, (d) PtGa-PPh3@Li(0.45)Al2O3, and (e) PtGaSn-

PPh3@Li(0.45)Al2O3. 

STEM-EDS mappings (Figure 5.8) of PtGa@Al2O3, PtGa-PPh3@Al2O3 and PtGa-

PPh3@Li(0.45)Al2O3 showed the Ga distribution onto both the support and the Pt-

NP, while the P (once  PPh3  was added) was mainly detected at the surface of the 

Pt-NPs. 
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Figure 5.8. STEM-EDS mappings of (a)PtGa@Al2O3, (b) PtGa-PPh3@Al2O3 and (c) PtGa-PPh3@LiAl2O3. 

Table 5.1. PtGa supported catalysts characterization. 

Entry Catalyst Pt(wt.%)
[a]

 Ga (wt.%)
 [a]

 
Ga/Pt

[a] 

(mol/mol) 

NPs size 

(nm)
[b]

 

1 PtGa(isob)@Al
2
O

3
 0.83 0.27 0.93 3.44 ± 0.94 

2 PtGa@Al
2
O

3
 1.48 0.80 1.50 2.32 ± 0.79 

3 PtGa-PPh
3
@Al

2
O

3
 1.25 0.46 1.05 1.59 ± 0.69 

4 PtGa-PPh
3
@LiAl

2
O

3
 1.49 0.81 1.51 1.47± 0.24 
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5 PtGaSn-PPh
3
@LiAl

2
O

3
 1.31 

0.79 

[Sn: 0.95] 

1.69 

[Sn/Pt: 1.20] 
1.88 ± 0.50 

[a] Quantified by ICP-OES analysis; [b] Obtained through TEM analyses and measuring more than 200 

nanoparticles, NP sizes are quoted as the mean diameter ± the standard deviation.  

ICP-OES results are summarized in Table 5.1. Ga/Pt (mol/mol) ratio varied from 0.9 

to 1.7 depending on several factors such as the support, the presence or not of PPh3 

as stabilizing agent, and the gallium precursor. When Ga(isobutyl)3 was used as a 

precursor, the Ga loading was very low compared with those obtained with the 

highly reactive Ga(Me)3 (entries 1 and 2). The Ga/Pt was reduced using PPh3 as 

stabilizing agent (entries 2 and 3). The effect of the PPh3 addition observed for the 

PtGa systems is similar to that observed for the PtSn systems in chapter 4 and could 

be related with the PPh3 tuning of the reactivity of the Pt-surface and Al2O3-support. 

Curiously, this effect of the PPh3 was prevented by the presence of lithium in the 

support or by the simultaneous decomposition of SnBu4 (entries 2, 3, 4 and 5, Table 

5.1). The effect of the Li+ on the support observed for the PtGa systems is different 

to that observed for the PtSn systems in Chapter 4 and could be related with the 

distinct reactivity of the gallium and tin precursors with the alumina-based 

supports. 

XRD analysis of the catalysts only revealed the pattern corresponding to the 

support (Al2O3 or Li-Al2O3), as previously observed in Chapter 3 and Chapter 4 due 

to the low metal loading and overlapping of the diffraction peaks of Pt with those 

of alumina. No other diffraction peaks were observed, suggesting that Pt-NPs and 

PtGa-NPs are well dispersed onto the surface of the support. This agrees with what 

Basset and coworkers observed for supported catalysts onto alumina.23 Later on, 

the colloidal analogues were analyzed to obtain further information about the 

crystalline phase and crystallite size.  

Using X-Ray Photoelectron Spectroscopy (XPS), the atomic composition and 

oxidation state of Pt and Ga were assessed. The typical band for Pt is the 4f, with 
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two peaks at Pt4f5/2 and Pt4f7/2 described at binding energies of 74.7 eV and 71.53 

eV for Pt(0), with potential additional peaks corresponding to other phases of Pt 

such as Pt(II) and/or Pt(IV).24 In this Chapter, the Pt 4f band could not be used due 

to an overlapping with the Al 2p arising from Al2O3. Therefore, Pt 4d line that was 

weaker but not overlapped was used instead.25 Concerning Ga, the Ga 3p bands 

used (Ga3p3/2 and Ga3d1/2).26 The binding energies used are detailed in Table 5.2. 

Table 5.2. Deconvolution binding energies used in CASAXPS for Pt and Ga in supported catalysts. 

 Pt4d3/2 Pt4d5/2 

Pt (0) 314.4-314.7 eV 331.4-331.7 eV 

Pt (δ+) 317.7-318.2 eV 334.6-335.2 eV 

   

 Ga2p3/2 Ga2p1/2 

Ga (0) 1117.0 eV 1135.9 eV 

Ga (δ+)  1119.0 eV 1139.9 eV 

XPS analyses of Pt@Al2O3, PtGa@Al2O3, PtGa-PPh3@Al2O3, Reduced PtGa-

PPh3@Al2O3, PtGa-PPh3@LiAl2O3 and Pt-PPh3@Al2O3 were performed and the 

results are summarized in Table 5.3. All the deconvolutions are showed in Figure 

5.9 and Figure 5.10. 

Table 5.3. XPS results for PtGa supported catalysts synthesized by OPOA. 

Catalyst 

ICP 

Ga/Pt molar
[a]

 

XPS 

Ga/Pt molar
[b]

 

XPS 

Pt(IV,II)/Pt(0) 

XPS 

Ga(δ+) /Ga(0) 

Pt@Al
2
O

3
 - - 1 / 99 - 

PtGa@Al
2
O

3
 1.50 1.10 34 / 66 3 / 97 

RED PtGa@Al
2
O

3 
 1.50 1.10 0 / 100 58 / 42 

PtGa-PPh3@Al2O3 1.05 2.56 35 / 65 0 / 100 

PtGa-PPh3@LiAl2O3 1.51 2.00 39 / 61 0 / 100 

Pt-PPh3@Al2O3 - - 1 / 99 - 

[a] Quantified by ICP-OES analysis; [b] Quantified by XPS analysis. 
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Figure 5.9. XPS deconvolution of Pt-PPh3@Al2O3 and PtGa(GaMe3)@Al2O3. 

 

UNIVERSITAT ROVIRA I VIRGILI 
INNOVATIVE NANOCATALYSTS FOR SUSTAINABLE NON-OXIDATIVE DEHYDROGENATION OF PROPANE 
Laia Gil Jiménez



                          Chapter 5 
 

- 208 - 
 

5 

 

Figure 5.10. XPS deconvolution of RED-PtGa@Al2O3, PtGa(GaMe3)-PPh3@Al2O3 and PtGa(GaMe3)-
PPh3@LiAl2O3. 

Concerning the Pt composition, the monometallic Pt catalyst displayed practically 

only Pt-atoms in the reduced state (i.e., 99%) whereas the bimetallic PtGa catalyst 

displayed between 61-66% Pt (0) atoms and 34-39% Pt (IV/II) atoms. When 

PtGa@Al2O3 was reduced, all the Pt composition changed quantitatively to metallic 

Pt (0). The Pt-PPh3@Al2O3 also showed a composition of 99% of Pt (0). This result 

may suggest that the Ga addition to the catalyst may result in a more electron 

deficient Pt-NP surface, required for reducing the alkene sorption strength and 

favoring its desorption.  
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Regarding Ga composition in the bimetallic catalyst, the Ga was mainly in the Ga 

(0) form (between 97-100%), with the rest of the percentage was attributed to Ga 

(δ+). When the catalyst was reduced, the Ga composition was unexpectedly shifted 

to oxidative values with a proportion of 58% and 42% for Ga (δ+) and Ga (0), 

respectively. This behavior can be related to the segregation of the Ga atoms onto 

the support (Ga (δ+) species formed by partial or full decomposition of the 

Ga(alkyl)3 precursor and interacting with Al2O3 and onto the Pt-particle forming 

alloys (Ga (0) species present in the PtGa alloy formed by reduction of the Ga(Alkyl)3 

precursor. Similar observations were previously reported after thermal treatment 

and were described in the introduction of this chapter.5  

However, it cannot be discarded that although all the manipulations were carried 

out under inert atmosphere, air exposition during sample treatment resulted in the 

oxidization of Ga (0) species by oxygen to Ga2O3. The oxidation of these gallium 

species agrees with the reported redox potentials for the gallium pairs (E Ga3+/Ga2+ 

and E Ga2+/Ga0 of -0.65 and –0.45 V, respectively) respect to the potentials of the 

oxygen (E O2/H2O is + 1.23 V) and proton (E H+/H2 is 0.00 V). Therefore, the gallium 

oxidation is favored in presence of moisture (oxygen and protons). 

Interestingly, the Ga/Pt ratios extracted by XPS were smaller than those obtained 

by ICP-OES when no stabilizing agent was used, independently if the sample was 

fresh or reduced. However, when PPh3 was added and independently of the 

support, the Ga/Pt ratio was almost twice that obtained by ICP, indicating Ga 

segregation on the surface. This effect was correlated with the ability of PPh3 to 

coordinate to Pt-NP surfaces and its implication in the mechanism of formation of 

the PtGa-alloy by blocking the access of the Ga-precursors to the Pt-surfaces. 

Another possibility is that the decomposition of the Ga precursor is an indirect 

effect caused by the tuning of the support acid-basic properties by the ligand PPh3 

itself or the PPh3 decomposition products (i.e., H3PO4).   
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XPS did not reveal any information about the P (P2p band) probably because the P 

content was below the detection limit. However, the presence of phosphorus on 

the surface of the NP was detected by EDX and the characterization of the PtGa 

colloid model samples described below provided more evidence on the presence 

of PPh3 on the Pt-surfaces.  

PtGa colloidal systems 

To gain more insights into the crystalline phase of the nanoparticles and the 

interaction of the PPh3 stabilizing agent with the nanoparticles, the analogous 

colloidal NPs (PtGa and PtGa-PPh3) were synthesized and characterized as model 

samples (Scheme 5.9). 

 

Scheme 5.9. Colloidal PtGa-L capped NPs by organometallic approach. 

TEM characterization revealed (Figure 5.11¡Error! No se encuentra el origen de la 

referencia.), as expected, that when PPh3 was added (PtGa-PPh3) the NPs were 
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smaller and better dispersed (1.0-1.8 nm) than without any stabilizing agent (1.8-

2.6 nm). 

 

Figure 5.11. TEM images of (a) PtGa-NPs and (b) PtGa-PPh3 and its size distribution histograms. 

The Pt and Ga loadings in these systems were measured by ICP-OES and are listed 

in Table 5.4.  

Table 5.4. PtGa colloid NPs characterization. 

[a] Quantified by ICP-OES analysis; [b] Obtained through TEM analyses and measuring more than 200 

nanoparticles, NP sizes are quoted as the mean diameter ± the standard deviation.  

 Metal loading, wt .%
[a]

   XRD  

Colloid Pt Ga Ga/Pt
[a]

 

(mol) 
NPs size (nm)

[b]
 r.t. 530 1 h 

PtGa 56.69 21.02 1.04 2.22 ± 0.38 Pt fcc 
Pt fcc < Pt3Ga 

Tetragonal 

PtGa-

PPh
3
 

47.94 19.34 1.13 1.45 ± 0.44 Pt fcc 
Pt fcc > Pt3Ga 

Cubic 
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These results confirmed that the Ga/Pt ratio is very similar to the theoretical ones 

and confirmed the full decomposition of the highly reactive GaMe3 under the 

reaction conditions.  

PtGa and PtGa-PPh3 were analyzed by XRD at r.t. and at the temperature of catalysis 

(530 ⁰C) under inert atmosphere (N2) using a BRUKER MTC-HIGHTEMP chamber, to 

thoroughly characterize the crystalline phase and the mean crystallite sizes of the 

samples. Our hypothesis was that the ligand (PPh3) interacted with the surface of 

the NPs, as observed in Chapter 4 with PtSn colloids. However, it is difficult to know 

the exact phase contribution since the NPs are very small and resulted in very broad 

XRD diffraction peaks. 

When the PtGa NPs colloids were analyzed at r.t., the only crystalline phase was Pt 

fcc (space group Fm-3m), exhibiting the main peaks at 2θ = 39.7°, 46.2°, 67.4 and 

81.2° (ICDD card 01-071-3756) and the crystallite size was ca. 0.96 nm. These NPs 

were also measured by TEM and their size was between 1.8-2.6 nm due to the 

aggregation of two or three crystallites. At 530 ⁰C, the first diffractogram at time 

zero showed Pt and Pt3Ga tetragonal alloy (space group I4/mcm) exhibiting the 

main peaks at 2θ = 32.3°, 40.1°, 46.4° and 68.3 (ICDD card 01-072-2976, ICDD card 

00-081-5872) with a relative amount of Pt 24.6wt% and Pt3Ga 75.4 wt%. The 

crystallite size was 3.00 nm for Pt phase and 3.05 nm for the alloy Pt3Ga. After 1 h 

at 530 ⁰C, the diffractograms showed that the relative amounts of the two phases 

remained practically the same. The crystallite size after 1h at 530 ⁰C was 3.34 and 

3.51 nm, respectively for the corresponding Pt and Pt3Ga phases, respectively.  In  

Figure 5.12 the main XRD diffractograms of PtGa NPs are displayed.  
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Figure 5.12. XRD diffractograms of PtGa colloidal NPs at r.t. (black), at 530 °C initial time (red) and at 
530 °C after 1 h (green). Pt (blue) and Pt3Ga (pink) crystallographic phases are displayed. 

The XRD experiment was also carried out on the colloidal PtGa-PPh3 sample. At r.t., 

only Pt fcc (100 % wt.) was detected with a crystallite size of 0.90 nm, which is in 

accordance with the TEM mean size previously measured between 1.0-1.8 nm 

(particles corresponding to aggregates of one or two crystallites). The first 

diffractogram at 530 ⁰C also showed, two different crystalline phases, Pt and Pt3Ga 

this time with cubic structure (space group Pm3m) with a wt. % of 75.2 and 24.8% 

respectively, showing a shift toward the Pt phase in comparison with the colloid 

without ligand. This effect has been correlated with the ability of PPh3 to coordinate 

to Pt-NP surfaces. The crystallite size was 1.93 nm for Pt and 4.53 nm for Pt3Ga. 

After 1 h of analysis, the diffractograms showed that the relative amounts of the 

two phases remained practically the same (70.2% and 28.4% of Pt and Pt3Ga, 

respectively). The crystallite size after 1h at 530 ⁰C was 2.10 and 5.60 nm, 
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respectively for the correspondent Pt and Pt3Ga phases.  In  Figure 5.13 the main 

XRD diffractograms of PtGa-PPh3 are displayed.  

 

Figure 5.13. XRD diffractograms of PtGa-PPh3 colloidal NPs at r.t. (black), at 530 °C initial time (red) 
and at 530 °C after 1 h (green). Pt (blue) and Pt3Ga (pink) crystallographic phases are displayed. 

The main structures observed in the XRD diffractograms were Pt and Pt3Ga cubic 

and Pt3Ga tetragonal (Figure 5.14). All the distribution (in weight percentage) of all 

the crystalline phases and its crystallite size and cell parameters can be found in the 

experimental section of the present chapter (Table S.1-Table S.4). 
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Figure 5.14. Pt, Pt3Ga tetragonal and Pt3Ga cubic crystalline 3D structures. 

In conclusion, these results strongly indicated a tendency non-reported so far, by 

which the presence or not of PPh3 during the PtGa nanoparticle synthesis resulted 

in similar Ga/Pt molar ratios but with a different crystalline phase behavior, i.e., 

PtGa-PPh3 colloidal nanoparticle displayed much higher Pt/PtGa molar ratios than 

PtGa. This behavior could be ascribed to the PPh3 coordination and blockage of the 

Pt-sites avoiding the interaction with the Ga-precursor during the nanoparticle 

synthesis, thus, reducing the final PtGa3 alloy content. 

 

Figure 5.15. Illustration of the PtGa and PtGa-PPh3 nanoparticles assuming that the rest of the 

gallium is in the form of gallium oxides. 

This tendency can be extrapolated to the supported systems where the catalytic 

performance could be highly affected by the Pt/PtGa3 molar ratios. It should be 

highlighted that the rest of the gallium to achieve the Ga/Pt ratio 1/1 measured by 

ICP-OES should be as thin-layers of gallium oxides at the surface of the particle since 
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no XRD-diffraction peaks corresponding to gallium phases were recorded and a 

proposal of the composition is displayed in Figure 5.15. 

The freshly prepared PtGa-PPh3 NPs were analyzed by XPS (Figure 5.16) to 

investigate the atomic composition and oxidation state of each element, using Pt 

4f, Ga 2p and P2p (Table 5.5¡Error! No se encuentra el origen de la referencia.). 

Table 5.5. XPS results of PtGa-PPh3. 

[a] Quantified by ICP-OES. [b] Quantified by XPS. 

 Pt 4f band, could be divided in Pt(IV)/Pt(II)/Pt(0)-ligand/Pt(0), observing 5 / 17 / 52 

/ 26. The Pt(0)-ligand could be related with the percentage of surface Pt atoms in 

nanoparticles of this size (1.4 nm) using the Van Hardeveld-Hartog (VHH) model,27 

as explained in Chapter 4. Ns was 75 and Nt was 112 obtaining a Ns/Nt ratio of 0.66. 

Therefore, it could be estimated that ca. 78% of the Pt in the surface could be 

accessible to the PPh3 species. Ga components revealed that Ga was in its metallic 

state forming PtGa alloys (56%), whereas the rest (44%) could be oxidized by 

accidental air exposition during sample treatment to form Ga2O3.  

P 2p band could be divided in P(III)-coord./ P(III) free/ P(V), observing 49 / 51 / 0. 

The value of coordinated PPh3 (49%) is in agreement with the value obtained for 

Pt(0)-ligand (52%), thus confirming the preferential interaction of PPh3 with Pt sites 

than with Ga sites. Furthermore, compared to the 78% of the Pt surface accessible 

to the covered by PPh3, we have measured that PPh3 covered only 49% of the Pt 

surface whereas the rest of the PPh3 remained in a second-coordination sphere 

interacting with PPh3-PtGa-NPs. In that case, the Ga/Pt molar ratio obtained by XPS 

 

Ga/Pt
[a]

 

(mol/m

ol) 

Ga/Pt
[b]

 

(mol/mol) 

Pt(IV)/Pt(II)/Pt(0)-

L/Pt(0) 

Ga(δ+) 

/Ga(0) 
P(III)coord/P(V)/P(III)free 

PtGa-PPh3 1.13 1.26 5 / 17 / 52 / 26 44 / 56 49 / 0 / 51 
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was 1.26. Comparing with ICP-OES, results indicated Ga segregation on the surface 

of the NP which could be related with the the presence of Ga2O3 on the surface. 

 

Figure 5.16. XPS deconvolutions of PtGa-PPh3. 

In conclusion, supported PtGa onto alumina (Al2O3 and Li-Al2O3) and colloidal PtGa 

samples were prepared by OPOA and characterized by distinct image and 

spectroscopic techniques. The results revealed the formation of small and well 

dispersed NPs probably composed by two distinct crystalline phases (Pt3Ga/Pt) with 

gallium oxides either on the surface of the NP or on the surface of the support. The 

presence of PPh3 ligand on the surface of the NP was evidenced by combination of 

EDS and XPS experiments.  
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5.2.1.2 NiSn OPOA 

A series of Ni based catalysts were prepared using Al2O3 and Li-Al2O3 as supports 

and NHC and PPh3 as stabilizing ligands. All the catalysts with nominal loadings of 2 

wt.% Ni and 3.75 wt.% Sn (Ni/Sn molar ratio 1/1), were produced using Ni(COD)2 

and SnBu4 as tin precursor  under 3 bar H2 for 40 h at 100⁰C (Scheme 5.10).  

 

Scheme 5.10. NiSn supported NPs by one-pot organometallic approach. 
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The mean size of the NPs was measured by HAADF-STEM (Figure 5.17). A large 

difference in NPs sizes was observed depending on the stabilizing agent and the 

alumina support. The heterocyclic carbene (NHC) did not stabilize the resulting NPs 

since their mean size was ca. 7-12 nm. When PPh3 was used as a stabilizer, large 

NPs were obtained only when LiAl2O3 was used as the support (9-13 nm). In 

contrast, small and well-dispersed NPs (1.1-1.7 nm) were obtained when Al2O3 was 

used. 

 

Figure 5.17. HAADF images of (a) NiSn-PPh3@Al2O3, (b) NiSn-PPh3@LiAl2O3 and (c) NiSn-NHC@Al2O3 
and its size distribution histograms. 

These three catalysts were characterized by STEM-EDS mapping (Figure 5.18). 

When PPh3 was used, P was detected especially in the regions of the Ni-NPs but 

also in the support region, and Sn showed similar distribution. On the other hand, 

when NHC was used, the N atoms of the carbene were not detected, suggesting 

that NHC does not stabilize only the Ni-NPs but interacts with the support. Sn was 

detected on the Ni-NPs. The average weight percentage of the metals found in the 

surface agreed with values obtained by ICP-OES (Table 5.6). 
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Figure 5.18. STEM-EDS mapping of (a) NiSn-PPh3@Al2O3, (b) NiSn-PPh3@LiAl2O3 and (c) NiSn-
NHC@Al2O3 and its element distribution. 

Table 5.6. EDS and ICP-OES metal loadings comparison of NiSn supported catalysts. 

 EDS ICP 

 
Average 
Ni (wt.%) 

Average Sn 
(wt.%) 

Ni(wt.%) Sn(wt.%) 

NiSn-PPh3@Al2O3 1.88 1.78 2.15 1.50 

NiSn-PPh3@LiAl2O3 1.62 1.25 1.96 1.55 

NiSn-NHC@Al2O3 1.26 0.25 1.87 0.25 
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XPS analysis was performed to determine the atomic composition and oxidation 

state of Ni and Sn. The typical reported band for Ni is the 2p, with two peaks at Ni 

2p5/2 and Ni 2p3/2 described at binding energies of 852.8 and 870.1 eV for Ni(0).28 

For Sn, the 3d bands were used (Sn3d5/2 and Sn3d3/2).29 The binding energies and 

components used are detailed in Table 5.7. 

Table 5.7. Deconvolution binding energies used in CASAXPS for Ni and Sn in supported catalysts. 

 Ni 2p5/2 Ni 2p3/2 

Ni (0) 852.8 eV 870.1 eV 

Ni (II/IV) 853.7 eV 871.0 eV 

   

 Sn3d5/2 Sn3d3/2 

Sn (0) 485.2 eV 493.9 eV 

Sn (II)  486.4 eV 494.8 eV 

Sn (IV) 487.2 eV 495.2 eV 

 

Results of XPS measurements for NiSn-PPh3@Al2O3 and NiSn-PPh3@LiAl2O3 are 

listed in Table 5.8 and the deconvolutions are showed in Figure 5.19. The Ni 

composition was practically the same for both catalysts with the oxidized Ni as main 

species (67-70%). This indicated that oxidation could have taken place during the 

measurements. 

Regarding Sn, when the Al2O3 was used, the Sn was in its most oxidized form Sn (IV) 

(91%) and only 9% was found in Sn (0). However, when the LiAl2O3 was used as the 

support, the Sn components were 55% of Sn (IV), 16 % Sn (II) and 29% Sn (0). This 

behavior is in agreement with those previously observed in the literature an in this 

thesis, i.e., the treatment with the lithium salts reduced the content of acidic 

protons of the alumina support, and then, the catalyst prepared using Li-Al2O3 

displayed higher proportion of Sn interacting with the Pt forming alloys (Sn(0) 

species) and lower proportion of Sn interacting with the alumina support (Sn (δ+) 

species). 
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Table 5.8. XPS characterization of NiSn-PPh3@Al2O3 and NiSn-PPh3@LiAl2O3. 

Catalyst 
Sn/Ni 

(mol/mol)
 [a]

 

Sn/Ni  

(mol/mol)
 [b]

 

XPS 

Ni(II,IV)/Ni(0) 

XPS 

Sn(IV)/Sn(II)/Sn(0) 

NiSn-PPh3@Al2O3 0.34 0.24 70 / 30  91 / 0 / 9  

NiSn-PPh3@LiAl2O3 0.39 0.53 67 / 33   55 / 16 / 29  

[a] Quantified by ICP-OES. [b] Quantified by XPS. 

 

Figure 5.19. XPS deconvolutions of NiSn-PPh3@Al2O3 and NiSn-PPh3@LiAl2O3. 

XPS measurements did not reveal any information about the P (P2p band) probably 

because the P content is below the detection limit. However, the presence of 
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phosphorus on the surface of the NPs was previously evidenced by EDS (as 

mentioned above). Attempts to prepare NiSn colloidal model samples to obtain 

further evidence on the whereabouts of PPh3 on the Ni-surfaces resulted in very 

low yields, hampering their characterization. 

In conclusion, supported NiSn onto aluminas (Al2O3 and Li-Al2O3) were prepared by 

OPOA and characterized by microscopic and spectroscopic techniques. The results 

revealed the formation of medium to large NPs probably composed by two distinct 

crystalline phases (NiSn/Ni). The rest of the tin to attain the composition 

determined by ICP is present as tin oxides either on the surface of the NP or on the 

surface of the support. The presence of PPh3 ligand on the surface of the NP has 

been observed by EDS mapping and suggested the presence of PPh3 during the NiSn 

nanoparticle synthesis controlled the NP mean diameter and Sn/Ni molar ratios. 

This behavior could be ascribed to the PPh3 interaction with the Ni-sites an alumina-

acid-sites which has an effect in the Sn-precursor decomposition during the 

nanoparticle synthesis.).   

5.2.1.3 Mixed approach SOMC-OPOA 

5.2.1.3.1 PtGa SOMC-OPOA 

Bimetallic PtGa NPs were also prepared by a mixed approach consisting in 

preparing (1) supported Pt-NPs by the one-pot organometallic approach (OPOA) 

and (2) selective deposition of Ga(isobutyl)3, onto the supported Pt-NPs, using the 

SOMC approach (Scheme 5.11).  

Initially, the monometallic Pt supported NPs were synthesized with a 2 wt.% Pt 

(theoretical nominal value), with or without 0.2 equivalents of PPh3 (0.2 mol PPh3/ 

mol Pt). The catalysts were synthesized using Li(0.45)Al2O3 as the support. First, the 

monometallic catalysts were prepared: Pt@LiAl2O3 and Pt-PPh3@LiAl2O3. After a 

reduction step with pure H2 at 500⁰ C overnight to generate the Pt-hydride species 

on the NP surfaces, the SOMC technique was applied for the selective deposition 
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of Ga on the hydride covered Pt-NPs. A theoretical molar ratio of Ga/Pt (mol/mol) 

of 0.7 was targeted. Next, the mixture was left overnight at 80 ⁰C with 500 mbar of 

H2 for the hydrogenolysis of the grafted organometallic species and formation of 

PtGa catalysts: PtGaSOMC@LiAl2O3 and PtGaSOMC-PPh3@LiAl2O3. 

 

Scheme 5.11. Mixed approach using OPOA-SOMC to obtain PtM’SOMC-L@Support, where M’ = Sn, 
Ga; L = none, PPh3 and Support = Li-Al2O3.  

The mean size NPs were measured by TEM or HAADF (Figure 5.20). The presence 

of the PPh3 resulted in smaller NPs (1.8-2.5 nm) than without ligand (3.0-4.7 nm). 

When the catalysts were reduced under pure H2 at 550⁰ C, both samples increased 

in size, although the growth was less evident for the catalysts bearing PPh3. 
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Figure 5.20. TEM images of (a) PtGaSOMC@LiAl2O3 and (b) Reduced PtGaSOMC@LiAl2O3 and its size 
distribution histograms. HAADF images of (c) PtGaSOMC-PPh3@LiAl2O3 and (d) Reduced PtGaSOMC-
PPh3@LiAl2O3 and its size distribution histograms. 

ICP-OES analyses revealed a lower Pt content than the theoretical value (1.3-1.4 

wt.% Pt). Regarding Ga, a higher content was measured in the absence of PPh3 

(Table 5.9). This behavior suggests, as mentioned above, that the PPh3 coordinated 
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to the Pt-surface blocks the access of the Ga atoms thus resulting in lower Pt3Ga 

alloy formation.  

Table 5.9. Catalyst characterization of PtGa supported catalysts synthesized by OPOA-SOMC. 

Catalyst 
Pt

[a]
 

(wt.%) 

Ga
[a]

 

(wt.%) 

Ga/Pt
[a]

 

(mol) 

NPs size (nm)
 

[b]
 

PtGaSOMC@Li(0.45)Al
2
O

3
 1.41 2.92 5.82 3.88 ± 0.82 

RED PtGaSOMC@Li(0.45)Al
2
O

3
 1.41 2.92 5.82 5.02 ± 1.62 

PtGaSOMC-PPh3@Li(0.45)Al
2
O

3
 1.30 1.09 2.33 2.18 ± 0.36 

Red PtGaSOMC-PPh3@Li(0.45)Al
2
O

3
 1.30 1.09 2.33 2.59 ± 0.65 

[a] Quantified by ICP-OES analysis; [b] Obtained through TEM analyses and measuring more than 200 

nanoparticles, NP sizes are quoted as the mean diameter ± the standard deviation.  

STEM-EDS mappings of PtGaSOMC-PPh3@Al2O3 and reduced-PtGaSOMC-PPh3@Al2O3 

(Figure 5.21) showed the selective Ga distribution onto the Pt-NPs using the SOMC 

approach. Compared to the organometallic approach, the SOMC approach is more 

selective, grafting the Ga atoms onto the NP surface rather than on the alumina-

based support. 

XRD analysis revealed that all catalysts exhibit main diffraction peaks at 2θ = 37°, 

45.9° and 66.9°, corresponding to the bare support γ-Al2O3 phase. This suggested 

that the structure of the support remains unaltered and that the PtGa NPs are small 

and well dispersed, in agreement with HAADF-STEM observations and previous 

reports.30,31,32 
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Figure 5.21. STEM-EDS mappings of (a)PtGaSOMC-PPh3@Al2O3 and (b) reduced PtGaSOMC-PPh3@Al2O3. 

XPS measurements of fresh and reduced PtGa-PPh3@Li(0.45)Al
2
O

3 
catalysts were 

performed and results are listed in Table 5.10¡Error! No se encuentra el origen de 

la referencia., and the deconvolutions displayed in ¡Error! No se encuentra el 

origen de la referencia..  

Table 5.10. XPS results for PtGa-PPh3@LiAl2O3 fresh and reduced catalysts. 

  XPS 

Catalyst Ga/Pt
[a]

 

(mol) 

Ga/Pt
[b]

 

(mol) 
Pt(IV,II)/Pt(0) 

Ga(δ+) 

/Ga(0) 

PtGa-PPh3@Li(0.45)Al
2
O

3
 2.33 3.4 12 / 88 0 / 100 

Red PtGa-PPh3@Li(0.45)Al
2
O

3
 2.33 7.3 17 / 83 37 / 63 

[a] Quantified by ICP-OES analysis; [b] Quantified by XPS analysis. 
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Figure 5.22. XPS values of PtGa-PPh3@Li(0.45)Al
2
O

3 
fresh and reduced catalysts. 

Concerning the Pt composition, the Pt (0) relative amount is almost the same in the 

reduced sample, thus suggesting that either these PtGa species required harsh 

conditions for their reduction or that the gallium incorporation in the PtGa alloy 

makes the Pt more electron-deficient (higher BE).  

UNIVERSITAT ROVIRA I VIRGILI 
INNOVATIVE NANOCATALYSTS FOR SUSTAINABLE NON-OXIDATIVE DEHYDROGENATION OF PROPANE 
Laia Gil Jiménez



                                                    Alternative metals for PDH using SOMC-OPOA    
 

- 229 - 
 

Regarding Ga composition, the behavior previously described for the PtGa catalyst 

prepared by OPOA was again observed, but more drastically since the thermal 

treatment under hydrogen flow resulted in the evolution of the fully reduced Ga 

species (100% Ga (0) component) to a mixture of two gallium species in a ratio (63% 

Ga (0) and 37 % Ga (0) for the reduced catalyst). Ga (0) was in its metallic state 

forming PtGa alloys (63%), whereas the rest (37%) could be oxidized by oxygen to 

Ga2O3 during sample treatment. The oxidation of these gallium species is in 

agreement with the reported redox potentials for the gallium pairs (E Ga3+/Ga2+ and 

E Ga2+/Ga0 of -0.65 and –0.45 V, respectively) respect to the potentials of the oxygen 

(E O2/H2O is + 1.23 V) and proton (E H+/H2 is 0 V), and so, the gallium oxidation is 

favored in presence of moisture (oxygen and protons).  

No signals coming from P 2p orbitals either from PPh3 or any other P species 

resulting from the thermal treatment at 500 ⁰C carried out for the generation of 

the hydrides-Pt before the reaction with the gallium precursor by the SOMC 

approach. 

Concerning the Ga/Pt (mol/mol) ratio calculated by XPS, it was much higher than 

that of ICP-OES, therefore indicating Ga segregation at the surface of the catalyst.  

In conclusion, supported PtGa catalysts onto Li-Al2O3 were prepared by a 

combination of the approaches, i.e., preparation of supported Pt-NPs stabilized by 

PPh3 using OPOA and selective surface modification of the Pt-NPs SOMC by Ga. 

These catalysts were characterized by microscopic and spectroscopic techniques. 

The results revealed the formation of small and well dispersed NPs probably 

composed by two distinct crystalline phases (Pt3Ga/Pt) with some amounts of 

gallium oxides on the surface of the NP or on the surface of the support. In contrast 

to the other samples, the PPh3 ligand has been removed during the thermal 

treatment for the preparation of the Pt-hydrides. 
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5.2.1.3.1 PtSn SOMC-OPOA 

The PtSn supported catalysts were synthesized via the mixed OPOA-SOMC 

approach. The catalysts with a Pt theoretical nominal value of 2% wt. were 

synthesized using Al2O3 as the support and, with and without PPh3 as stabilizing 

agent. First, the monometallic catalysts Pt@Al2O3 and Pt-PPh3@Al2O3 were 

prepared via OPOA. Next, these materials were isolated and thermal treatments at 

500⁰ C under hydrogen flow were carried out to generate the Pt-H species. Later, 

the SOMC approach was applied for the selective deposition of Sn using SnBu4 as 

promoter. A theoretical ratio of Sn/Pt (mol/mol) of 0.7 was targeted. The mixture 

was left at 80 ⁰C overnight with 500 mbar of H2 for the hydrogenolysis of the grafted 

organometallic species and formation of PtSn catalysts: PtSnSOMC@Al2O3 and 

PtSnSOMC-PPh3@Al2O3. A scheme of the procedure followed to prepare PtSnSOMC-

PPh3@Al2O3 is showed in Figure 5.23 . 

 

Figure 5.23.  Preparation of PtSnSOMC-PPh3@Al2O3 using the OPOA-SOMC mixed approach. First, Pt-
PPh3@Al2O3 using OPOA approach were prepared. After a reduction step, the Sn was grafted using 
SOMC/M approach using SnBu4 precursor followed by a reduction with H2.  

The mean size NPs were measured by TEM or HAADF (Figure 5.24). The presence 

of the PPh3 resulted in smaller NPs (1.5-1.7 nm) than without ligand (2.0-3.0 nm). 

When the catalysts were reduced under pure H2 at 550⁰ C, both samples increased 

in size, however the growth was less evident for the catalysts bearing PPh3. 
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Figure 5.24. HAADF images of (a) PtSnSOMC@Al2O3, (b) Red-PtSnSOMC@Al2O3, (c) PtSnSOMC-PPh3@Al2O3 
and (d) Red- PtSnSOMC-PPh3@Al2O3 and its size distribution histograms. 

Concerning the characterization, ICP-OES analyses revealed a Pt loading of 1.3-

1.4wt.% Pt. Rregarding Sn, when no PPh3 was added, a lower Sn loading was 

measured in the catalyst (Table 5.11). Since the thermal treatment under hydrogen 

flow was carried out a temperature much higher than the decomposition 
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temperature of the PPh3, this behavior suggests that in this case, the control on the 

decomposition of the tin precursor is an indirect effect of the ligand caused by the 

tuning of the support acid-basic properties by the ligand PPh3 itself or the PPh3 

decomposition products (i.e., H3PO4).    

Table 5.11. Characterization of PtSn catalysts by SOMC-OPOA approach. 

Catalyst Pt (wt. %)
[a]

 Sn (wt. %)
[a]

 Sn/Pt
[a]

 (mol) NPs size (nm)
[b]

 

PtSn@Al
2
O

3
 1.29 0.55 0.70 2.36 ± 0.44 

Red PtSn@Al
2
O

3
 1.29 0.55 0.70 3.19 ± 1.13 

PtSn-PPh3@Al
2
O

3
 1.21 0.79 1.07 1.53 ± 0.35 

Red PtSn-PPh3@Al
2
O

3
 1.21 0.79 1.07 1.72 ± 0.44 

[a] Quantified by ICP-OES analysis; [b] Obtained through TEM analyses and measuring more than 200 

nanoparticles, NP sizes are quoted as the mean diameter ± the standard deviation.  

XRD analysis revealed the patterns of all catalysts exhibit main peaks at 2θ = 37°, 

45.9° and 66.9° corresponding to the bare support γ-Al2O3 phase. This again 

suggested that the structure of the support remains unaltered, and that the Pt NPs 

are well dispersed. (JCPDS 01-080-0956).33 No other diffraction peaks were 

observed, suggesting that the PtSn NPs are well dispersed onto the surface of the 

support and as well possessing a very small size, in agreement with HAADF-STEM 

observations and previous reports.30,31,32 

STEM-EDS mappings of freshly synthesized PtSnSOMC@Al2O3 and PtSnSOMC-

PPh3@Al2O3 (Figure 5.25) showed the selective Sn distribution onto the Pt-NPs 

using the SOMC approach. Compared to the organometallic approach, the SOMC 

approach is more selective for the grafting of the Sn atoms onto the NP surface 

rather than on the alumina-based support. Nevertheless, although the fresh 

PtSnSOMC-PPh3@Al2O3 catalyst was stabilized with PPh3, no P was detected by EDS. 
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However, since a reduction step is carried out before the grafting the Sn by SOMC, 

our hypothesis is that PPh3 is burned and removed. 

 

Figure 5.25. STEM EDS-mapping images of freshly synthesized catalysts(a) PtSnSOMC@Al2O3 and (b) 
PtSnSOMC-PPh3@Al2O3 and its element distribution. 

XRD analysis of all catalysts again revealed the patterns corresponding to the 

support γ-Al2O3 phase. This suggested that the structure of the support remained 

unaltered, and that the Pt NPs are well dispersed. (JCPDS 01-080-0956).33 No other 

diffraction peaks were observed, suggesting that the PtSn NPs are well dispersed 

onto the surface of the support and as well possess a very small size, in agreement 

with HAADF-STEM observations and previous reports.30,31,32 

The freshly prepared and reduced PtSn@Al
2
O

3 
catalyst was analyzed by XPS to 

investigate the atomic composition and oxidation state of each element (Figure 

5.26 and Table 5.12). The characteristic peak Pt 4f could not be analyzed due to 

overlapping with the Al 2p peak, and therefore Pt 4d band was used for Pt analysis 

and 3d band for Sn.  
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Figure 5.26. XPS deconvolutions of PtSn OPOA-SOMC catalysts. 

Table 5.12. XPS results of PtSn OPOA-SOMC catalysts. 

  XPS 

Catalyst Sn/Pt
[a]

 

(mol) 

Sn/Pt
[b]

 

(mol) 
Pt(IV,II)/Pt(0) Sn(IV)/Sn(II)/Sn(0) 

PtSnSOMC@Al
2
O

3
 1.29 1.1 14 / 86 70 / 10 / 20 

Red PtSnSOMC@Al
2
O

3
 1.29 1.5 19 / 81 75 / 14 / 10 

[a] Quantified by ICP-OES. [b] Quantified by XPS. 
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Concerning the Pt composition, the Pt(0) relative amount is almost the same in the 

reduced sample, thus suggesting that these PtSn species required harsh conditions 

for its reduction or either that the tin incorporation in the PtSn alloy makes the Pt 

more electron-deficient (higher BE).  

Regarding the Sn composition, the previously observed behavior for the PtSn 

catalyst prepared by OPOA was again observed and the thermal treatment under 

hydrogen flow resulted in only slight variation of the Sn species on the support of 

the catalyst surface, with Sn in low oxidation states (Sn (0)) incorporated in the PtSn 

alloy structure and the Sn in higher oxidation state (Sn (δ+)) on the support surface 

or as tin aluminates (i.e., SnAl2O4 or SnAlO3).  

The presence of such Sn species on the surface of the PtSn/Al2O3 catalyst has been 

previously reported in the literature and there is a debate on the importance of the 

chemical states of Sn.34,35,36  

No signals coming from P 2p orbitals either from PPh3 or any other P species were 

detected. 

Additionally, another mixed approach consisting of an extra step of impregnation 

was performed and consisted in 3 steps: (i) preparation of the colloidal ligand 

capped Pt-L-NPs by the organometallic approach (OA), ii) impregnation onto the 

corresponding support with the freshly synthesized crude Pt-L-NPs, washing and 

reduction of the monometallic catalyst and finally (iii) selective deposition of the Sn 

promoter using the SOMC approach (Figure 5.27).  

First, small PPh3 capped Pt NPs (Pt-PPh3-NPs) were synthesized via organometallic 

approach. The molar ratio between Pt and the ligand was the same as in the 

supported samples studied before, 1:0.2 (Pt/PPh3). The colloidal NPs exhibited a 

mean size of 1.98 ± 0.31 nm with 62.37 wt. % of Pt and 3.57 % of P (Pt/P molar ratio 

17.4) (Figure 5.28 a). 
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Figure 5.27. Preparation of PtimpSnSOMC-PPh3@Al2O3 using the OPOA-Imp-SOMC mixed approach. 
First, Pt-PPh3 using OPOA approach were prepared. Then, they were impregnated and reduced under 
H2. Finally, the Sn was grafted using SOMC/M approach using SnBu4 precursor followed by a reduction 
with H2.  

Consecutively, a solution of the NPs was added (to reach 2wt.% Pt) onto the desired 

support (Al2O3 or LiAl2O3) and stirred during 72h. When alumina was used as the 

support, most of the NPs remained unsupported. In contrast, when lithiated 

alumina was used, the Pt-NPs were efficiently immobilized. The PtImp-PPh3@LiAl2O3 

catalyst was analyzed by TEM and the mean size of the particle was 1.31 ± 0.23 nm 

(Figure 5.28, c), thus smaller than the colloidal Pt on alumina (PtImp-PPh3@Al2O3), 

that presented a mean size of 2.64 ± 0.37 nm (Figure 5.28, b).  

The elemental analysis of the colloidal sample revealed contents of Pt 62.37 % wt 

and P 3.57 %, with Pt/P ratio of 17.4. When the NPs were impregnated onto alumina 

and lithiated alumina, the Pt contents were respectively 0.53 and 0.71 wt % (vs. a 
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nominal value of 2 wt. % Pt), and the P contents were 0.04 and 0.06 wt.%, displaying 

lower element contents than expected. It seems that Ostwald ripening was 

occurring to the NPs. Regarding the latter catalyst (PtImp-PPh3@LiAl2O3), a possible 

explanation to obtain a lower mean size than the corresponding colloidal NP could 

be the leaching phenomena previously reported for Pd NPs.37 The ligands could 

coordinate the metallic nanoparticle and form a molecular homogeneous complex. 

This could explain the diminution of the mean size. Moreover, this fact was 

reported as well for supported PdNPs/C for catalyzed Suzuki couplings.38 Even 

though the low Pt content, the Sn was deposited using SOMC and tested in the PDH 

reaction. 

  

Figure 5.28. TEM images of the mixed OPOA-Imp-SOMC approach. a) Colloidal NPs (Pt-PPh3) 
impregnated onto b) Al2O3 or c) on LiAl2O3. 

 In conclusion, TEM and ICP analyses suggested that impregnation processes were 

not effective using these alumina support (Al2O3 or Li-Al2O3) since only a small 

amount of Pt-NP were immobilized. This could be explained by the small pore neck 

mean diameters that hinder the diffusion of the Pt-NPs to the interior of the pores 

of the supports and the Pt-NPs were attached only on the more external layers of 

the alumina by weak interactions between the Pt-NP and the support. In view of 
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the low Pt content obtained, Sn addition by SOMC was performed and performance 

in PDH was evaluated.  

5.2.2 Catalytic evaluation in PDH  

Unless stated differently, the PDH catalytic tests were carried out inside a stainless-

steel fixed bed reactor at 530 ⁰C and 1 bar (a) of pressure, using a Gas Hourly Space 

Velocity (GHSV) of 15.000 mL·g-1·h-1, 25 mg of catalysts dispersed in SiC and the feed 

gases applied where 3 C3H8 / 1 H2 / 21 Ar (expressed in mL/min). In the Experimental 

section of the present chapter, all the details and how conversion and selectivity 

values were obtained is detailed. 

5.2.2.1 PDH of PtGa (OPOA) 

(1) Effect of Ga precursor. 

First, the catalysts supported on Al2O3 and prepared by OPOA using the Ga 

precursors Ga(Me)3 and Ga(isobutyl)3 without any stabilizing agent were tested in 

PDH reaction (Figure 5.29).  

 

Figure 5.29. Propane conversion of PtGa@Al2O3 by OPOA changing the Ga precursor: Ga(Me)3 (red 
line) or Ga(isobutyl)3 (blue line) and its selectivity’s in PDH reaction. 
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A significant difference in propane conversion was observed since when Ga(Me)3 

was used as the Ga precursor. The initial conversion was 20% and after 10 h (600 

min) of TOS, it decreased to 13%, whereas when Ga(isobutyl)3 was used, the initial 

propane conversion was 12.4% and after 10 h it was only 7%. On the other hand, 

both catalysts were highly selective toward propylene with a constant selectivity of 

99.9 %. The higher activity obtained with PtGa(Ga(Me)3)/Al2O3 could be explained 

by the smaller size of the particles in this catalyst and higher Ga/Pt ratio than that 

of the catalyst prepared using Ga(isobutyl)3. The optimum Ga loading seems higher 

than those previously reported for related PtGa/Al2O3 systems (around  ≤ 

0.44wt.%Ga),3 probably because the synthetic approach is different and results in 

distinct distribution of the catalytic active species on the support. 

(2) Effect of PPh3. 

The effect of triphenylphosphine (PPh3) was evaluated using catalysts prepared 

using Ga(Me)3 as precursor and Al2O3 as a support (PtGa/Al2O3 and PtGa-

PPh3/Al2O3) in PDH reaction (Figure 5.30).  

 

Figure 5.30. Propane conversion of PtGa@Al2O3 by OPOA effect of ligand: no ligand (red line) or 
PPh3 (green line) and its selectivity’s in PDH reaction. 
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No significant difference in propane conversion was observed (20-23%). In terms of 

selectivity, both catalysts provided excellent selectivity toward propylene of 99.9%. 

Therefore, the difference in the crystalline phases observed with different 

proportions of the Pt3Ga alloy/Pt seems to result in only a very small effect on the 

catalytic activity, i.e., the PtGa-PPh3@Al2O3 displayed higher proportion of Pt-phase 

and this could be the cause of the higher activity. In conclusion, PPh3 does not have 

a significant effect. 

(3) Effect of support. 

The effect of the support was evaluated via the testing of the PtGa stabilized with 

PPh3 prepared by OPOA supported on bare alumina and on lithiated alumina in the 

PDH reaction (PtGa-PPh3/Al2O3 and PtGa-PPh3/Li-Al2O3) (Figure 5.31).  

 

Figure 5.31. Propane conversion of PtGa-PPh3@Support by OPOA effect of support: Al2O3 (green 
line) or Li(0.45)Al2O3 (purple line) and its selectivity’s in PDH reaction. 
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The propane conversion is higher at initial times when the Al2O3 is used (23%) vs. 

(16.5%) LiAl2O3. However, after 10 h, both provided the same conversion (13-14 %). 

Moreover, both showed excellent selectivity toward propylene (99.9%). These 

catalysts displayed similar NP size and Pt contents, but displayed different Ga/Pt 

molar ratios, i.e., the catalyst with the highest initial conversion displayed the 

lowest Ga/Pt ratio (0.46), whereas the catalyst with less variation in the conversion 

displayed higher Ga/Pt ratio (0.81). This is in agreement with the literature where 

the Ga/Pt ratio is described a key parameter for balancing between high initial 

conversions and stable catalytic performances. 39 

(4) Effect of Sn as a promoter. 

The effect of Sn as an additional promoter was evaluated in PDH reaction by 

comparison of the performance of PtGa-PPh3/Al2O3 and PtGaSn-PPh3/Al2O3 

reaction (Figure 5.32).  

 

Figure 5.32. Propane conversion of PtGa-PPh3@Al2O3 by OPOA effect of Sn as a promoter: no Sn 
(green line) or adding Sn (yellow line) and its selectivity’s in PDH reaction. 

The propane conversion was higher in the Sn free catalyst with 23% initially and 

13% after 10 h of catalysis. For the Sn containing catalyst, the initial conversion was 
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9.3% but barely decrease after 10 h (7.3%). These results indicated that the Sn 

addition as a second promoter improves the catalyst stability under these 

conditions but lower its activity, possibly due to a full coverage of the surface of the 

NP. Further studies regarding the dispersion of Pt should be performed. In terms of 

selectivity, no difference was observed, as both exhibited excellent selectivity 

(99.9%) to propylene.  

(5) Effect of CO2 in the feed. 

PtSn-PPh3/LiAl2O3 was evaluated in the presence of 200 ppm CO2 as a poison in the 

feed for PDH reaction (Figure 5.33).  

 

Figure 5.33. Propane conversion of PtGa-PPh3@Li(0.45)Al2O3 by OPOA effect CO2 as a poisoning in the 
feed: no CO2 (purple line) or with CO2 (grey line) and its selectivity’s in PDH reaction. 

The propane conversion (initially ca. 17% and 14% after 10 h of TOS) and the 

selectivity to propylene were barely affected by the presence of the CO2 poison 

throughout the experiment. It was therefore concluded that the PtGa-

PPh3@LiAl2O3 catalyst was stable in the presence of this poison and that its 

performance in PDH remained unaffected when using a CO2-containing feed. 
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(6) Scope of alkene feedstocks, butane and 1-butene dehydrogenation. 

To extend the scope of alkane/alkene feedstock, the PtGa-PPh3@Al2O3 catalyst was 

also evaluated in the butane and 1-butene dehydrogenation (Figure 5.34). Note 

that the equilibrium thermodynamic conversion using the reaction conditions: 

3C4:1H2:21 Ar at 530 ⁰C, and that the maximum theoretical conversion is 13.8%. The 

tested catalyst showed an initial conversion of 10% with a slow deactivation to 

5.6%. The butadiene selectivity was 77% at the beginning of the catalysis and 87% 

after 600 min. The hydrogenation product was the main side-reaction observed 

with a selectivity to butane of 16.5% initially and 7.1% after 600 min. This test 

proved that this catalyst is also valid for the butane dehydrogenation reactions. 

 

Figure 5.34. Butenes conversion and selectivity of PtGa-PPh3@Al2O3. 530 ⁰C, 60.000 mLtotal·gcat
-1·h-1 

using 3 C4:1H2:21 Ar. 

In conclusion, the performance of all PtGa catalysts prepared via OPOA was 

evaluated in the PDH reaction and the results are summarized in Table 5.13. 

Table 5.13. PtGa catalysts synthesized by the OPOA and its catalytic performance in PDH reaction. 

Entry Catalyst C3 conv. 0 
min 

C3 conv. 
600 min 

C3= Select. 
0 min. 

C3= Select. 
600 min. 

1 PtGa(Ga(isobutyl)
3
@Al

2
O

3
 12.4 7.0 99.9 99.9 

2 PtGa@Al
2
O

3
 20.0 13.0 99.9 99.9 

3 PtGa-PPh
3
@Al

2
O

3
 23.0 14.2 94.0 99.9 

4 PtGaSn-PPh
3
@Al

2
O

3
 9.3 7.3 99.9 99.9 

5 PtGa-PPh
3
@Li(0.45)Al

2
O

3
 16.5 14.0 99.9 99.9 

6 (CO
2
) PtGa-PPh

3
@Li(0.45)Al

2
O

3
 18.0 13.0 98.0 99.9 
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In general, these PtGa catalysts provided moderated-to-good conversions (up to 

23%) below the thermodynamic equilibrium conversion with excellent propylene 

selectivity (99.9%). Regarding the Ga precursor (entries 1 and 2, Table 5.13), GaMe3 

resulted in smaller PtGa-NPs, higher Pt loading and higher Ga/Pt molar ratios in 

comparison with Ga(isobutyl)3.  No significant effect was observed when PPh3 was 

added as stabilizer ((entries 2 and 3, Table 5.13). The effect of Sn as an additional 

promoter (entries 3 and 4, Table 5.13) showed and improved catalyst stability but 

lowered its activity, probably due to a full coverage of the surface of the NP and 

decreasing the Pt dispersion. The effect of the support provided the highest impact 

on the catalytic performance (entries 3 and 5, Table 5.13). When the alumina 

(Al2O3) was used, a higher initial conversion was obtained, whereas LiAl2O3 

displayed stable conversions. Poisoning by CO2 in the feed was studied using the 

latter catalysts (entries 5 and 6, Table 5.13) and the performance in PDH remained 

unaffected. 

The scope of the application of these catalysts has been explored by its successful 

application in the dehydrogenation of butane and 1-butene. 

5.2.2.2 PDH of NiSn (OPOA)  

For NiSn catalysts, slightly different PDH conditions were used. 400 mg of catalysts 

were used and the PDH reaction was performed at 540 ⁰C using a total flow of 5 

mL/min composed of 1 C3H8 and 4 Ar (mL/min). 

(1) Effect of ligand. 

Two ligands were used as stabilizing ligands for the NiSn-L@Al2O3, where L = PPh3 

or NHC-CO2 (Figure 5.35). The NiSn-NHC@Al2O3 catalyst displayed higher 

conversion than the thermodynamic equilibrium conversion because this catalyst 

was promoting cracking processes instead of the selective dehydrogenation of 

propane, and the main product produced was methane. In that case, it seems that 
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Ni is doing the hydrogenolysis, and that no alloyed was formed, in agreement with 

a big NPs size (ca. 11.8 nm). 

 

Figure 5.35. Propane conversion of NiSn-L@Al2O3 by OPOA effect of ligand(L): PPh3 (blue line) or 
NHC (red line) and its selectivity’s in PDH reaction. 

When NiSn-PPh3@Al2O3 was used, the propane conversion was very low but the 

selectivity was acceptable (ca. 75% to propylene). Here, the NiSn alloy could be 

formed as the NPs were small and dispersed (ca. 1.50 nm). Nevertheless, in the 

XRD, no information was obtained due to the low loadings of the metals. 

(2) Effect of support. 

The effect of the support was evaluated in PDH reaction using NiSn catalysts 

containing PPh3 as stabilizing ligand and supported on bare alumina vs. lithiated 

alumina (Figure 5.36). When the catalyst supported on LiAl2O3 was used, a higher 

initial conversion was obtained (ca. 5% vs 1%). Moreover, the propane conversion 

increased over time and reached 8-9% after 1000 min while the activity of the Al2O3-

supported catalyst remained unchanged. In contrast, a higher selectivity to 

propene was obtained with the latter catalyst (ca. 75%) while with the LiAl2O3 

supported catalyst, methane was the main reaction product throughout the 
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experiment.  The difference in activity between these catalysts could not be 

attributed to the size of the particles since the LiAl2O3 supported catalyst presented 

particle sizes much larger than the Al2O3 catalyst.  

 

Figure 5.36. Propane conversion of NiSn-L@Al2O3 by OPOA effect of ligand(L): PPh3 (blue line) or 
NHC (red line) and its selectivity’s in PDH reaction. 

In conclusion, the performance of NiSn catalysts prepared via OPOA in the propane 

dehydrogenation was evaluated (Table 5.14Table 5.13). The effect of the ligand 

(PPh3 and NHC) was tested using Al2O3 as support (entries 1 and 2, Table 5.14) and 

NHC was fomenting the hydrogenolysis reaction, whereas PPh3 displayed almost no 

conversion although the selectivity was acceptable for propylene. Then, the effect 

of using LiAl2O3 as a support was evaluated (entries 1 and 3, Table 5.14) and lead 

to higher conversion values. However, methane was the main reaction product.  

Table 5.14. NiSn catalysts synthesized by the OPOA and its catalytic performance in PDH reaction. 

Entry Catalyst C3 conv. 0 
min 

C3 conv. 
600 min 

C3= Select. 
0 min. 

C3= Select. 
600 min. 

1 NiSn-PPh
3
@Al

2
O

3
 1.0 1.0 71.0 75.0 

2 NiSn-NHC@Al
2
O

3
 0 31* 0 2 

3 NiSn-PPh
3
@Li(0.45)Al

2
O

3
 6.0 8.2 31.5 36.0 
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5.2.2.3 PDH of PtSn and PtGa (mixed approaches) 

PtSn SOMC-OPOA. 

(1) Effect of PPh3. 

The effect of the PPh3 as ligand was also studied for PtSn using the mixed approach 

SOMC-OPOA in PDH reaction (Figure 5.37). For both catalysts, the propane 

conversion was the same initially (ca. 17%) and 9% after 10 h of TOS, independently 

of the PPh3 presence. Regarding the selectivity, both presented a selectivity of 

99.9% towards propylene. Since OPOA-SOMC needs a reductive step once the Pt-

PPh3/Al2O3 NPs are grafted, it can be assumed that the PPh3 ligand was removed 

from the catalyst, explaining the similar behaviors of these materials. This behavior 

is contradictory to the one observed for the catalysts prepared by pure OPOA and 

SOMC approaches 

 

Figure 5.37. Propane conversion of PtSn@Al2O3 by SOMC-OPOA effect of PPh3: presence of PPh3 

(green line) or without ligand (purple line) and its selectivity’s in PDH reaction. 
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(2) Effect of impregnation step. 

The effect of another mixed methodology including the impregnation the colloidal 

Pt-PPh3 (OPOA) and then Sn deposition using SOMC was also evaluated in the PDH 

reaction (Figure 5.38). The propane conversion was much higher when SOMC-

OPOA methodology was used for the catalyst preparation, starting at ca. 18% and 

9% after 10 h of TOS. When an extra impregnation step was added, the initial 

conversion was 2.6% and only 1.5% after 10 h of TOS. Regarding the selectivity of 

the reaction, both catalysts showed excellent propylene selectivity of 99.9%. As 

previously discussed in the synthesis and characterization section, when the 

impregnation step is used, TEM analysis indicated that most NPs remained outside 

of the support. Therefore, the Pt loading was much lower than expected. However, 

the catalyst was stable under PDH conditions since the propane conversion 

remained constant throughout the catalytic test.  

 

Figure 5.38. Propane conversion of PtSn@Al2O3 by SOMC-OPOA or by OPOA-Imp-SOMC: SOMC-OPOA 
(green line) or OPOA-Imp-SOMC (black line) and its selectivity’s in PDH reaction. 
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In conclusion, the PtSn catalyst prepared by combination of OPOA and SOMC 

approaches in the PDH reaction were evaluated. Our initial idea was to combine 

the advantages of both methodologies, i.e., OPOA excellent control on the Pt-NP 

formation and SOMC outstanding control on the Sn-selective reaction with the Pt-

H of the NP. However, for the PtSn catalyst supported onto alumina, the 

combination of approaches seems to provide much less efficient catalysts than 

those obtained by pure OPOA and SOMC approaches. As displayed in Table 5.15, 

the presence of PPh3 seems not to have any effect (entries 1 and 2). Moreover, the 

effect of an extra impregnation step in the OPOA-SOMC methodology (OPOA-Imp-

SOMC) was studied (entry 3). However, poor propane conversions were obtained 

(2.6%). Their selectivity was 99% to propylene.  

Table 5.15. PtSn catalysts synthesized by SOMC-OPOA and SOMC-Imp-OPOA and its catalytic 
performance in PDH reaction. 

Entry Catalyst C3 conv. 0 
min 

C3 conv. 
600 min 

C3= Select. 
0 min. 

C3= Select. 
600 min. 

1 PtSn@Al
2
O

3
 16.0 9.0 98.0 99.9 

2 PtSn-PPh3@Al
2
O

3
 18.0 9.0 98.0 99.9 

3 PtimpSn-PPh3@Al
2
O

3
 2.6 1.5 99.9 99.9 

 

PtGa SOMC-OPOA. 

(1) Indirect effect of PPh3. 

The effect of the PPh3 as ligand was also studied for PtGa catalysts using the mixed 

approach SOMC-OPOA in PDH reaction (Figure 5.39). Initially the propane 

conversion was a little bit higher when no ligand was used (9% vs. 6%).  However, 

at TOS > 200 min, both catalysts provided the same conversion (5-6%). In contrast, 

both presented selectivity of 99.9% towards propylene. Once again, the reductive 

step required for the OPOA-SOMC methodology can explain that both catalysts 

have the same behavior since the PPh3 ligand was removed/decomposed during 

this step. Regarding the NPs size, PtGa/Al2O3 displayed larger NPs than PtGa-
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PPh3/Al2O3 and the Ga/Pt molar ratios (PtGa/Al2O3 displayed higher Ga/Pt molar 

ratios than PtGa-PPh3/Al2O3). This behavior is contradictory to the behavior 

observed so far for the catalyst prepared by pure OPOA approach, but maybe, it is 

only an apparent effect since the conversions achieved by the combination of 

approaches are much lower than those achieved by the catalyst prepared by pure 

OPOA approach. 

 

Figure 5.39. Propane conversion of PtGa@Li(0.45)Al2O3 by SOMC-OPOA effect of PPh3 : presence of 
PPh3 (green line) or without ligand (orange line) and its selectivity’s in PDH reaction. 

 

Table 5.16. PtGa catalysts synthesized by SOMC-OPOA and its catalytic performance in PDH. 

Entry Catalyst C3 conv. 0 
min 

C3 conv. 
600 min 

C3= Select. 
0 min. 

C3= Select. 
600 min. 

1 PtGa@Li(0.45)Al
2
O

3
 9.0 5.0 99.9 99.9 

2 PtGa-PPh3@Li(0.45)Al
2
O

3
 6.0 6.0 99.9 99.9 

 

In conclusion, the PtGa catalysts prepared by combination of OPOA and SOMC 

approaches in the PDH reaction were evaluated. The idea was to combine the 
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advantages of both methodologies, i.e., OPOA excellent control on the Pt-NP 

formation and SOMC outstanding control on the Sn-selective reaction with the Pt-

H of the NP. However, for the PtGa catalyst supported onto alumina (Table 5.16), 

the combination of approaches seems provide much less efficient catalyst than the 

pure OPOA approach.  

5.3 Conclusions 

The one-pot organometallic approach (OPOA) was used for the first time in the 

preparation of PtGa and NiSn based catalysts in the propane dehydrogenation 

reaction. Moreover, a novel approach combining OPOA and SOMC was used to 

prepare PtSn and PtGa catalysts. OPOA provided an excellent control on the Pt-NP 

formation and SOMC and outstanding control on the Sn or Ga selective reaction 

with the Pt-hydrides of the NPs. The as-prepared catalysts were characterized by 

combination of microscopic and spectroscopic techniques providing information on 

the NP dimensions, catalysts compositions, crystalline phase, and oxidation state 

of the surface elements. The efficiency of these catalysts in the PDH reaction was 

evaluated. 

Concerning PtGa OPOA catalysts: 

•  Characterization of supported and colloidal (PtGa and PtGa-PPh3) catalysts 

revealed the formation of small and well-dispersed NPs probably composed by 

two distinct crystalline phases: Pt3Ga alloy and Pt. The rest of the Ga was 

proposed to be present as gallium oxide either on the surface of the NP or the 

support.  

• The presence of the PPh3 ligand on the NPs was observed by EDS and XPS 

experiments. Different Ga/Pt molar ratios were obtained. PtGa-PPh3 

nanoparticle displayed higher Ga/Pt ratios than PtGa. This behavior could be 

explained as: (1) the PPh3 coordination and blockage of the Pt-sites avoiding 

the interaction with the Ga precursor during the NP synthesis. Thus, reducing 

UNIVERSITAT ROVIRA I VIRGILI 
INNOVATIVE NANOCATALYSTS FOR SUSTAINABLE NON-OXIDATIVE DEHYDROGENATION OF PROPANE 
Laia Gil Jiménez



                          Chapter 5 
 

- 252 - 
 

5 

the final Pt3Ga alloy; or that (2) the decomposition of the Ga precursor is 

controlled by the PPh3, via a change in the support acid-basic properties.  

• The effect of Ga promoter was studied in PDH. The use of Ga(Me)3 as the Ga 

promoter provided higher conversions, with a higher Ga content in the catalyst.  

• The effect of PPh3 was studied, and XRD analyses indicated the presence of the 

Pt3Ga alloy in the analogous colloids. The most promising PtGa catalyst 

synthesized by OPOA was PtGa-PPh3@Al2O3 with an initial propane conversion 

of 23.0% that decreased to 14.2% after 10 h of TOS. Its selectivity to propylene 

started at 94% and increased to 99%. 

• The effect of Sn as a second modifier was studied, however its performance in 

PDH was lowered probably due to the Pt surface was covered by Sn. 

•  No effect of CO2 in the feed was observed during the catalytic tests.  

• Additionally, the scope of possible substrates was performed studying the 

dehydrogenation of a mixture of butane and 1-butane. Butadiene was obtained 

as the major product. This experiment suggested the wide scope other 

dehydrogenation reactions that could be studied using these catalysts. 

Regarding NiSn OPOA catalysts: 

• A ligand study was performed (PPh3 and NHC) using Al2O3 as the support. 

PPh3 ligand revealed to have a positive role in inhibiting the hydrogenolysis, 

therefore suggesting that a NiSn alloy species were formed. In contrast, 

NHC fomented the hydrogenolysis because the main product obtained was 

methane, and large NPs were obtained (>10nm). 

• The effect of using LiAl2O3 was evaluated, using PPh3, and revealed higher 

conversion values than that of Al2O3. However, methane was the main 

product obtained. The difference in the performance is still under study. 

For the OPOA-SOMC PtSn and PtGa catalysts: 
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• Supported PtSn and PtGa onto alumina or lithiated alumina, respectively, 

have been prepared by a combination of the approaches. The role of the 

ligand (no ligand or PPh3) was also explored.  These catalysts have been 

characterized by distinct image and spectroscopic techniques. The results 

revealed the formation of small and well dispersed NPs probably composed 

by two distinct crystalline phases (Pt3Ga/Pt and Pt3Sn/Pt) with some 

amounts of either gallium oxides or tin oxides on the surface of the NP or 

on the surface of the support. 

•  In contrast to the samples prepared by OPOA, the PPh3 ligand has been 

removed during the thermal treatment for the preparation of the Pt-

hydrides. 

• PtSn and PtGa catalyst were evaluated in PDH. For both PtSn and PtGa 

catalysts synthesized by the combination of approaches, provided much 

less efficient catalysts than the pure OPOA approach. 

 

5.4 Experimental Details 

5.4.1 General Methods. 

Tris(dibenzylideneacetone)diplatinum (Pt2(dba)3) was prepared adapting the 

reported procedure40 using potassium tetrachloroplatinate(II) (K2PtCl4, Johnson 

Matthey), dibenzylideneacetone (dba) and sodium acetate with metal trace levels 

(NaOAc), all of them from Sigma Aldrich, were purchased from commercial sources 

and used without further purification, unless stated differently. SnBu4, GaMe3, 

Ga(isobutyl)3, Ni(COD)2 and PPh3 were purchased from commercial sources and 

used without further purification. The imidazolium carboxylate (NHC-CO2) was 

prepared following reported procedures.41,42 Solvents (n-hexane, tetrahydrofuran 

and toluene) were dried under a NaK alloy and degassed by freeze-pump-thaw 

cycles prior use.  Gases were purchased from Air liquide. All experiments were 

carried out under controlled atmosphere, using Schlenk and glove box techniques 
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for organometallic synthesis. The synthesis and handling of supported species were 

carried out using high-vacuum lines (ca. 1 mPa) and glove boxes. Calcination of the 

supports and catalyst was performed using in-house produced furnaces (C2P2, CPE) 

with the following general conditions, 80 mL min-1 oxygen flow and 250-500 oC 

temperature for 16 h. The evolved gases during the grafting reaction were analyzed 

on a Hewlett-Packard 5890 series II gas chromatograph (GC), equipped with a flame 

ionization detector (FID) and an HP PLOT KCl/Al2O3 column (50 m × 0.32 mm). All 

the operations for the syntheses of ligand-capped nanoparticulated systems (either 

colloidal or supported) were carried out using standard Schlenk tubes, Fisher-Porter 

bottle techniques or in a glovebox under nitrogen atmosphere. 

5.4.2 Support pre-treatment. 

The corresponding preparation of Al2O3 and Li-Al2O3 was described in the 

experimental section of Chapter 3. 

5.4.3 Catalyst Preparation. 

5.4.3.1 PtGa OPOA 

To prepare the  bimetallic PtGa-NPs ligand capped (L), Pt-(2 wt.%)/Ga-(1 wt.%)-NPs 

supported onto Al2O3 (PtGa-L@Al2O3), the platinum precursor (i.e., for Pt2dba3, 

0.274 mmol, 150 mg), gallium precursor (i.e., for GaMe3, 0.274 mmol, 37.5 µL), the 

selected stabilizing agent (L: none, PPh3) (i.e., for PPh3, 0.054 mmol, 14.35 mg), the 

corresponding support (i.e., for Al2O3, 2.57 g) and solvent (i.e., 37.5 mL toluene) 

were introduced in a Fisher Porter. The mixture was pressurized with 3 bars of H2 

and stirred at 700 rpm at 100 °C during 40 h. After filtration (14-15 μm pore filter), 

washing with toluene and hexane and drying under vacuum, the supported PtGa-

P@Al2O3 was isolated in high yields (ca. 90-95%) and stored under inert 

atmosphere. Same procedure was followed to obtain PtGa@Al2O3 (without using 

any stabilizing agent) To obtain the PtGa-P@LiAl2O3, LiAl2O3 was used as support. 

For the trimetallic catalyst, PtGaSn-P@LiAl2O3 the same preparation was used but 
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additionally 1 equivalent of SnBu4 (0.274 mmol, 101 mg)) was introduced in the 

mixture of the fisher porter.  

Herein, the syntheses of colloidal stabilized PtGa-L NPs ligand capped (L: none, 

PPh3), PtGa-L is described.  Pt precursor (Pt2dba3, 0.274 mmol, 150.0 mg), the 

gallium precursor (i.e., for GaMe3, 0.274 mmol, 37.5 µL), the selected stabilizing 

agent (i.e. for PPh3, 0.054 mmol, 14.35 mg), and toluene (37.5 mL) were introduced 

in a Fisher Porter. The mixture was pressurized at 3 bars of H2 at 700 rpm at 100 °C 

during 40 h. After washing with toluene and hexane and drying under vacuum, the 

colloidal PtGa-P were isolated in low yields (20-30%) and stored under inert 

atmosphere after precipitation. Same procedure was followed for the obtention of 

PtGa (without any stabilizing agent). 

5.4.3.2 NiSn OPOA 

For the synthesis of Ni-(2 wt. %)/Sn-(1 wt. %)-NPs supported onto Al2O3 or LiAl2O3, 

Ni(COD)2 (0.274 mmol, 150 mg), SnBu4 (0.274 mmol, 101 mg) with 0.2 equivalents 

of stabilizing ligand (i.e., PPh3 (0.054 mmol, 14.35 mg) or NHC·CO2) 2.5771 g of the 

corresponding support and toluene (37.5 mL) were introduced in a Fisher Porter. 

The mixture was pressurized with 3 bars of H2 at 700 rpm at 100 °C during 40 h. The 

supported NiSn-NPs were isolated in moderate-to-high yields (80-95%) and stored 

under inert atmosphere after filtration (14-15 μm pore filter), washing with toluene 

and hexane and drying under vacuum. 

5.4.3.3 PtGa and PtSn OPOA-SOMC 

Step 1: Pt-L@Support following the one-pot organometallic approach (OPOA). 

For the synthesis of Pt(2 wt. %)-L supported onto i.e Al2O3, Pt2dba3 (0.274 mmol, 

150 mg), L (0.054 mmol), 2.5771 g of the corresponding support and toluene (37.5 

mL) were introduced in a Fisher Porter. The mixture was pressurized with 3 bars of 

H2 at 700 rpm at 100 °C during 40 h. The supported Pt-NPs were isolated in 

moderate-to-high yields (80-95%) and stored under inert atmosphere after 
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filtration (14-15 μm pore filter), washing with toluene and hexane and drying under 

vacuum. Before starting the Step 2, an overnight reduction step under H2 550 ⁰C 

needs to be done. 

Step 2: Promoter addition (Sn or Ga) on Pt(2%)-L@Support via  SOMC approach. 

The second grafting is the reaction of the promoter precursor on the hydride 

covered Pt-NPs. Briefly, on a double Schlenk, the desired amount of i.e, SnBu4 

(Sn/Pt ratios 0.7) is stirred at 80 oC in heptane (15 mL) with the monometallic 

catalyst Pt-L@Support (max. of 1.2 g per batch) under 500 mbar of pure H2 

overnight. Then, the solid is washed 3 to 5 times to remove the unreacted Sn 

precursor, the gases and liquid are collected for butane analysis, the powder is then 

dried under vacuum (10-5 mbar), and, finally, it is treated under H2 at 550 oC, 1 oC 

min-1, 4 h for the hydrogenolysis of the grafted organometallic species and 

formation of the desired PtSn-NPs. Note for Ga, the Ga(isobutyl)3 promoter will be 

used. 

5.4.3.4 PtSn OPOA-Imp-SOMC 

Step 1: Colloidal Pt-L-NPs following the organometallic approach (OA). 

Synthesis of colloidal Pt-NPs by the organometallic approach were done following 

adapted literature procedure.43 Reactions were prepared under inert atmosphere. 

Pt2(dba)3 (60.0 mg, 0,055 mmol) were introduced in a fisher porter vessel with the 

corresponding stabilizing agent, i.e., PPh3 (6.2 mg, 0.023 mmol). Then, (15 mL) 

toluene anhydrous and deoxygenated were added. The reactor was pressurized 

with H2 (3 bar), and the reaction was stirred at 700 rpm for 20 hours at room 

temperature. The solution became black due to the decomposition of the dark-

purple Pt-precursor. The colloidal Pt-NPs were isolated in moderate-to-high yields 

(70-80%) and stored under inert atmosphere. These NPs were not precipitated or 

washed because step 2 needs to be done with the crude of the reaction.  

Step 2: Impregnation of colloidal Pt-L-NPs onto the support:Pt(2%)-imp@Support. 
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A determined volume of the colloidal solution (placed inside a Schlenk), depending 

on the metal % desired onto the support, is added onto the desired support (inside 

a Schlenk too) by cannula (under Ar). The mixture is stirred for 3 days. The 

remaining mixture is filtered under vacuum, inside the glovebox, and washed with 

dry degassed toluene and hexane. Finally, the material is evaporated to dryness 

under vacuum.  Before starting the Step 3, an overnight reduction step under H2 

550 ⁰C needs to be done. 

Step 3: Promoter addition (Sn or Ga) using the SOMC approach. i.e, to obtain 

Pt(2%)Sn-Limp@Support  

The grafting is the reaction of the promoter precursor on the hydride covered Pt-

NPs. Briefly, on a double Schlenk, the desired amount of i.e, SnBu4 (Sn/Pt ratios  0.7) 

is stirred at 80 oC in heptane (15 mL) with the monometallic catalyst, Pt(2%)-

Limp@Support  (max. of 1.2 g per batch) under 500 mbar of pure H2 overnight. Then, 

the solid is washed 3 to 5 times to remove the unreacted Sn precursor, the gases 

and liquid are collected for butane analysis, the powder is then dried under vacuum 

(10-5 mbar), and, finally, it is treated under H2 at 550 oC, 1 oC min-1, 4 h for the 

hydrogenolysis of the grafted organometallic species and formation of the desired 

PtSn-NPs. Note for Ga, the Ga(isobutyl)3 promoter will be used. 

5.4.4 Catalyst Characterization. 

Transmission Electron Microscopy (TEM) experiments were performed at the 

“Unitat de Microscopia dels Serveis Cientificotècnics de la Universitat Rovira i 

Virgili” in Tarragona with a JEOL model 1011 electron microscope operating at 100 

kV with resolution of 3 Å. The particles size distributions were determined by a 

manual analysis of enlarged images. At least 200 particles on a given grid were 

measured to obtain a statistical size distribution and a mean diameter.  

Scanning Transmission Electron Microscopy - High Angle Annular Dark Field 

(STEM-HAADF) images were obtained in a probe-corrected Titan Low Base (FEI) at 
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a working voltage of 300 kV, coupled with a HAADF detector (Fischione), available 

in the “Advanced Microscopy Laboratory of Instituto de Nanociencia de Aragón” in 

Zaragoza. X-ray Energy Dispersive Spectra (EDS) were obtained with an EDAX 

detector. The samples were dispersed in THF, and a small amount of solution was 

then deposited on a Cu-carbon grid.  

N2 adsorption/desorption isotherms were acquired in a Micrometrics ASAP 2020 

instrument. N2 adsorption/desorption isotherms were acquired after 

dehydroxylation, under air-free conditions and without pretreatments.  

Elemental analyses were carried out by inductive plasma coupled atomic emission 

spectroscopy (ICP-AES) under air-free conditions by Mikroanalytisches Labor 

Pascher, Remagen (Germany).  

Powder X-Ray Diffraction (PXRD) patterns were collected on a Bruker D8 Advance 

diffractometer with Bragg-Brentano geometry goniometer in Theta-Theta mode 

and Cu Kα1,2 X-Ray source. Diffractograms were collected in 10–70° 2θ range by 

ethanol dispersion over Silicon support and treated using DIFFRAC.EVA Bruker 

software. 

H2 chemisorption was measured manually on the high-vacuum lines using high 

purity H2, an Edwards 655AB TRANS 1000 MB sensor, and an Edwards model 1575 

pressure display. Around 1 g of each sample was reduced in situ at 500oC for 30 

min, the surface is cleaned for 60 min under 10-5 mbar at 500oC, and the 

measurements are performed at room temperature. Total adsorption is measured 

stepwise, and after the sample is submitted to 60 mins the irreversible adsorption 

is measured as well as the total volume of the cell.  

3.4.5 XRD Measurements. 

The Rietveld refinement,44 was performed with the TOPAS v6 software45 under the 

so called “launch mode”. The background was modelized with a 2nd order 

Chebyschev polynomial. The instrumental contribution to the diffraction profile 
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was calculated with the Fundamental Parameters Approach.46 The relative 

quantitative phase analysis was obtained by refining the Rietveld scale factor for 

each phase and applying the corresponding well-known equations.47 The net peak 

width of each phase was modelled with the Double-Voigt Approach48 by 

considering only the Lorentzian contribution of the crystallite size effect and 

discarding any contribution of the micro strain to the peak width. The averaged 

integral breadth was obtained from the resulting fitted Voigt function to the whole 

diffractogram. The Scherrer equation49 was then applied to obtain the apparent 

crystallite size. 

Table S.1. XRD data extracted from diffractograms of PtGa NPs (Part 1). Pt3Ga has a tetragonal 
structure. 

  Crystalline phase (% wt.) Crystallite size (nm) 

Time 
(s) 

T (⁰C) Pt  Pt3Ga  Pt  Pt3Ga 

- 30 100.0 ± 0.1 - 0.96 ± 0.07 - 

0 530 24.6 ± 2 75.4 ± 2 3.00 ± 0.16 3.05 ± 0.06 

712 530 25.0 ± 2 75.0 ± 2 3.05 ± 0.17 3.23 ± 0.07 

1424 530 25.5 ± 2 74.5 ± 2 3.20 ± 0.18 3.42 ± 0.07 

2136 530 23.4 ± 2 76.6 ± 2 3.31 ± 0.19 3.41 ± 0.07 

2848 530 23.6 ± 2 76.4 ± 2 3.41 ± 0.19 3.37 ± 0.07 

3560 530 24.5 ± 2 75.5 ± 2 3.34 ± 0.18 3.51 ± 0.07 
 

Table S. 2. XRD data extracted from diffractograms of PtGa NPs (Part 1). Pt3Ga has a tetragonal 
structure. 

  
Cell parameters (Å) 

Time (s) T (⁰C) Pt (a) Pt3Ga (a) Pt3Ga (c) 

- 30 4.1060 ± 0.0036   - 

0 530 3.9824 ± 0.0037 5.4303 ± 0.0056 7.9300 ± 0.0080 

712 530 3.9836 ± 0.0037 5.4334 ± 0.0043 7.9300 ± 0.0077 

1424 530 3.9808 ± 0.0035 5.4340 ± 0.0041 7.9300 ± 0.0073 

2136 530 3.9780 ± 0.0036 5.4377 ± 0.0042 7.9300 ± 0.0071 

2848 530 3.9767 ± 0.0035 5.4397 ± 0.0040 7.9300 ± 0.0071 

3560 530 3.9737 ± 0.0034 5.4388 ± 0.0037 7.9300 ± 0.0065 
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Table S.3. XRD data extracted from diffractograms of PtGa-PPh3 NPs (Part 1). Pt3Ga has a cubic 
structure. 

  Crystalline phase (% wt.) Crystallite size (nm) 

Time (s) T (⁰C) Pt  Pt3Ga Pt  Pt3Ga 

- 30 100.0 ± 0.1 -  0.91 ± 0.05  - 

0 530 75.9 ± 0.1  24.1 ± 0.1 1.93 ± 1.3  4.53 ± 0.4 

712 530 75.2 ± 2 24.8 ± 2 1.97 ± 1.4 5.13 ± 0.37 

1424 530 71.9 ± 2 28.1 ± 2 1.96 ± 1.2 5.08 ± 0.33 

2136 530 72.3 ± 2 27.7 ± 2 2.10 ± 1.4 5.20 ± 0.34 

2848 530 72.2 ± 2 27.8 ± 2 2.15 ± 1.4 5.26 ± 0.34 

3560 530 71.8 ± 2 28.2 ± 2 2.16 ± 1.4 5.12 ± 0.34 

 

Table S.4. XRD data extracted from diffractograms of PtGa-PPh3 NPs (Part 2). Pt3Ga has a cubic 
structure. 

  Cell parameters (Å) 

Time (s) T (⁰C) Pt (a) Pt3Ga (a) 

- 30  4.0248 ± 0.0029  - 

0 530 3.9752 ± 0.0022  3.9543 ± 0.0023 

712 530 3.9749 ± 0.0020 3.9544 ± 0.0019  

1424 530 3.9762 ± 0.0022 3.9544 ± 0.0017  

2136 530 3.9747 ± 0.0020 3.9524 ± 0.0018 

2848 530 3.9757 ± 0.0022 3.9525 ± 0.0018  

3560 530 3.9760 ± 0.0021 3.9538 ± 0.0019 

 

3.4.6 Catalyst Activity Measurements. 

Propane dehydrogenation (PDH) experiments were carried under O2 and H2O 

exclusion conditions, unless stated differently. All gases were purchased from Air 

Liquide and further purified in line with molecular sieves and BTS catalysts traps to 

assure high purity. A stainless-steel tubing of a ½ inch was used as a continuous 
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flow reactor, containing a thermocouple that is heated by a vertical furnace (Ptotal = 

1 bar, T = 530 °C) and it was packed inside an Ar filled glovebox. A 4-way valve  

system alloy the inert handling and various stainless-steel fillers are used to reduce 

the dead volume. Typically, 25 mg of catalyst were diluted to 2.5 g with SiC. A 

reductive pre-treatment of 16 h at 550 ⁰C (1 °C/min) was carried out with pure 

hydrogen flow, prior to start the catalytic tests, the system reached room 

temperature and it was purged with Ar. A 3 C3H8: 1 H2: 21 Ar (mL/min) gas 

composition was used and controlled by Brooks mass flow controllers. The Gas 

hourly space velocity (GSHV) was kept to 60000 mL·gcat-1·h-1, unless stated 

differently. The products were determined by an online HP 6890 GC equipped with 

50 m KCl/Al2O3 column and FID detector. Propane conversion was calculated 

typically by carbon balance. Selectivity to each product was similarly obtained. 

 

 

The deactivation constant (kd) was calculated at the reaction temperature (i.e., 

530 ⁰C) according to the following formula: 

ln [
(1 − 𝜒𝑓𝑖𝑛𝑎𝑙)

𝜒𝑓𝑖𝑛𝑎𝑙
] = 𝑘𝑑 × 𝑇 +  ln [

(1 − 𝜒𝑖𝑛𝑖𝑡𝑖𝑎𝑙)

𝜒𝑖𝑛𝑖𝑡𝑖𝑎𝑙
] 

Where 𝜒𝑓𝑖𝑛𝑎𝑙 and 𝜒𝑖𝑛𝑖𝑡𝑖𝑎𝑙, are the final and the initial propane conversion values 

and T represents the lifetime of the catalyst. 
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In this PhD manuscript, the synthesis, characterization, and performance in 

propane dehydrogenation reaction of various PtSn, PtGa and NiSn supported 

catalysts has been presented.  

Pt and PtSn catalysts have been synthesized via the Surface Organometallic 

Chemistry (SOMC) approach, characterized, and evaluated in PDH as it was 

described in Chapter 3. The detailed conclusions that were extracted were: 

• A series of Pt and PtSn-NPs supported onto LiAl2O3 prepared by 

SOMC/Oxide followed by SOMC/M and tested in PDH reaction. The 

catalysts were characterized by techniques such as TEM, HAADF-STEM, 

N2-adsorption/desorption isotherms, H2-chemisorption, DRIFT and XRD, 

that revealed the presence of small and well-dispersed bimetallic NPs, 

crucial to obtain highly active and selective catalysts for PDH.  

• Moreover, an exhaustive study of the operation conditions of PDH 

concerning the effect of H2, temperature and pressure, contact time, 

oxygen poisoning and long-time studies for stability was performed. 

Finally, the operation conditions were optimized to a propane/H2 ratio of 

3, feed composition of 3 C3H8/1 H2/21 Ar (mL/min), 530 ⁰C and 1 bar, inert 

preparation of the reactor inside the glovebox and, GHSV = 15.000 

mL·gcat-1·h-1.  

• The influence of Sn/Pt ratio, the loading of Li in the support and the Pt 

loading of the catalyst were also studied. The most promising Sn/Pt ratio 

was 0.7 (mol/mol), with a Li loading on the Al2O3 support of 0.45 wt.% Li. 

An initial propane conversion of 20% was obtained, still providing 18% 

and 14% conversion after 900 min and 3000 min of TOS. The selectivity of 

the optimized catalyst to propylene was always >98%, displaying an 

excellent performance in PDH, superior to that of the benchmark catalyst 

(Linde-BASF-Statoil). 
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Pt and PtSn catalysts were synthesized by the one-pot organometallic approach 

(OPOA) and applied for the first time in the PDH reaction. In Chapter 4 The 

detailed conclusions that were extracted were: 

• The effect of stabilizing molecules (none, PPh3, NHC) was studied.  

• Al2O3-based catalysts synthesized in the presence of PPh3 or without 

ligand provided the best catalytic performance, whereas those supported 

onto LiAl2O3 and/or in the presence of NHC ligand revealed less efficient.  

• The nature of the Sn precursor also influenced the catalytic performance 

of these materials and SnBu4 was the most appropriate. 

• When the P-containing catalyst was tested in the presence of CO2, a 

remarkable gain in stability was observed while the selectivity to propene 

remained unaffected (>99%). 

• Overall, the best catalyst was 1Pt0.5SnIV@Al2O3 with an initial conversion 

of 22.3% and after 24 h of time on stream, the conversion was maintained 

at 20.5%. The catalyst was highly selective toward propylene throughout 

the experiment (>98.5% after 24h) and was stable, with a deactivation 

constant (kd) of 0.0067. 

• The OPO allowed us to explore new horizons in the preparation of other 

catalyst for propane dehydrogenation with a very easy one-step 

methodology.  

From the study of alternative metals in PDH reaction detailed in Chapter 5. The 

one-pot organometallic approach (OPOA) was used for the first time in the 

preparation of PtGa and NiSn based catalysts in the propane dehydrogenation 

reaction. 

 For PtGa OPOA catalysts: 

• Ga(Me)3 was the Ga promoter that exhibited a better conversion, mainly 

due to the higher final Ga content in this catalyst. The effect of PPh3 was 
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studied, and XRD analyses indicated the presence of the Pt3Ga alloy in the 

analogous colloids. The most promising PtGa catalyst synthesized by 

OPOA was PtGa-PPh3@Al2O3 with an initial propane conversion of 23.0% 

that decreased to 14.2% after 10 h of TOS. Its selectivity to propylene 

started at 94% and increased to 99%. No effect of CO2 in the feed was 

observed during the catalytic tests. 

Regarding NiSn OPOA catalysts: 

• A ligand study was performed (PPh3 and NHC).  PPh3 ligand revealed to 

have a positive role in inhibiting the hydrogenolysis, therefore suggesting 

that a NiSn alloy species was formed. In contrast, NHC fomented the 

hydrogenolysis because the main product obtained was methane, and 

large NPs were obtained (>10nm). 

Moreover, a novel approach combining OPOA with surface organometallic 

chemistry (SOMC), (OPOA-SOMC) was investigated for the first time in the 

preparation of PtSn and PtGa supported onto alumina or lithiated alumina, 

respectively. 

• The role of the ligand (no ligand or PPh3) was also explored. However, 

since there is an aggressive reduction step, no ligand effect was observed 

either for PtSn and PtGa. 
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