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Chapter 1 

 

Introduction 

- 

Pt and Pd heterogeneous catalysts and their  

application in catalysis 

 

 

 

 

 

Abstract 

 

In this chapter, the general properties of the noble metals palladium and platinum are 

treated. Then, the preparation of Pd and Pt heterogeneous catalysts will be discussed 

and more specifically the preparation of nanoparticle based catalysts. Because 

catalysis involves catalyst preparation, application and analysis, also multiple 

techniques that are often used in the analysis of the nano-scaled active metal phase 

are explained.  
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1.1 Palladium and platinum 

 

The natural abundance of both palladium (Pd) and platinum (Pt) in the earth’s crust 

is considerably low with respectively 0.015 and 0.01 ppm.[1] In the 18th century an 

unworkable metal was found in the gold mines of Colombia by Spanish astronomer 

and naval officer A. de Ulloa and was named platina, which means little silver in 

Spanish. Later in England and Sweden it became known as white gold and the 

“eighth metal” next to the other 7 metals Au, Ag, Hg, Cu, Fe, Sn and Pb that were 

known since ancient times. It was hard to work with this metal because of its high 

melting point and brittle nature due to the presence of impurities. Pd was found in 

1803 from the mother liquor after precipitation of PtCl6(NH3)2 and was named after 

an asteroid, Pallas, which is the Greek goddess of wisdom. Both Pt and Pd are found 

as sulphides or arsenides in Cu, Ni and Fe sulphide ores. Pt is mainly mined in South-

Africa and Pd in Russia. They can be considered as by-products in the mining of Cu, 

Ni and Fe. Both have a silvery-white shine and are lustrous and malleable noble 

metals. One well-characterised oxide form is known for both, namely PtO2 and PdO. 

Pd dissolves in oxidising acids, but Pt doesn’t dissolve in mineral acids, only in aqua 

regia. Some other physical properties, describing the similarities and differences of 

both metals are reported in Table 1. From the available metal, about 40% of Pt and 

20% of Pd is used as a catalyst in car-exhaust gas treatment. In this catalytic 

converter, palladium is used as an oxidation catalyst and platinum is used for both 

reduction and oxidation of exhaust fumes. Besides the automotive industry, Pt has 

been used in jewellery and is used in the glass industry, because it has the same 

expansion coefficient as soda glass. Palladium is mostly used in electronic 

components (46%), 25% is used in dentistry and about 10% in 

hydrogenation/dehalogenation catalysts.  
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Table 1. Some properties of the elements palladium and platinum. 

Property Palladium Platinum 

Atomic number 46 78 

Number of naturally occurring 

isotopes 
6 6 

Atomic weight 106.42 195.078 

Electronic configuration [Kr] 4d10 [Xe] 4f14 5d9 6s1 

Crystal structure fcc fcc 

Lattice constant (nm) 0.389 0.392 

Highest oxidation number +4 +6 

Metal radius (pm) 137 138.5 

Ionic radius (II) 86 80 

Melting point (°C) 1552 1769 

Boiling point (°C) 2940 4170 

ΔHfus (kJ mol-1) 17.6 ± 2.1 19.7 ± 2.1 

ΔHvap (kJ mol-1) 362 ± 11 469 ± 25 

ΔHf (gas form, kJ mol-1) 377 ± 3 545 ± 21 

Density at 20°C, g/mL 11.99 21.45 

Electrical resistivity at 20°C 

(µohm·cm) 
9.93 9.85 

 

As catalytically active component in chemical transformations, both metals are 

especially used for the production of fine chemicals. Fine chemicals are produced in 

limited volumes (< 1000 tons/year) and are sold at prices > $10/kg. Pd is used in 

hydrogenolysis (bond cleavage using hydrogen), the Heck reaction, Suzuki cross-

coupling, carbonylation, oxidation of alkenes and in alkyne (semi)hydrogenation. 

Platinum can be used in hydrogenation reactions, in fuel cells, hydro-isomerisation 

of light alkenes, oxidation of ammonia and in the hydrogenation of nitroarenes. Most 

of these catalytic reactions involve hydrogen as a reacting component or simply as 

the reducing agent. This is because Pt and Pd both have the ability to activate 

hydrogen and adsorb considerable amounts of hydrogen. Pd can actually form the 

binary hydride PdH0.7 that is stable under ambient conditions with hydrogen in 

metalloid form. Pt is a good hydrogenation catalyst but does not form stable binary 

hydrides. It is, however, capable of adsorbing large quantities of hydrogen in fine 

divided form, mostly on its crystalline surface. The activation energies for diffusion 

from the chemisorbed state to sublayers within the crystal have been calculated with 

38.6 kJ mol-1 for Pd(111) and 63.7 kJ mol-1 for Pt(111).[2] Hydrogen has a high 

mobility in palladium where it positions in the interstitial octahedral sites of the face-
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centered cubic (fcc) crystal lattice and can adsorb 935 times its own volume of 

hydrogen (based on PdH0.75). Two crystalline phases exist for PdHn, with n<0.017 in 

the α-phase and n>0.58 in the β-phase. Between these two phases, the two phases 

co-exist as illustrated in Figure 1. The β-phase has a considerable expanded lattice, 

a hydrogen/palladium ratio of 0.5 results in an expansion of about 10% by volume.[3] 

The activation energies for H-diffusion on the surface have been established as well 

and are 2-3 kJ mol-1 on average for Pt(111), considerably smaller than 13 kJ mol-1 

on the surface of Pd(111).[4] 

 

 

Figure 1. Pressure composition isotherm for the absorption of molecular hydrogen in 

palladium; adopted from A.G. Knapton.[5]   

As can be concluded from the isotherms in Figure 1, the activation of hydrogen over 

Pd is virtually without an energy barrier even at room temperature. An activation 

energy of about 1.9 kJ mol-1 is required on a Pd(111) surface,[6] whereas the H-H 

dissociation energy in absence of an active surface is 436 kJ mol-1.[7]  

 

  



  Chapter 1 

 

5 

 

1.2 Preparation of supported transition metal catalysts 
 

Metal crystallites, the active phase in catalytic reactions, are normally brought onto 

a (porous) pre-existing support material to prevent particle growth by introducing 

both thermal and mechanical stability. The size and distribution of the metal 

crystallites is often expressed in dispersion, which is calculated by the number of 

surface atoms in a crystal divided by the total number of atoms in that crystallite, D 

= Ns/N, which depends on the preparation procedure. An increase in metal particle 

size reduces the available catalytically active surface area. This relationship between 

particle size and surface area is illustrated for Pt in Figure 2, assuming that the 

crystallites are perfect spheres.  

 
Figure 2. Surface area as a function of crystal size for spherical Pt particles (ρ=21450 kg/m3) 

with a diameter between 0.5 and 50 nm. 

The process of unwanted particle size increase is called sintering; particles increase 

their size and reduce their number. Two main sintering mechanisms exist. In 

coalescence two particles merge and form one bigger particle.[8] The other 

mechanism is Ostwald ripening; individual atoms evaporate and merge with a second 

particle, which gets bigger. This is a thermodynamically driven dynamic system, but 

since the evaporation of atoms from one particle proceeds faster than from another, 

bigger particles will eventually be formed. Naturally, the support material prevents 

sintering at low temperature.  

The most common metal precursors for palladium in the preparation of solid 

catalysts are the negatively charged [PdCl4]2– or the positively charged Pd(NH3)4
2+, 

which are used in aqueous solution. Neutral complexes, such as Pd(acac)2 or 
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Pd(C3H5)2, can be used in non-polar solvents. For platinum, H2PtCl6 is by far the 

most applied precursor salt, although also [PtCl4]2– is applied. Costs and availability 

of [PtCl6]2– are favourable, because this is the form in which Pt is extracted from 

mined ores. Supported metals can be prepared via selective removal by e.g. co-

precipitation of the metal salt and support precursor or via addition of a metal 

precursor to a preformed (porous) support body. These procedures are followed up 

by calcination and/or reduction. Co-precipitation involves the mixing of both the 

aqueous support precursor (e.g. tetraethoxysilane) and metal precursor, their 

combined precipitation after a pH adjustment, followed by drying, calcination and 

reduction. The second approach for supported Pd and Pt to be prepared on a pre-

existing support material is more common. These support materials include oxidic 

materials such as silica (SiO2) and alumina (Al2O3) but also carbon materials such as 

activated carbon. Oxidic materials have reasonably well defined surface -OH groups 

in aqueous solutions that can be used for the deposition of the metal ions. Activated 

carbons are produced by pyrolysis of natural organic polymers and activated by air 

or steam treatment. Its surface composition depends highly on the carbon source and 

type of treatment. However, most activated carbons are microporous and have a high 

surface area of 600-1200 m2/g. Furthermore, they are chemically inert, low-cost and 

the immobilised noble metal can be reclaimed by burning the carbon material. 

Several techniques exist for the deposition of an active metal onto a porous pre-

shaped carrier body, including deposition-precipitation, deposition-reduction, 

impregnation and adsorption/ion-exchange. Here, a small selection has been made 

from the literature to illustrate the most common preparation procedures for 

supported Pt and Pd including the procedures of some commercially available 

catalysts.   

In deposition-precipitation the support and metal precursor are slurried in water 

and the pH is increased by adding a hydroxide in order to precipitate the metal onto 

the support. Because the precipitation by using NaOH is done before the reduction 

of the transition metal, this procedure is considered as deposition-precipitation. After 

precipitation the solid is reduced by addition of an aqueous reducing agent such as 

sodium formate. Many procedures using this methodology can be found in the 

literature. For example, a procedure described by Jin et al. who deposited palladium 

(5 wt.%) on pitch-based activated carbon fibres.[9] Addition of hydroxide resulted in 

the precipitation of Pd(OH)2 on carbon and Pd(II) was then reduced in the liquid 

phase by formaldehyde. A Pd dispersion between 55% and 77% was achieved. This 

methodology is used for most commercially available reference catalysts, so also for 
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the Lindlar catalyst. This catalyst consists of 5% Pd/CaCO3 poisoned with lead and 

is an efficient catalyst in the partial hydrogenation of (internal) alkynes to cis 

alkenes.[10] In the preparation procedure, PdCl2 is dissolved in water that was 

acidified with HCl. The pH is increased by addition of NaOH. Precipitated CaCO3 

is added, the mixture is heated to 75-85°C and held at this temperature until all the 

Pd has precipitated in about 15 minutes. Sodium formate is then added and the 

solution turns from brown to grey with the formation of CO2. The catalyst can then 

be filtered and is slurried in water for the addition of lead acetate. Finally, the catalyst 

is filtered and dried in an oven at 60-70°C.  

A difficulty in the deposition-precipitation methodology is that the metal can 

precipitate in solution instead of onto the support material after addition of a base. 

This problem can be solved by the addition of a compound that can be mixed in with 

the slurry, but forms a hydroxide when the temperature is increased. Urea is often 

chosen because its decomposition leads to a gradual rise in pH when the temperature 

is increased. This methodology is known as homogeneous deposition-precipitation. 

The deposition-precipitation methodology should not be confused with 

deposition-reduction in which the metal precipitates onto the support upon 

reduction. Hoogenraad et al. prepared a 2.5 wt.% Pd/C catalyst from a slurry of 

carbon fibrils in water with the subsequent addition of an aqueous solution of 

Pd(NH3)4Cl2.[11] A formaldehyde solution was added to reduce the Pd(II) ions that 

then precipitated in metallic form. All preparative steps in this example were 

performed under a nitrogen atmosphere. After reduction, the solid catalyst was 

filtered and dried at room temperature. Crystallites of approximately 4 nm were 

observed by TEM analysis. 

Although the deposition techniques described above could also be used with 

oxidic support material, impregnation and or ion-exchange are more often applied 

with well-characterised oxidic support bodies. When impregnation is considered, a 

metal precursor solution is added to the pre-formed support material and the 

suspension is then dried via evaporation followed by calcination and reduction. The 

solvent evaporation allows for high metal on support loadings. Wet and incipient 

wetness impregnation are available. In wet, the volume of the metal precursor 

solution is higher than the total pore volume present in the support material. A major 

drawback is that much salt will adsorb and accumulate on the external surface of the 

support material. With incipient or dry impregnation, the impregnation volume 

matches the pore volume. All the liquid soaks up into the pores, which leads to a 

better metal distribution. An example is the incipient wetness preparation of a 5 wt.% 
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Pt/Al2O3 catalyst.[12] The alumina was impregnated with aqueous H2PtCl6, dried at 

120°C for 16 hours and then either reduced with hydrogen gas at high temperature 

or in solution with sodium formate. A wide range of dispersions were obtained in 

which hydrogen treatment for 2 h at 300°C gave a dispersion of up to 60%. 

Impregnation profiles of metal deposits can be obtained on a pre-shaped 

alumina body. For example, alumina adsorbs [PtCl6]2– by interaction with the surface 

hydroxide groups when using wet impregnation. Normally, a Pt loading of about 1% 

can be achieved on alumina and because the ion-exchange is fast, an egg-shell 

distribution of the active Pt phase will typically be formed on a porous γ-Al2O3 

support particle (see Figure 3b). An egg-shell distribution implies that the active 

phase is present on the outer surface of the support particle. A co-adsorbent such as 

citric acid can be added to the impregnation mixture to compete for surface sites. 

Citric acid adsorbs stronger on the alumina surface and will therefore cover the 

outside of the support particle. The metal salt diffuses through the pores of the 

support and forms a ring (Figure 3c) and at sufficiently high concentration of citric 

acid will form an egg-yolk distribution of Pt within alumina (Figure 3d).   

 

 
Figure 3. Pt/Al2O3 catalysts prepared via the adsorption of H2PtCl6 in absence (a,b) and 

presence of an increasing amount of citric acid (c,d). 

The solution’s pH is a major factor in ion-exchange processes because it is related 

to the amount and charge of exchange sites on the support. An important property 

here is the point of zero charge (pzc), which is defined as the pH in water at which 

the surface has no net charge. Lowering the pH of the aqueous suspension to a lower 

value introduces more H+ ions to the solution that protonates any susceptible surface 

sites and the net surface charge will become positive. Reversely, increasing the pH 

to a higher value by adding a base will result in a negatively charged surface, which 

will have a strong interaction with cationic complexes. For instance, a solution of 

H2PtCl6 can be added to a silica support. Divalent [PtCl6]2– anions interact with the 

positive charge of the protonated silanol groups on silica if pH<pzc. After a 
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predetermined time, the slurry is filtered to remove the supernatant and the solid is 

calcined and reduced if required. Besides this example of an outer-sphere metal 

complex interaction, also inner-sphere interactions are possible. An example of such 

a procedure can be found in a publication by Ohman et al., who exchanged protons 

in the acidic zeolites for sodium followed by exchange for Cu2+, Ni2+ or Pd2+ ions 

from respectively Cu(Ac)2, Ni(NO3)2 and PdCl2.[13] This was followed by extensive 

washing with deionized water and the zeolite was finally dried at 110°C. 

Further reading on the role of e.g. drying and calcination in catalyst preparation 

can be found in the literature.[14-16] 
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1.3 Noble metal colloids 

 

Preparation of heterogeneous catalysts prepared from metal colloids has gained 

much attention in recent years. Colloids consist of metal NPs surrounded by a layer 

of stabiliser such as polymer or surfactant molecules. Moreover, colloids are 

particles bigger than 1 nm that form stable suspensions in a liquid. Another 

characteristic is that when they are isolated, colloids can also be re-dispersed in a 

liquid when required. Faraday already discovered around 1857 that the properties of 

metal colloids can be different compared to their physical properties in the bulk.[17] 

He observed a ruby colour for gold when it was highly dispersed and experienced 

the different interaction of light with these gold nanoparticles. Research related to 

colloids has gained an incredible increase in attention during the last decades. This 

is illustrated in Figure 4 in terms of publications using the term palladium 

nanoparticles (Pd NPs). 

 

 
Figure 4. Number of publications containing the term Pd NPs in a given year in the form of 

both patents and research papers. 

The colloids are typically prepared in solution from a metal precursor, stabiliser and 

a reducing agent. Stabilisers that are used include dendrimers, ligands, surfactants 

and ionic liquids.  

 

1.3.1 Formation and stabilisation of metal colloids.  

Small particles in solution are prone to agglomerate and form bigger 

thermodynamically stable particles, which would lead to a significant loss in 
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activity.[18] Van der Waals forces between two metal nanoparticles would suggest an 

attractive force between them which is inversely proportional to the sixth power of 

the distance between their surfaces. Hence, a protective agent must be used to 

prevent agglomeration. Two main types of stabilisation exist, which are electrostatic 

(charge) stabilisation and steric stabilisation. However, stabilisation can also be 

provided by a combination of both types and stabilisation by ligands is seen as the 

fourth separate type. These four types of stabilisation will be discussed briefly here 

with some selected examples. Firstly, charge stabilisation can be achieved in solution 

by anions such as halides or carboxylates. Coulombic repulsion will prevent 

aggregation here. If the potential is high enough, particles will not agglomerate. 

Secondly, in aqueous and nonpolar solvents, steric repulsion can prevent two 

particles to agglomerate. This material must adsorb on the dispersed particles. The 

explanation is that the entropy decreases when long chains intertwine at close 

particle proximity that restricts their movement and increases the free energy. Also, 

the local concentration of species increases, which results in an osmotic repulsion 

for their concentration to be lowered, see also Figure 5. Poly(N-vinyl-2-pyrrolidone) 

(PVP) is often successfully used in the stabilisation of metal NPs. For instance in 

early work by Hirai et al. Pd-PVP 1.8-5.6 nm particles were obtained by reduction 

of refluxing solutions of palladium chloride in alcohols. These nanoparticles were 

applied in the selective hydrogenation of cyclopentadiene to cylopentene.[19] The 

authors showed that the selective adsorption of PVP not only plays an important role 

in stabilising the Pd colloids, but also increases the selectivity in the given reaction. 

Moreover, Miyaki et al. prepared Pd NPs in the size range of 1.7 to 3 nm.[20] An 

aqueous solution of H2PdCl4 was used in a one-step reaction with different amounts 

of PVP in water-alcohol mixtures at reflux conditions in air.  

 

 
Figure 5. Illustration of colloid stabilisation by steric repulsion between long (aliphatic) 

carbon chains adsorbed on a metal NP. 
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The third kind of stabilisation is considered as a combination of steric and 

electrostatic stabilisation. For example, when ionic surfactants are stabilising the 

particles, both electrostatic and steric repulsion is taking place and is therefore 

sometimes referred to as electrosteric repulsion. The surfactant’s head group can be 

positively charged as in e.g. an ammonium group and at the same time possesses a 

hydrophobic aliphatic chain that can provide steric repulsion. The surface of the 

metal particles are slightly electropositive, hence the first shell will contain anions 

and the second shell consists of the positively charged ammonium groups. An 

illustration of this electrosteric stabilisation of a metal nanoparticle by 

tetrabutylammonium chloride is presented in Figure 6.[21] This methodology was e.g. 

used in a preparation developed by Bönnemann et al. who used the 

tetrabutylammonium with hydrotriorganoborate anions [Bu4N(BEt3H)] in THF for a 

variety of transition metals.[22] The tetrabutylammonium groups are sterically very 

demanding and prevent particle agglomeration.  

 

 
Figure 6. Electrosteric stabilisation of a metal nanoparticle where R4N+ represents 

tetrabutylammonium. 

A classic mechanism for the growth of colloids was already described in 1950 by the 

LaMer mechanism.[23] A sulphur sol was used at an initially supercritical 

concentration that started to form sulphur colloids until the concentration dropped 

into a domain where the particle growth became diffusion-limited. Sulphur, needed 

for the growth of colloids, was formed by the following reaction.  

 

2 Na2S2O3 + 2 HCl → 2 HSO3
− + S2 + 2 Cl− + 4 Na+ 

 

Hereby, the superconcentration (needed for spontaneous particle formation) could 

be reached in a controlled manner with no local oversaturation. They proposed a 

two-step process with very fast nucleation from a supersaturated solution followed 
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by a diffusion-controlled growth. Particle growth is also considered spontaneous, but 

is limited by diffusion. This provided what is considered the key in formation of 

colloids, namely separation between nucleation and growth in time and is based on 

supersaturation kinetics. 

A more modern mechanism describing the growth kinetics of metal colloids is 

described by the Watzky-Finke model.[24] This model is based on Ir(0) nanoclusters 

formed in the presence of large sterically demanding anions and cations. These are 

the P2W15Nb3O62
9– polyoxoanion and Bu4N+ cation forming the precatalyst complex 

[Bu4N]5Na3[(1,5-COD)Ir(P2W15Nb3O62)] in acetone and is reduced by hydrogen gas. 

The Watzky-Finke model describes a two-step process with slow nucleation 

followed by fast autocatalytic surface growth described by resp. two rate constants 

k1 and k2. The second step takes place on the surface of the metal and is considerably 

faster than the first. This results in very stable Ir(0) colloids, stabilised by the 

sterically demanding ions. 

 

n Ir(0) → Ir(0)n 

Ir(0) + Ir(0)n → Ir(0)n+1 

 

The required rate data was cleverly obtained indirectly from quantification of the 

cyclooctene hydrogenation that could easily be followed by the formation of 

octadecane in time by e.g. GLC analysis. The typical growth process follows a 

sigmoidal shaped kinetic curve. 

Traditional ligands used in coordination complexes can also be used in the 

preparation of colloids and represent the fourth class of stabilising agents. An 

example can be found in a publication by Rafter et al.. They applied secondary 

phosphine oxides as pre-ligands for nanoparticle stabilisation.[25] Ru nanoparticles 

were prepared using secondary phosphine oxides as ligands. Small 1-2 nm metal 

NPs were obtained by the decomposition of Ru(COD)(COT) with hydrogen gas. The 

colloids were found very active in the hydrogenation of aromatics. Important to note 

is that the ligands did decompose partly on the surface of the Ru NPs as determined 

by MAS NMR analysis. Both the hydrogenated ligand and carbon polymer material 

was found on the Ru NPs. Schmid et al. prepared ligand-stabilised Pd nanoclusters 

in the range of 3-4 nm.[26] 1,10-Phenanthroline was claimed to act as stabilising 

ligand for the Pd NPs. Pd(OAc)2 was reduced with hydrogen in the presence of 
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phenanthroline in acetic acid i.c.w. careful addition of oxygen to stabilise 

uncoordinated surface sites. 

The type of stabilisation is important to consider for the application of the 

colloids. When the stabiliser would be too strongly bound (chemisorbed) to a metal 

crystallite, this could hamper activity. As mentioned, besides the stabilising agent, a 

reducing agent has to be added to form metallic colloids. The reducing (electron-

donating) agent can be an alcohol, hydrogen, hydride or carbon monoxide applied at 

different temperatures. For reduction using an alcohol at reflux, the presence of an 

α-hydrogen seems to be important, because tert-butyl alcohol is not effective in the 

reduction of noble metals. The alcohols are consequently oxidised to carbonyl 

compounds. Only chemical reduction from a dissolved metal complex precursor has 

been discussed, but it is important to note that preparation from a bulk metal 

(physical preparation) is also an option. Chemical reduction generally has a better 

control of the particle growth, i.e. narrower size distributions of the prepared 

particles can be obtained. 

 

1.3.2 Metal colloid immobilisation 

The synthesized nanoparticles can be immobilised on a support to overcome 

challenges with product separation and catalyst recyclability. Furthermore, 

heterogenisation of catalysts increase their stability at higher temperature and allows 

them to be suspended in a variety of solvents. The difference with more “traditional” 

preparation methods described in section 1.2 is that the reduction takes place in 

absence of the support, which can be easily realised for noble metals. In this manner 

more control over size and surface properties can be obtained. Another important 

difference is the presence of the stabilising organic material that remains present 

when colloids are applied as the catalytically active metal. This organic material has 

an effect on the catalytic performance of the metal, because it is adsorbed on the 

metal particle surface. Due to the presence of stabiliser, the application of these 

transition metals is considered to be at the border between homogeneous and 

heterogeneous catalysis. In homogeneous catalysis, coordination complexes are 

dynamic and can be tuned by coordinated ligands such as amines and the P-

containing phosphines or phosphites. Heterogeneous catalysts introduce surface 

reactivity and the catalysts are normally more stable, because they are designed for 

use in more physically demanding industrial production processes. In the case of 

noble metal Pd and Pt hydrogenation catalysts, the immobilised crystallites are in the 
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zerovalent metallic form with well-defined surface properties. Supporting materials 

that are introduced for the immobilisation of NPs include a wide range of metal 

oxides of Si, Al, Ti, Zr, Ca and Mg, but also carbon materials such as activated 

carbon. Immobilisation is generally done by adsorption of the NPs onto the pre-

formed solid support. In step 1, the colloids are prepared in the presence of an organic 

stabiliser. In step 2, the NPs are deposited onto the support and finally in step 3, the 

solid material is washed. Minor post-treatment steps may follow and include drying 

at elevated temperatures and/or if desired, the selective removal of the stabilising 

agent by e.g. calcination and reduction. Examples are plentiful and early examples 

can be found by e.g. Bönnemann et al. who developed a procedure for the 

impregnation of NPs on charcoal. Their preparation of metal colloids is based on the 

reduction using tetraalkylammonium hydrotriorganoborates for a variety of metals 

with a resulting size between 1 and 10 nm in tetrahydrofuran (THF).[27] These NPs 

were, for example, used for the impregnation into mesoporous MCM-41 by adding 

the colloids to a suspension of the mesoporous silica.[28] The impregnation proceeded 

for 7 days at 100°C to allow the particles to diffuse into the mesoporous material. 

This was then followed by drying, washing and calcination. A more straightforward 

approach is the addition of charcoal for the colloids to adsorb on.[22] This material 

was then filtered and dried under vacuum at r.t. to obtain the solid Pd/C. This 

methodology of colloid formation followed by immobilisation by addition of a 

support material is often referred to as reduction-deposition. An illustration 

describing the procedure is shown in Figure 7.  

 
Figure 7. Reduction-deposition methodology for the preparation and immobilisation of metal 

colloids. 

 

Reduction 

Colloid addition 

to support slurry 

Filtration 
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1.4 Tools in analysing solid catalysts 

 

An important aspect of colloid preparation is the catalyst characterisation. Many 

techniques are available such as spectroscopic, microscopic and adsorption methods. 

Unfortunately, there is not one technique that can identify all properties and a 

combination of techniques always has to be applied to get a good representation of 

the chemical composition and structural properties. Many useful techniques are 

based on exposure of a sample to a high-energy electron beam. At impact with a 

specimen, multiple types of interactions result in a variety of electron and 

electromagnetic waves that can be probed. This is indicated in Figure 8 and shows 

the transmitted electrons, which can be imaged with transmission electron 

microscopy (TEM). The back-scattered and secondary electrons are utilised in 

scanning electron microscopy (SEM). Bragg diffracted electrons, part of the 

elastically scattered electrons can be imaged in selected area electron diffraction 

(SAED), inelastically scattered electrons in electron energy loss spectroscopy 

(EELS) and Auger electrons in Auger electron spectroscopy (AES) an analytical 

technique to study the specimen’s surface. X-rays emitted by the sample hold 

information on the element composition in a sample and is called energy-dispersive 

X-ray (EDX) spectroscopy. Here, the most common characterisation techniques will 

be discussed with the emphasis on those applied in this thesis related to (supported) 

metal colloids. 
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Figure 8. Interaction of matter with a high intensity electron beam showing the secondary 

radiation. 

 

1.4.1 Electron microscopy, TEM, SEM 

Electron microscopy is often used in the characterisation of solid catalysts to analyse 

the support material, the metal crystallites or both. Better contrast can be obtained 

compared to light microscopes because of the relatively small de Broglie wavelength 

of electrons. The presence of electrons means that high vacuum conditions are 

typically applied for sample analysis. SEM and TEM are available. In SEM the 

focussed electron beam gets back-scattered by the surface of the solid sample and 

the primary or low-energy (<50eV) secondary electrons are picked up by a detector. 

This provides information about the surface morphology. The instrument resolution 

is usually limited to 2-5 nm, although resolutions less than 1 nm can now be obtained. 

Excellent results can be obtained for samples with particles on a support, due to their 

topographic position. Also in non-crystalline material mesopores can be easily 

observed (see Figure 9).  
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Figure 9. Images obtained from hitachi-hta.com illustrating how carbon deposition can be 

removed by ozone treatment on mesoporous titanium oxide. Image b clearly shows the 

presence of mesopores. 

In conventional TEM, density contrast can be obtained, which can visualise the pores 

in e.g. oxidic materials and highly dense metal particles on a less dense solid support. 

A parallel beam of electrons with high energy (40-400 keV) is transmitted through 

an electron-transparent sample and the image is magnified and focussed onto e.g. a 

CCD camera. Electron transparent samples are obtained by creating an ultra-thin 

slices of the specimen (around 100 nm) on a Cu grid. Depending on the position of 

the aperture, bright field (unscattered parallel transmitted electrons) or dark field 

(diffracted electrons) images can be obtained. In high-resolution TEM (HRTEM), 

atomic planes in a crystal can be visualised. These atomic planes must be parallel to 

the electron beam and are also referred to as lattice fringes. Moreover, in an electron 

microscope, the Bragg diffracted electrons provide information on the 

crystallographic atom ordering. In diffraction mode these diffracted electrons are 

studied. 

Although discovered at virtually the same time in the 1930s, TEM and STEM 

can provide different type of information. Only since the 1970s the potential of 

STEM was demonstrated by A. C. Crewe due to the development of the field 

emission gun.[29] In STEM, a highly focussed beam of electrons is scanned over a 

thin sample. Microscopes in STEM mode offer the ability to study the scattered 

electrons at a high angle in high angle annular dark field (HAADF) microscopy. In 

this mode the angle of detection is made so high that only elastically scattered 

electrons are detected in absence of Bragg diffracted electrons. High contrast can be 

obtained where the signal is proportional to the density and atomic number of the 

element that is in interaction by Z3/2. Therefore the signal will be dominated by the 

heavier elements.  
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1.4.2 Energy-dispersive X-ray (EDX) spectroscopy 

An attribute or addition in an electron microscope is an EDX X-ray spectrometer 

that can detect the X-rays that are produced by the sample after impact by an electron 

beam. Characteristic X-ray lines are created from vacant sites in the element’s inner 

shell left by interaction of the sample with high energy electrons. Other core shell 

electrons will be transferred to fill the vacancy with the emition of the characteristic 

X-ray lines. The energy of this line is equal to the difference in binding energy 

between the two states. Excitation can take place in the K, L, M, N or O levels. Kα 

lines correspond to X-rays emitted from electrons that are transferred from the L 

shell to the K shell and Kβ radiation is emitted by electrons from the M shell to the 

K shell. Radiation lines corresponding to Kβ have a higher energy due to the larger 

difference in binding energy. For example, Pd has an X-ray line Kα of 21.178 keV 

and a Kβ of 23.891 keV.[30] For Pt these are respectively 66.832 keV and 75.751 

keV. EDX is incapable of detecting elements lighter than carbon, because they do 

not have characteristic X-rays (H, He) or low energy X-rays get absorbed by the 

sample (e.g. Li K rays). The energy of the X-ray and its intensity allow for (mainly 

qualitative) characterisation of the element composition of a sample. 

 

1.4.3 X-ray diffraction, XRD 

A very useful tool to analyse the atomic orientation in crystalline solids is X-ray 

diffraction (XRD). When X-rays hit a sample in which the atoms are ordered in a 

periodic way (crystalline) the X-rays are scattered in many specific directions 

because of the interaction of electromagnetic radiation with the electrons in the 

atoms. The elastically scattered electromagnetic radiation is formed due to the 

secondary spherical waves emitted from the atoms. When the atoms and their 

electrons are periodically arranged like in a crystal, they emit a regular pattern of 

waves. Bragg’s law describes the constructive interference of these waves emitted 

by a crystal as follows: 

 

2 𝑑 sin 𝜃 = 𝑛 𝜆 

 

X-rays are used for the reflection, because the wavelength (λ) of these waves is 

similar to the distance between atomic planes in a crystal, d. The Kα Cu line, used 

as X-ray source, is generated by electron bombardment (see EDX) and has an energy 

of 8.04 keV with a 0.154 nm wavelength. θ represents the angle between diffracted 



Chapter 1 

 

20 

 

rays and the surface of the scatterer. Diffraction spectra are often plotted as intensity 

versus 2θ, the angle between virtual transmitted waves and diffracted waves. The 

final term in the Bragg equation, n, is an integer. 

Besides the crystallographic 3D orientation that can be obtained from the 

arrangement of electrons in the crystal, data can also be obtained from line 

broadening of peaks in a diffractogram for nano-sized crystals. This does not apply 

to bulk crystals larger than about 0.1 µm. For small particles such as colloids this is 

very useful, because the particle size can be determined based on the width of 

diffraction peaks. This relation of particle size (τ) and line broadening is described 

by the Scherrer equation.[31,32] 

 

𝜏 =
𝐾 𝜆

𝛽 cos 𝜃
 

 

With shape factor K, X-ray wavelength λ, line broadening β at full width at halve 

maximum (FWHM) and Bragg angle θ. Peak broadening is caused by several factors 

within the crystal such as stacking faults, twinning and dislocations among others. 

 

1.4.4 Dynamic light scattering, DLS 

An often overlooked, but very useful technique to determine the size of particles in 

a suspension is dynamic light scattering. This technique has not been used much in 

the preparation of metal colloids due to practical limitations, but the instrumentation 

is relatively cheap and available. When light passes through a solution or suspension, 

most of the light keeps its original path, some can be absorbed by the material and 

some light is send into a new direction and is scattered (see Figure 10). The intensity 

of the scattered light is related to the laser light wavelength by 1/λ4. 
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Figure 10. Schematic representation of a DLS setup. The intensity fluctuations observed by 

the photodiode is processed by an autocorrelator. 

When a monochromatic light source is send through a solution, the particles 

dispersed within this solution produce scatter. The fluctuations in scattered light 

intensity in time are based on Brownian motion of the suspended particles and can 

be used to analyse the contents of the sample. The intensity fluctuations are 

converted into a diffusion coefficient, which can then be converted into a 

hydrodynamic radius via the Stokes-Einstein relation. The hydrodynamic radius 

symbolises a perfect sphere with the same diffusion coefficient as the analysed 

particle, although in reality the solute might be shaped highly irregular. Correlation 

data from the scattered light is described by the following equation:  

 

𝐺(𝜏) = 𝐴[1 + 𝐵𝑒−2𝛤𝜏] 

 

𝛤 = 𝐷𝑞2 

 

𝑞 = (
4 𝜋 𝑛

𝜆0
) sin (

𝜃

2
) 

 

G(τ) describes the correlation function, which includes the translational diffusion 

constant D and scatter factor q. This constant q contains the refractive index n, the 

laser wavelength λ0 and the detection angle θ (relative to transmitted light). From the 

diffusion constant, the hydrodynamic size can be determined using the Stokes-

Einstein relation: 
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𝑅ℎ =
𝑘𝐵𝑇

6 𝜋 𝜂 𝐷
 

 

Relating the hydrodynamic size, Rh, with the Boltzmann constant kB, temperature T, 

viscosity η and the previously determined translational diffusion constant D. 

Normally, samples are measured highly dilute to prevent multiple scattering 

artefacts.  

A practical disadvantage of DLS is that small amounts of bigger particles have 

a significant effect on the light scattering, because according to the Rayleigh 

approximation the scatter intensity is proportional to d6. The size limit of this 

technique for analysing dispersed colloids (when using a red laser at 632.8 nm) lays 

between 0.5 and 500 nm.  

 

1.4.5 Adsorption and isotherm techniques.  

Gas adsorption on a solid material can be used to identify the surface area and 

porosity of solids. Both physical (physisorption) and chemical (chemisorption) exist. 

In physisorption, inert gases such as nitrogen and argon are used for solid materials. 

Here, the equilibrium between the adsorbed molecules and the gaseous phase is 

described by a corresponding isotherm. An isotherm is accompanied by a phase 

change and is plotted in a P versus adsorbed V graph and represents the change 

between gas phase and (physi)sorbed phase at a constant temperature. Models such 

as the Brunauer-Emmett-Teller (BET) theory can be used to interpret/fit the isotherm 

and determine the surface area of the analysed material. In a typical static adsorption 

experiment, the sample section is held at high vacuum separated from a dosing 

section where the gas volume is determined. Stepwise, the known volume of gas is 

introduced to the adsorbent and allowed to equilibrate so that the adsorption of gas 

molecules can be determined. Typically, the sample temperature is kept at 77.4 K, 

equal to the boiling point of liquid nitrogen. The reverse gas desorption-isotherm can 

also be obtained by the reverse process of gas desorption. 

Catalysts are often supported metal particles on a chemically different support. 

Not only the support material, but also the surface properties/morphology of the 

metal phase can be analysed by chemisorption. This process uses reactive gas 

molecules that can be used as the interaction with the active phase is much different 

and stronger than with the support. Different gases can be applied depending on the 

nature of the targeted phase, but for catalysts containing metal particles H2, CO, N2O 
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and O2 are very common. The surface area can hereby be determined as well as the 

dispersion of e.g. immobilised metal crystallites. 

 

 

1.5 Scope of this thesis 

 

The work presented in this thesis involves the synthesis of Pd and Pt colloids and 

their immobilisation on a pre-existing support body following the reduction-

deposition methodology. This specific procedure has been patented in 2009 as the 

NanoSelectTM procedure[33] by BASF before the start of this PhD research thesis. As 

BASF was the project partner in this work, the patented NanoSelectTM procedure was 

chosen for investigation as it has been very successful partly due to its fairly 

straightforward procedure. In this procedure, an ammonium surfactant 

functionalised with a hydroxyethyl group called HHDMA is applied in the reduction 

of palladium and platinum chloride salts as to form well-dispersed crystallites in a 

stable aqueous suspension. The reaction of Na2PdCl4 with HHDMA results in the 

formation of Pd NPs between 5 and 60 nm depending on the addition of chloride, 

whereas Pt forms predominantly small ~2 nm crystallites from Pt(IV) and Pt(II). 

Deposition of the colloids on a solid carrier body was then done to obtain these 

catalysts as solids. The project goal was to determine the colloid structure and the 

involved mechanism of formation. Also, the preparation of immobilised metal 

colloids as alternative to commercially available solid catalysts was investigated. Its 

performance was compared for the Pt-catalysed hydrogenation of nitroarenes. The 

Pd colloids prepared with this methodology had already been successfully applied in 

the selective hydrogenation of alkynes.[34-36] According to the project description, 

work has been performed and results are reported divided over Chapters 2-5.  

Chapter 2 and 3 will discuss the studies on colloid formation and their analysis 

by spectroscopic and microscopic techniques. The goal is to increase the 

fundamental understanding of the nature of (surfactant-based) stabilisation of the 

colloids. Then, adsorption of the colloids on activated carbon will be studied as well. 

Chapter 4 and 5 will discuss the application of mainly the colloidal Pt 

(immobilised on activated carbon) in the selective hydrogenation of nitroaromatic 

compounds. This is an important catalytic reaction for both lab-scale organic 

synthesis and industrial processes. Two chapters are devoted to this nitro-group 

transformation since the N-phenylhydroxylamine and aniline can be obtained. 
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Finally, a general comment concerning the scientific field of catalysis. The 

preparation of catalysts can be seen as an inseparable three step process of synthesis, 

analysis and application as shown by the following image. Coupling of all three steps 

is crucial for optimising catalysts in a production process.  
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Preparation of aqueous Pd and Pt nanoparticles 
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A first insight 

 

 

 

 

 

 

Abstract 

 

Palladium and platinum colloids have been prepared in water in the presence of the 

surfactant HHDMA. This surfactant contains an hydroxyethyl group on the cationic 

ammonium so that it is capable of reducing Pd(II) and Pt(II), but also provides the 

stabilisation of the formed nano-sized crystallites. For Pd, nanoparticles of 5 to 10 

nm were obtained, somewhat larger than the 2-3 nm crystallites obtained for Pt. 

Multiple techniques, such as electron microscopy, DLS, UV-Vis and MAS NMR 

spectroscopy have been used to gain more understanding of colloid formation.
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2.1 Introduction 
 

Controlled formation of transition metal colloids has received increasing attention 

over the past decades. These metal colloids consist of metal crystallites called 

nanoparticles (NPs) surrounded by a layer of organic stabiliser e.g. polymer or 

surfactant molecules. The term nanoparticle will be used when referring just to the 

metal crystallite and the term colloid will be used when referring to the whole particle 

present in the suspension. One available and successfully applied procedure for the 

controlled formation of Pd or Pt colloids has been developed by P.T. Witte et al. at 

BASF NL and is named the NanoSelectTM procedure.[1] Catalysts based on this 

approach are now commercially available at STREM chemicals. In the 

NanoSelectTM procedure, N,N,N-hexadecyl-(2-hydroxyethyl)-dimethyl-ammonium 

dihydrogen phosphate (HHDMA)(H2PO4) as depicted in Figure 1, is used to reduce 

Pd(II) precursors to Pd colloids (c-Pd). Because the surfactant molecule provides 

both stabilising and reducing properties, no additional reducing agent is required, 

which makes this procedure especially straightforward.  

  

 
Figure 1. Cationic ammonium surfactant with a dihydrogen phosphate anion 

(HHDMA)(H2PO4). 

The presence of a hydroxyethyl moiety as one of the substituents on nitrogen allows 

for the reduction of noble metals in water. The high standard reduction potentials for 

the noble metals Pt and Pd make these very suitable target metals in combination 

with the relatively weak reducing alcohol group. Some reduction potentials of 

aqueous group 10 metals are given in the table below. 
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Table 1. Standard reduction potentials in aqueous solution for monometallic group 10 metals 

at 1 atm and 25°C.[2]  

Reaction E° (V) 

Pd2+ + 2 e– ⇌ Pd 0.951 

[PdCl4]2– + 2 e– ⇌ Pd + 4 Cl– 0.591 

[PdCl6]2– + 2 e– ⇌ [PdCl4]2– + 2 Cl– 1.288 

Pd(OH)2 + 2 e–  ⇌ Pd + 2 OH– 0.07 

Pt2+(aq) + 2 e– ⇌ Pt(s) 1.18 

[PtCl4]2–(aq) + 2 e– ⇌ Pt(s) + 4 Cl–(aq) 0.755 

[PtCl6]2–(aq) + 2 e– ⇌ [PtCl4]2–(aq) + 2 Cl–(aq) 0.68 

Ni2+(aq) + 2 e– ⇌ Ni(s) -0.257 

 

When Na2PdCl4 and (HHDMA)(H2PO4) are mixed in water (HHDMA)2(PdCl4) 

crystals form and precipitate due to (outer-sphere) cation exchange. These crystals 

were analysed by single-crystal XRD and the determined structure is shown in 

Figure 2. 

 

 

Figure 2. The molecular structure of (HHDMA)2(PdCl4) in the crystal.[3] The close 

interaction between PdCl4 and HHDMA’s head group is highlighted (bottom). Selected bond 

lengths Pd(1)-Cl(1)=2.3 Å, Pd(1)-Cl(2)=2.3 Å, C(18)-O(1)=1.41 Å and O(1)-H(10)=0.74 Å 

with hydrogen bonds H(10)::Cl(1) 2.47 Å and O(1)::Cl(1) 3.20 Å. At a Cl(1)-Pd(1)-Cl(2) 

angle of 90.13°. R-factor: 2.87%. 
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During reduction of palladium, Pd(II) to Pd(0) or platinum Pt(IV)/Pt(II) to Pt(0), the 

surfactant adsorbs on the surface of the preformed NPs, stabilizing the colloidal 

particles in water. Parallel to the transition metal reduction, HHDMA must be 

oxidised. A comparable system, which is worth mentioning here, is the transition 

metal NP formation using the polyol process. In this process, reduction takes place 

in alcohol in the presence of a stabilizer such as a polymer or surfactant. For example, 

in an early paper Hirai et al. describe the formation of Pd NPs from Pd(II) chloride 

and poly(N-vinyl-2-pyrrolidone) (PVP) in alcohols at reflux.[4] The excess of alcohol 

reduces the Pd(II) and the formed crystallites are uniform in size and stabilised by 

PVP. The proposed mechanism which is still widely accepted, is described in the 

equation below. Firstly the alcohol coordinates to Pd(II) and loses a proton forming 

the alkoxy-Pd complex. Another proton abstraction leads to the formation of the 

aldehyde and a palladium-hydride species, which then releases H+ to form Pd in its 

zero-valent state.   

 

Ethanol and 1-butanol were found to be more reactive than methanol in the reduction 

of Pd(II). Based on these findings, we assume the Pd(II) reduction to Pd(0) in the 

presence of HHDMA follows the reaction as described by the following redox 

reaction:  

 

Na2Pd(II)Cl4  + 2 H+ + 2 e– ⇌ Pd(0) + 2 HCl + 2 NaCl 

R3N+–CH2CH2OH ⇌ R3N+–CH2CHO + 2 H+ + 2 e– 

Na2Pd(II)Cl4 + R3N+–CH2CH2OH ⇌ Pd(0) + R3N+–CH2CHO + 2 HCl + 2 NaCl 

According to the NanoSelectTM procedure, aqueous Na2PdCl4 is added to 5.4 

equivalents of aqueous surfactant (see experimental information for full details). 

Electron transfer from the alcohol to Pd(II) at 85°C results in the formation of 

metallic Pd. Since the aldehyde itself is a reactive compound, it could react with 

oxygen to form the carboxylic acid. Moreover, in the literature when ethylene glycol 

was used as the reducing agent, diacetyl has been found as the main oxidation 

product.[5] According to the Watzky-Finke mechanism of particle growth,[6] 

nucleation is slow followed by fast autocatalytic surface growth. Slow nucleation 

takes place as a result of the electron transfer to Pd(II). Then, unreduced Pd(II) 
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precursor complexes (that come in with surfactant) react on the surface of the newly 

formed nucleus, which takes place at a higher rate so that a narrow size distribution 

can be obtained. Hence, adsorbed molecules present in the primary cationic layer of 

the colloids will most likely be in the oxidised form. When we consider the proposed 

oxidation of the alcohol to aldehyde, 18% of HHDMA present in the reaction 

mixture would be oxidised. This oxidised and non-oxidised surfactant could then 

provide the electrosteric stabilisation. When spherical 6 nm Pd NPs are used to 

model the surface coverage, 0.88% of all HHDMA would be capped on the particle’s 

surface in the so-called cationic primary layer (assuming 1 surfactant molecule 

adsorbs on 0.303 nm2). 

A model for the structural origin of c-Pd has been proposed by P.T. Witte et 

al.[7] and more recently supported by DFT calculations by Pérez-Ramírez et al.[8] 

Firstly, they calculated the crystal structure of (HHDMA)(H2PO4). It was found that 

two aliphatic chains arrange linearly by van der Waals interactions just like in the 

crystal structure of (HHDMA)2(PdCl4) presented in Figure 2. Furthermore, 

electrostatic interactions keep the ammonium head group in close proximity to the 

H2PO4
– anion. This knowledge was used to introduce the Pd(111) surface into the 

model. H2PO4
– (or HPO4

2–) anions are adsorbed on the slightly electropositive 

Pd(111) surface and HHDMA is bound to that with the head group directed to the 

Pd surface (see Figure 3). The aliphatic C16 chains are aligned and point away from 

the Pd(111) surface, but they are highly mobile under reaction conditions. These 

findings were supported by results on the selective alkyne semihydrogenation in 

which the specific ensembles created by the ligand adsorbates were shown to be 

crucial.  
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Figure 3. Side and top view of HHDMA molecules attached to a Pd(111) surface with 

H2PO4
– (a) and HPO4

2– (b) anions. Bright blue are Pd atoms, N dark blue, P purple, C grey. 

Adopted from ref.[8] 

One of the project objectives included the elucidation of the colloid formation 

process, which includes the study of the Pd crystallite growth. Several techniques, 

including UV-Vis absorption spectroscopy, dynamic light scattering (DLS), 

transmission electron microscopy (TEM) and X-ray photoelectron spectroscopy 

(XPS) have been used in order to get to a better understanding of the colloid 

formation. Parallel to NP crystal growth, the fate of the surfactant also has to be 

established. NMR spectroscopy with and without magic angle spinning was applied 

to investigate the surfactant oxidation. The NanoSelectTM describes the formation of 

a solid catalyst, thus both the formation of transition metal colloids as well as the 

colloid immobilisation on a support material such as silica or activated carbon. 

However, this chapter will focus on the first step, i.e. formation of aqueous stabilised 

NPs. 
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2.2 Results and discussion 
 

2.2.1 Preparation of Pd colloids 

Figure 4 contains images taken before (4a) and after formation of aqueous Pd 

colloids (4b). Surfactant HHDMA itself is colourless and the orange colour at the 

start of the reaction is strictly related to the metal electronic transition bands. The 

reaction is started by heating the solution to 85°C and within 15-20 minutes a black 

solution forms. This suspension containing c-Pd is highly stable in water (up to 

years). 

 

 

 

 

 

 

 

 

Figure 4. (HHDMA)(H2PO4) mixed with Na2PdCl4 in water before (a) and after reduction 

(b) to c-Pd in two hours. 

Because free protons are released upon oxidation of the ethanol group of HHDMA, 

formation of Pd colloids can be probed by the solution’s acidity. Since the reaction 

contains 4.2 mM [Pd], 8.4 mM (pH=2.1) of protons should be formed in solution. 

However, the reaction mixture is buffered by H2PO4
– (the surfactant’s anion) and the 

pH measured at the end of the reaction was 2.6. The surfactant’s buffering capacity 

is important for the reduction to take place, exchange of this phosphate for e.g. a 

bromide will not result in colloid formation. The influence of the anions has been 

investigated and is reported in Chapter 3. Figure 5 shows the results of the c-Pd 

formation in an experiment where both pH and reaction temperature were recorded 

in time. 

 

(a)                                                     (b) 
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Figure 5. Development of temperature (left Y-axis) and acidity (right Y-axis) during 

reduction of [PdCl4]2–. As illustrated, it takes 13 minutes to reach the set temperature of 85°C. 

As shown in Figure 5, it takes 13 minutes for the temperature to reach the required 

85°C on an IKA® hot plate. After reaching the required temperature the reaction 

seems to take off as measured by the steep increase in acidity with the inversion point 

at 30 minutes. A decrease in pH was observed and after 60 minutes the reaction 

seems to have completed with no further variation in pH. 

In a typical experiment the TEM images show (semi) spherical particles. The 

particle size, expressed in the particle diameter, ranges from 5-10 nm between 

separate experiments. Figure 6 shows the TEM images from three parallel 

experiments with the same NanoSelectTM procedure, with average sizes of 9.1±1.0 

nm, 7.9 ± 1.1 nm and 8.9 ± 1.2 nm respectively. This corresponds well with literature 

values of 6[8] and 7[8] and 5 nm[7] Pd crystallites obtained using the same procedure 

in different labs. Since the particles are extremely stable in water, removal of the 

excess surfactant is tedious. Therefore, TEM images of the crude were obtained by 

placing a few drops of the aqueous colloids onto a TEM grid without any pre-

treatment. This implies that all chloride and phosphate salts together with the cationic 

surfactant are present during analysis of the samples. Large clouds of carbonaceous 

material are therefore observed such as depicted in Figure 6d. Selected area EDX 

has revealed that no Pd is present in areas that are occupied by carbon, phosphorus 

and chlorine. Fortunately, other particles are well visible on the grid, because they 

separate from the by-products (Figure 6c). Deposition on a support material allows 

the free surfactant and colloids to be adsorbed on the support anchoring sites, which 

results in a better contrast (see Figure 6b). Figure 7 shows the binding energies of 
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the Pd 3d electrons from XPS measurements probing the first few nanometers of the 

sample surface for aqueous Na2PdCl4 and c-Pd spin-coated on a silicon wafer. A 

clear shift to lower binding energies is apparent going from Pd(II)Cl4 337.8 eV (3d5/2) 

and 343.1 eV (3d3/2) to c-Pd 334.9 eV (3d5/2) and 340.2 eV (3d3/2). Furthermore, no 

signal corresponding to surface oxidation (PdO, 3d3/2=342.5 eV and 3d5/2= 337.0 

eV[9]) was detected at the Pd crystallite surface. Moreover, electron diffraction 

measurements confirm the FCC unit cells of metallic palladium (see the 

experimental section). 

(a) (b) 

  
(c) (d) 

  
Figure 6. TEM images of Pd crystallites. Colloidal suspensions of three parallel experiments 

are shown. Isolated NPs of 9.1±1.0 (a), 7.9 ± 1.1 nm Pd NPs supported on TiSiO4 (b), 8.9 ± 

1.2 nm Pd NPs (c,d).  
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Figure 7. XPS data for Pd 3d electron binding energy of c-Pd spin coated on a silicon wafer 

with (510) orientation for Na2PdCl4 with maxima at 337.8 eV (3d5/2) and 343.1 eV (3d3/2) 

(top) and c-Pd with maxima at 334.9 (3d5/2) and 340.2 nm (3d3/2) (bottom). Pd black has been 

reported as 335.1 eV (3d5/2) and 340.4 (3d3/2).[10] 

 

2.2.2 DLS and UV-Vis colloid analysis 

Dynamic light scattering (DLS) is a technique in which the size of dispersed particles 

in a liquid can be determined by their random Brownian motion. Because the 

working concentration for the preparation of c-Pd (4.2 mM) is well above the critical 

micelle concentration (CMC) of 0.6 mM, the surfactant micelles could act as a 

template for particle formation. DLS was chosen to investigate the colloid formation, 

as it can detect the micelles that are formed as well as the product Pd crystallites. 
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DLS was performed with multiple detection angles so that the best detection 

angle could be determined. This proved very helpful, since an optimal angle exists 

for every size range of particles. The detection angle was varied from 30° to 75° in 

steps of 5° at 25°C, 35°C, 45°C and 55°C. After mixing the palladium salt 

(Na2PdCl4.3H2O) with the surfactant solution, large particles were detected in 

solution. The diffusion data obtained from the measurements are summarized in 

Figure 8. The data points correspond to the 10 detection angles, but is expressed in 

terms of the scattering factor q. From the data, it can be concluded that the calculated 

hydrodynamic radius (Rh) is 55 nm and not completely constant over the range of 

different analysis temperatures and detection angles. Below 40°, the detected Rh was 

significantly greater going up to 115 nm. However, it is a common effect that the 

measured diffusion coefficient (inversely proportional to Rh) is slightly smaller at 

small detection angles due to the increasingly dominant scatter intensity (IS) 

originating from larger particles. Naturally, a disadvantage of measuring at greater 

angles is the decrease of IS and therefore lower signal to noise ratios. The scatter 

intensity has also been plotted against the detection angle. For the surfactant – metal 

precursor mixture (Figure 8), the IS decreases going from 30° to 75° where it reaches 

a plateau. At the plateau, the produced scatter varies from 50 kHz to 175 kHz at resp. 

25°C and 55°C. With these results it can be concluded that the precursor palladium 

salt is not simply present within surfactant’s pockets (reverse micelles), which would 

typically have sizes up to Rh = 2.4 nm for CTAB at 100 mM.[11] Even though the 

sample concentration of 1.13 mM for [HHDMA] is well above its CMC of 0.6 mM. 
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Figure 8. Hydrodynamic radius Rh (top) and average scatter intensities IS (bottom) as a 

function of the scattering vector q2 studied at 25°C, 35°C, 45°C and 55°C. [Pd]=0.21 mM 

and [HHDMA]=1.13 mM. 

Secondly, product Pd colloids were analysed at 25°C and the detection angle was 

varied between 30° and 75° in steps of 5° as shown in Figure 9. 
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Figure 9. Hydrodynamic radius Rh (top) and average scatter intensities IS (bottom) as a 

function of the scattering vector q2 for c-Pd obtained after full reduction of [PdCl4]2–. 

[Pd]=0.21 mM and [HHDMA]=1.13 mM. 

Interestingly, the reduced Pd colloids are smaller (Rh = 11 nm) than the aggregates 

observed in the precursor solution (Rh = 55 nm) and the calculated radius does not 

vary much at different detection angles. This seems to indicate that large metal salt 

“aggregates” are transformed into small monodisperse reduced NPs. A fivefold 

decrease in size is apparent. TEM imaging has revealed that the Pd crystallites are 5 

to 10 nm in diameter. However, the colloids detected with DLS also contain 

surfactant. This stabiliser slows down diffusion and therefore much larger particles 

are measured. The IS was much lower for c-Pd and only decreases slightly from 16 

to 10 kHz. 
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Several experiments were conducted in order to clarify which of the constituents is 

responsible for the produced scatter. In the following chart, the individual scatter 

intensities of HHDMA at different concentrations are presented. Also, the scatter 

intensity of Na2PdCl4 (column 5) and mixed with HHDMA (column 6) are reported 

for comparison. 

 
Figure 10. Scatter intensity, IS, as a function of surfactant concentration at a set detection 

angle of 60°. Columns 5 and 6: [Pd]=0.21 mM. 

Figure 10 shows that the average IS from solutions just containing surfactant is low 

and comparable to that of pure H2O (4 kHz). For good signal to noise ratios and 

corresponding data fits, the scatter intensity in DLS should be about 20x higher than 

the solvent.[12] It is only for 100 mM HHDMA that the scatter intensity is high 

enough for data analysis and a hydrodynamic radius of 0.7 nm with a PDI of 0.279 

was determined. This seems to correspond to the surfactant’s Rh and not that of 

micelles. Introducing Na2PdCl4 to the surfactant solution showed a significant 

increase in IS. This shows that the signal is dominated by large aggregate particles 

formed by PdCl4 in water. After dissolving Na2PdCl4.3H2O in water to the working 

concentration (4.2 mM) very large particles (Rh>100nm) are observed with a broad 

distribution. Even larger particles are observed (Rh>200nm) after dilution of the 

solution (20x) and can be filtered off simply through a syringe filter (0.45 µM 

membrane). Logically, the electrolytes concentration decreases substantially. 

In view of the results illustrated in Figure 8 and Figure 9, time-dependent DLS 

measurements on the full Pd(II) reduction to c-Pd were performed. For IS 

optimisation, and in order to compare with previous results, samples were obtained 

from the reaction mixture and diluted 20 times. Time-resolved DLS results are 
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illustrated in Figure 11. Also included in this plot is the polydispersity index (P.D.I.), 

which is a measure of the width of the particle size distribution (the square of the 

standard deviation / mean diameter). 

 

 
Figure 11. Hydrodynamic radii as a function of time at a 60° detection angle for samples 

withdrawn from the reaction mixture (top) with the corresponding average IS for each 

measurement (bottom). [Pd]=0.21 mM and [HHDMA]=1.13 mM. 

At the start, an initial hydrodynamic radius of 45 nm is calculated corresponding 

well with Figure 8. After 10-15 minutes, the time required for the solution to reach 

85°C, Rh starts to decrease significantly. At this stage, the reduction has started and 

full reduction has taken place within 45 minutes showing particles with an Rh of 11 

nm. No further decrease in particle size is observed beyond 45 minutes. Although no 

size increase was calculated at the early stage of the experiment, the IS does increase 
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going from an average IS of 200 kHz to 350 kHz, which illustrates that the formation 

of hydrolysed [PdCl4]2– aggregates is stimulated when temperature is increased to 

85°C. The hydrolysis of [PdCl4]2– upon dilution has been reported as a cause for 

precursor aggregation.[13] As this is an equilibrium, adding more NaCl (or HCl) 

increases the solubility, read [PdCl4]2– formation, and aggregates will not be formed. 

Hydrolysis takes place according to the following reaction: 

 

[PdCl4]2– + n H2O ⇌ [PdCl(4–n)(H2O)n](n–2) + n Cl– n ≤ 4 

 
Figure 12. UV-Vis absorbance spectra. [Pd]=4.2 mM. 

Figure 12 confirms that hydrolysis has taken place after Na2PdCl4.3H2O was 

dissolved in water with an absorption band at 414 nm. Addition of NaCl shifts the 

equilibrium back to [PdCl4]2– species with peaks at 466 nm (in 0.2 M NaCl) and 473 

nm (in 0.9 M NaCl). In Table 2, the absorbance of the hydrolysed complexes in pure 

form are reported as reference. 

 

Table 2. Selected wavelengths (nm) and Molar Absorptivities (cm-1M-1) of hydrolysed 

[PdCl4]2– and [PtCl4]2– d-d transitions as reported in the literature.[14] 

[PdCl4]2- [PdCl3H2O]- [PdCl2(H2O)2] [PdCl(H2O)3]+ [Pd(H2O)4]2+ 

474 (161) 431 (227) 420 (243) 407 (175) 379 (82.8) 

     

[PtCl4]2- [PtCl3H2O]- [PtCl2(H2O)2] [PtCl(H2O)3]+ [Pt(H2O)4]2+ 

391 (56) 383 (48) 372/356 (25/35) 351 (25) 319 (15) 
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It is noteworthy that successful DLS and UV-Vis measurements were possible due 

to the high solubility of the (HHDMA)(H2PO4), allowing even to probe the reduction 

of Pd(II) to Pd(0) in time. Addition of e.g. NaCl leads to the formation of 

(HHDMA)(Cl) which causes much precipitation at room temperature since its 

solubility is significantly lower than (HHDMA)(H2PO4). The results obtained in this 

work have shown that large particles with an Rh of more than 45 nm are observed in 

the pre-reduction mixture and the light scattering is dominated by aggregates formed 

by [PdCl4]2– hydrolysis. After reduction, the colloidal Pd crystallites are formed and 

an Rh of 11 nm was detected. Moreover, the c-Pd product is more stable in 

suspension than the aqueous Pd precursor. 

 

For platinum in the form of [PtCl4]2–, the differences in UV-Vis absorption are less 

pronounced (see Figure 13), although a similar trend was observed when compared 

to aqueous [PdCl4]2–.  

 

Figure 13. UV-Vis absorbance spectra. [Pt]=4.2 mM. 

An aqueous solution of 4.2 mM Na2PtCl4.H2O yields a spectrum with a maximum 

absorbance λmax at 374 nm which is shifted 13 nm towards 387 nm in the presence 

of 1 M electrolyte. This change is visible, because the samples lose their (pale 

yellow) colour becoming more transparent in the electrolyte solution. Compared to 

literature values (reported in Table 2) it seems that mono- (383 nm) and di-hydrate 

(372/356 nm) have formed upon dilution in water. Because of peak broadening, Pt 

seems to be present as [PtCl4]2– and hydrolysed [PtCl4]2–. This is supported by the 

fact that the presence of 0.2 M NaCl is sufficient to obtain the fully chlorinated 
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[PtCl4]2– species. The lower tendency towards hydrolysis can be explained by 

looking at the chloride association reaction and its equilibrium constant for both Pd 

and Pt. The electrochemical potentials for chloride association to bare Pt(II) nuclei 

can be derived from two similar half reactions with known standard potentials: 

 

   E° (V) 

Pt(0) + 4 Cl– ⇌ [PtCl4]2– + 2 e– – 0.755 

Pt(II) + 2 e– ⇌ Pt(0)   + 1.18 

Pt(II) + 4 Cl– ⇌ [PtCl4]2– + 0.425 

 

From this electrochemical cell equation the total potential can be calculated based 

on the standard electrode potentials giving an E° of 0.425 V for Pt and 0.360 V for 

Pd. The equilibrium constants can be calculated using the following relation:  

 

ln 𝐾 =  
𝑧 𝐹 𝐸°

𝑅 𝑇 
  

 

Where F represents the Faraday constant (96485 C mol-1), the number of electrons 

involved z (2), the gas constant R (8.315 J K-1 mol-1) at temperature T (298 K). This 

results in a theoretical K value (the chloride association constant) of 1.5 · 1012 for Pd 

and 2.4 · 1014 for Pt. Clearly, Pt has a much greater tendency for chloride association. 

This partly explains why [PdCl4]2– is more susceptible to hydrolysis than the [PtCl4]2– 

species.   

DLS has also been used for platinum to study the reduction in time. However, 

a low IS of 12 kHz was obtained at a 60° detection angle with 4.2 mM K2PtCl4. This 

is not sufficient to determine a reliable Rh. In 1 M NaCl, the IS decreases even further 

to values similar to that of pure water. Thus, it seems that aggregates of hydrolysed 

[PtCl4]2– are present, but are significantly smaller or present at very low 

concentrations. 
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Figure 14. TEM images of NP clusters (16 ± 2 nm) containing 2-3 nm Pt NPs. Particles were 

formed from K2PtCl4 with HHDMA after a pH adjustment to 3.0. 

In the electron microscope images of c-Pt presented in Figure 14, agglomerates of 

small platinum nanoparticles can be observed. Other than palladium in which single 

particles are formed, platinum forms particles that merge during reduction. Small 

particles are probably formed due to the high electrochemical reduction potential of 

Pt(II). A higher nucleation rate leads to the formation of more seeds and eventually 

smaller crystals.  
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2.2.3 1H HRMAS NMR spectroscopy study  

In the previous sections, the reduction of Pd(II) and the growth of Pd colloids has 

been investigated. In an additional NMR study the surfactant’s chemical structure 

has been examined before and after Pd(II) reduction. In this way, the surfactant 

oxidation can be established. As discussed earlier, the hydroxyethyl group on 

HHDMA is the most likely to be oxidised and therefore responsible for the reduction 

of Pd(II). For the NMR analysis, surfactant samples were prepared in water by 

addition of 10% D2O and were measured with water suppression using presaturation. 

Firstly, a 1H NMR spectrum of HHDMA was obtained (see Figure 15a). Signals 

between 0.5 and 2.0 ppm correspond to the C16 aliphatic chain with the terminal 

CH3 group at 0.74 ppm, 13 CH2 groups at 1.15 and a CH2 group at 1.62 ppm. The 

signals at 3.0 ppm (CH3, 2x), 3.36 ppm (CH2), and 3.25 ppm (CH2) represent the 

groups in close proximity to the ammonium cation with a further signal at 3.89 ppm 

from the CH2-OH moiety. Unfortunately, because the samples are measured in 

H2O/D2O, peak broadening prevents determination of any splitting patterns. Besides 

the CH2 signals corresponding to HHDMA some signals corresponding to an organic 

impurity are observed at 3.77, 3.59 and 3.52 ppm (with resp. relative integrals 0.63, 

0.59, 0.31). However, ESI-MS data (see experimental) showed a single peak 

representing the exact mass of the cationic surfactant at 314.3 m/z. Thus, the 

impurity is most likely to correspond to a structural isomer. 
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Figure 15. (a) 1H NMR spectrum (500 MHz, NOESY, 10% D2O) of (HHDMA)(H2PO4) in 

H2O. (b) 1H NMR spectrum (600 MHz, NOESY, 10% D2O) of washed c-Pd. (c) HRMAS 1H 

NMR spectrum (600 MHz, NOESY, 10% D2O) of washed c-Pd in H2O at 4000Hz. 
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A 1H NMR spectrum of the product c-Pd was also obtained, which is possible since 

about 99% of HHDMA should be free in solution. The product spectrum showed 

exactly the same spectrum as for pure HHDMA, with no clear sign of any oxidation. 

This is somewhat surprising if we would assume that 18% of surfactant molecules 

are oxidised to an aldehyde. To get more insight on surfactant adsorbed onto the 

colloids, separation of the colloids from the excess of surfactant is desired. As 

mentioned, the separation of excess surfactant and salts from c-Pd is not 

straightforward, due to the high stability of the colloidal suspension. However, it was 

found that diffusion-driven filtration using a cellulose-based dialysis membrane in 

an excess of deionised water was successful. Surfactant molecules penetrate the 

membrane because of the high molecular-weight cut-off of 14,000 D, but Pd colloids 

do not. This is a non-destructive technique that prevents any additional reactivity and 

the concentration of Pd within the membrane remains constant. Now, the permeate 

could be analysed by ESI-MS and indeed showed the cationic ammonium surfactant 

at 314.3 m/z, with no trace of any oxidised form. The retained colloids are considered 

as the washed c-Pd. Analysing the washed c-Pd resulted in a somewhat different 1H 

NMR spectrum, which is presented in Figure 15b. Compared with the original non-

washed c-Pd, the normalized intensity (0.3 vs 0.01) showed that most surfactant was 

removed from the colloidal suspension using this procedure. This, surprisingly, 

implies that an excess of HHDMA is not required for stabilisation. In the 

corresponding spectrum in Figure 15b, peaks between 3 and 4 ppm have shifted 

slightly downfield to 3.78 (~2H), 3.53 (~2H) and 3.16 (~6H). Surprisingly, one of 

the peaks corresponding to CH2 in the region between 3 and 4 ppm seems to have 

disappeared. Unfortunately, the concentration of free HHDMA in solution has 

become too low to obtain a 13C NMR spectrum, due to the much lower sensitivity 

(isotope abundance). 31P NMR analysis of the washed c-Pd revealed that the 

concentration of phosphate had become too low to detect by NMR, whereas before 

filtration a clear signal is measured at 0 ppm. Filtration has thus removed most free 

phosphate from the colloidal suspension. 

Surfactant protons might not be visible when adsorbed on the Pd surface 

because of the reduction of anisotropic nuclear magnetic interactions. Magic angle 

spinning can make these protons detectable. Spinning at the magic angle of the 

washed c-Pd sample at 4000 Hz resulted in the spectrum as shown in Figure 15c. 

Two signals with a substantial intensity have appeared at 3.61 and 2.13 ppm and 

some smaller, broader peaks at 1.93 and -0.05 ppm. Again, a low signal to noise 

excludes any 13C NMR measurements, but a prolonged 2D 13C-1H measurement has 
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revealed that the peak at 3.61 correlates with a carbon atom and the proton therefore 

does not belong to phosphate. Furthermore, spinning at a different frequency (5000 

Hz) was applied to exclude the presence of any side spinning bands. 

In conclusion, the filtration experiment showed that the excess of surfactant is 

not required for NP stabilisation, but the excess is required as a template for 

reduction. Oxidation of the surfactant, parallel to Pd(II) reduction, has not been 

established. NMR results of the filtered c-Pd seem to hint that a primary layer of 

hydrocarbons is tightly bound to the Pd crystal surface, but it is inconclusive whether 

this is HHDMA. The proposed selective oxidation of alcohol to an aldehyde seems 

incorrect. Instead, complete decomposition of a surfactant moiety occurs during 

particle growth. This oxidised hydrocarbon layer remains tightly bound to the NP. 

The non-oxidised surfactant remains in solution and is easily detected and analysed 

by solution NMR.  
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2.3 Conclusions and Outlook 
 

The synthesis of nano-sized palladium colloids with (HHDMA)(H2PO4) as the 

reducing and stabilizing moiety following the NanoSelectTM procedure resulted Pd 

NPs with an average diameter between 5 and 10 nm. The mechanism was proposed 

to involve electron transfer from the alcohol group to [PdCl4]2–. Combined DLS and 

UV-Vis analyses have revealed that hydrolysis of [PdCl4]2– causes the formation of 

large aggregates prior to reduction. At the typical reduction conditions, 2 to 3 Cl– 

anions are exchanged for H2O forming large aggregates in water. In absence of 

HHDMA this would result in precipitation of all Pd. In presence of HHDMA, 

aggregates with an Rh of 50 nm are formed that, during reduction, are transformed 

into Pd(0) colloids with an Rh of 10 nm. In the presence of an excess of Cl– anions 

(1 M) it was shown that most scatter disappeared, meaning that aggregates were not 

formed. DLS could not be used when both surfactant, metal salt and an excess of 

NaCl were mixed, because of the much lower solubility of the surfactant chloride. 

Moreover, scattering measurements at temperatures higher than 55°C were not 

possible due to the temperature limit on the DLS instrument. Besides following the 

reduction of Pd(II), an attempt was made to determine the oxidation of the surfactant. 

However, no change of surfactant that is free in solution was determined by neither 

NMR spectroscopy nor ESI-MS. When the surfactant’s hydroxyethyl group would 

be oxidised to the aldehyde, then 18% of HHDMA would be present in the oxidised 

form and should be easily detected. Because this is not measured, this seems to 

indicate that oxidised surfactant is present on the Pd surface and is responsible for 

its stabilisation. This is supported by the fact that removing the excess of surfactant 

by filtration does not destabilize the colloidal suspension by any means. An attempt 

was made to analyse the organic material capped on the metal surface via MAS 1H 

NMR of the colloidal suspension. In order to improve the data quality, the colloids 

were washed via dialysis to remove the excess of surfactant free in solution. The 

resulting spectra showed that an unidentified organic material other than HHMDA 

is present of the Pd surface, but the exact nature has unfortunately not been 

established.  

Pt(II) reduction was also included in this work and revealed that Pt(II) is less 

prone to hydrolysis, because the square planar chloride complex is more stable. 2-3 

nm Pt NPs were observed with TEM imaging that had formed small clusters with an 

average size of 16 nm.  
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We believe that MAS NMR could provide more insights into the nature of the 

adsorbed (oxidised) organic material stabilising the colloids. Also, more quantitative 

results could be obtained when a well-chosen internal standard would be used. This 

could establish the amount of surfactant washed from c-Pd after dialysis as well as 

the loss of surfactant upon oxidation. 
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2.4 Experimental and supplementary information 
 

The surfactant, N,N,N-hexadecyl-(2-hydroxyethyl)-dimethyl-ammonium 

dihydrogen phosphate (HHDMA)(H2PO4) was obtained from Sigma-Aldrich as a 

30% aqueous solution.[1] The palladium precursor used in these experiments, 

Na2PdCl4.3H2O (99%), was obtained from STREM chemicals and used as received. 

Platinum in the form of K2PtCl4 (99.9%) was obtained from STREM chemicals and 

used as received. Type 1 ultrapure water was used in all experiments (HealForce 

super series, 18.2 MΩ/cm=0.055 µS/cm resistivity). 

 

Preparation of c-Pd (NanoSelectTM) 

7 g of a 30% HHDMA solution was diluted to 200 mL with deionized water in a 300 

mL glass beaker. A thermocouple and a cross-shaped PTFE stirring bar were added 

to the beaker and the solution was magnetically stirred at 500 rpm. Then 328 mg of 

Na2PdCl4.3H2O was dissolved in 20 mL water and added slowly to the surfactant 

solution over 15 min using a peristaltic pump. At this point, the reaction was started 

by heating to 85°C while stirring. The set temperature was kept for 2 hours in order 

to ensure full reduction of Pd(II) to Pd(0). The pH was determined with a calibrated 

pH electrode with ceramic junction in the pH range of 0-14.  

 

Dynamic light scattering 

DLS measurements were performed using a standard light scattering device (ALV 

GmbH, Langen, Germany) with He-Ne-laser (JDS Uniphase, KOHERAS GmbH, 

632.8 nm, 25 mW, Type LGTC 685-35), two avalanche photodiodes (Perkin Elmer, 

Type SPCM-AQR-13-FC) and an ALV-7002 correlator. The scattered light was 

detected at multiple angle geometry. The sample temperature was adjusted by an 

external thermostat equipped with a Pt-100 temperature sensor. The hydrodynamic 

radius, Rh was calculated from second-order cumulant fits and the Stokes–Einstein 

equation. Measurements (3 runs) each covered a time span of 60 s. From these 3 

runs, the measurement with the lowest average mean scatter intensity was used. DLS 

was performed at a 60° detection angle and performed at 25°C unless stated 

otherwise. Samples were withdrawn periodically from the reactor and diluted 20 

times by injecting 0.5 mL into 9.5 mL of deionized water ([Pd]=0.21 mM). 
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Figure 16. Hydrodynamic radii as a function of time for samples taken from the PdCl4 

reduction at a 60° detection angle (top) and the corresponding average scatter intensity for 

each measurement (bottom). [Pd]=0.21 mM and [HHDMA]=1.13 mM. 

 

UV-Vis absorbance measurements 

UV spectra were recorded on a Shimadzu UV-1800 spectrophotometer in the 

wavelength range of 190-900 nm, with one data point per 0.5 nm. Hellma quartz 

suprasil 300 precision cuvettes were used in all measurements. 

 

Titration experiment to determine CMC of (HHDMA)(H2PO4)  

Several techniques are available to determine the CMC in water such as the pendant 

drop method[15], conductivity measurements[16], or light scattering techniques[17], 

among others. Here, an absorbance dye pyrene was used.[18] The CMC of 
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(HHDMA)(H2PO4) was determined to be 0.6 mM at 21°C by UV-Vis measurements 

of the titration using pyrene as probe molecule. Pyrene molecules are encapsulated 

within the hydrophobic pockets formed by the micelles and this enhances the pyrene 

UV-absorbance. The sum of pyrene absorption bands at 320 and 336 nm was used. 

A stock solution was prepared by adding 1.6 mg pyrene to 100 mL 20 wt.% 

EtOH/H2O to obtain an 80µM pyrene solution. The mixture was sonicated to ensure 

a transparent solution. Final concentration of pyrene analysed by UV-Vis 

spectroscopy is 2 µM. This is achieved by the addition of 19.5 mL of a water-

surfactant solution to 0.5 mL of stock solution. 

 
Figure 17. UV-Vis absorbance spectra of 2.0 µM pyrene in absence and presence of 

HHDMA (top) and the sum of the absorption maxima at 320 and 336 nm at increasing 

HHDMA concentration (bottom). 
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Electron Microscopy 

TEM imaging was performed on a FEI F20 electron microscope (200 kV, field 

emission gun) equipped with an 8kx8k CMOS camera or an a Tecnai 12 electron 

microscope operated at 120 kV with a tungsten filament for electron diffraction. 

Samples were prepared by adding a few drops of solid material dispersed in ethanol 

on the carbon coated copper grid. Images were analysed with ImageJ software. 

HAADF-STEM analysis was performed on a 200kV TECNAI 20F electron 

microscope equipped with an EDAX detector. The EDX results were processed with 

the program TIA. 

 
Table 3. TEM image with corresponding SAED pattern of c-Pd prepared from 4.2 mM 

Na2PdCl4 with 42 mM (HHDMA)(H2PO4) in water. Average particle size: 6.1 nm. The 

interplanar spacing, calculated from the SAED pattern is included. 

  

Miller index Interplanar spacing d (nm) 
Theoretical d value 

(nm) 

(111)  0.225 

(200)  0.195 

(220) 
0.145, 0.139, 0.139, 0.138, 0.136, 

0.131 
0.138 

(311) 
0.123, 0.121, 0.121, 0.119, 0.118, 

0.115 
0.117 

(222) 0.113, 0.112 0.112 
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Figure 18. HAADF-STEM image (left) of Pd NPs prepared with 10 equiv. HHDMA with 

EDX selected-line scan (right) of palladium, phosphors, chloride and oxygen. Scale bar is 50 

nm. 

X-ray Photoelectron Spectroscopy 

The XPS measurements were carried out with a Thermo Scientific K-Alpha, 

equipped with a monochromatic small-spot X-ray source and a 180° double focusing 

hemispherical analyser with a 128-channel detector. Spectra were obtained using an 

aluminium anode (Al Kα  =  1486.6 eV) operating at 72W and a spot size of 400 µm. 

Survey scans were measured at a constant pass energy of 200 eV and region scans 

at 50 eV. The background pressure was 2 · 10-9 mbar and during measurement 3 · 

10-7 mbar Argon because of the charge compensation dual beam source. Samples 

were prepared by spin coating of the suspensions on a silicon wafer with (510) 

orientation. 

 

Nuclear Magnetic Resonance Spectroscopy 

NMR spectroscopy was performed on a 600 MHz Bruker Avance I spectrometer 

equipped with a TXI probe suitable for proton detected homocorrelated and 13C/15N 

heterocorrelated experiments. Settings used for proton runs with H2O-D2O samples: 

ePresat_noesypr1d. HRMAS measurements were also performed on the 600 MHz 

Bruker Avance I spectrometer equipped with a 1H/13C/15N HRMAS probe suitable 

for semi solid and gel samples. 
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Colloid dialysis experiment 

Separation of small molecules was achieved via r.t. diffusion-driven filtration of 

small molecules through a cellulose dialysis tubing with a molecular weight cut-off 

of 14,000. Before used, the membrane was cut into the appropriate length and 

washed 3 times with 500 mL of deionised water. The aqueous c-Pd was then poured 

into the dialysis tube and sealed by a closure on either end. Then the membrane was 

dipped into a 3 L beaker containing 2.5 L of 

deionised water at r.t. while stirring at 350 rpm. 

Both ends of the tube were hanging over the sides 

of the beaker to keep the tube in place and because 

the closures were not closing good enough to keep 

the colloidal suspension from leaking through. 

This dialysis was left for a total of 2 weeks and the 

deionized water was replaced regularly. Most salts 

(both surfactant and NaCl) permeated through the 

membrane at an early stage, which was detected 

by a conductivity meter and by simply shaking an 

aliquot of water to see whether soap bubbles 

appeared.   

 

Electrospray Ionisation Mass spectrometry (ESI-MS) 

Mass spectrometry measurements were performed on a Bruker micrOTOF 

instrument in the range of 50 to 3000 m/z for positive ion polarity. Set capillary was 

4500 V with set end plate offset -500 V. Set Nebulizer 0.4 bar, dry heater 180°C with 

4.0 L/min dry gas. 

 

 

 

 

 

 

 

 

 

 



Chapter 2 

58 

 

 

 

 
Figure 19. ESI-MS spectra of (HHDMA)(H2PO4) (a), surfactant permeate after dialysis (b) 

and the washed c-Pd (c). 
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Preparation and analysis of supported 

surfactant-stabilised Pd colloids 

 

 

 

 

 

 

 

Abstract 

 

Reduction-deposition has been applied as a straightforward procedure for the 

preparation of heterogeneous catalysts based on Pd colloids. The surfactant that is 

used in the preparation of colloids is in competition for anchoring sites on the solid 

support with the Pd colloids and low metal loadings are the result. Minimisation of 

the amount of surfactant is therefore desired and/or the development of alternative 

surfactant molecules. A variety of surfactants, such as dimeric ammonium salts, have 

been synthesised and applied in the formation of Pd colloids. Furthermore, the effect 

of e.g. the electrolytes on particle growth was found crucial. 
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3.1 Introduction 
 

The monomeric surfactant (HHDMA)(H2PO4) (see Figure 1) has been successfully 

applied in the formation of Pd and Pt colloids (see also chapter 2).[1-3] Palladium 

colloids (c-Pd) formed with this type of surfactant can be applied in catalysis as 

individual or supported catalysts (patented NanoSelectTM procedure).[1,2] The 

reaction scheme of the Pd(II) reduction in the presence of HHDMA is shown in 

Figure 1. TEM imaging showed that the Pd crystallites in this example have an 

average size of 7.9 ± 1.1 nm. When solid catalysts are desired, the c-Pd can be 

immobilised onto the surface of a support material. Hereby, c-Pd is immobilised in 

order to maintain a high surface area and the supported product is easier to handle 

and apply in e.g. catalysis. This reduction-deposition methodology allows the 

individual crystallites to be formed in absence of a support, which therefore has no 

influence on the metal reduction.  

 

 

  Figure 1. Simplified chemical reaction equation of the Pd(II) reduction (top) with TEM 

images of 0.5% c-Pd/TiSiO4 (bottom). Average Pd NP size: 7.9 ± 1.1 nm. 

The surfactant’s chemical composition was modified via the synthesis of HHDMA 

analogues, which were then applied in the Pd(II) reduction to study the effect on the 

formation of Pd crystallites. For instance, instead of the aliphatic C16 hexadecyl 
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chain, also surfactants with shorter and longer chains were applied. Moreover, 

HHDMA containing different (halide) anions were prepared and applied in the Pd(II) 

reduction. It is known that the presence of different electrolytes has a significant 

effect not only on the size of the formed Pd crystallites but also on their shape and 

surface facets.[4,5] This strategy was extended by pH adjustments with additional HCl 

to alter the amount of Cl– in solution.  

Surprisingly, dimeric surfactants applied as stabilisers have not been 

investigated much, even though special properties are assigned in the literature when 

compared to their monomeric counterparts.[6-8] For instance, the critical micelle 

concentration (CMC) of dimeric surfactants are typically one order of magnitude 

lower and they are more efficient in lowering the surface tension of water. Moreover, 

aqueous solutions can become highly viscous at higher concentration, where low 

viscosity remains for the corresponding monomer. As a result, gemini surfactants 

give rise to higher solubilizing, wetting, and foaming ability. Using these specific 

surfactants in the reduction-deposition methodology could result in the requirement 

of less surfactant and therewith a higher metal on support loading. For these reasons, 

dimeric surfactants were synthesized and applied in the reduction of Pd(II) to form 

c-Pd. Dimeric structures highly similar to HHDMA were prepared, because small 

modifications to HHDMA have shown to significantly impact the Pd(II) reduction. 

Another reason is that no additional reducing agents are required due to the presence 

of the hydroxyethyl group, making the preparation of c-Pd via the reduction of 

aqueous Na2PdCl4 straightforward.  
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3.2 Results and discussion 
 

3.2.1 Preparation of c-Pd/C via reduction-deposition 

The effect of different concentrations of surfactant (HHDMA) on c-Pd particle size 

and its influence on the maximum Pd loading on activated carbon (C) was 

investigated. Besides the typical surfactant to Pd ratio of 5.4,[2,9] also ratios of 1, 2, 

10 and 20 were chosen at a constant Pd concentration, as indicated in Table 1. After 

preparation, the colloids were deposited on activated carbon with an aimed loading 

of 1.0 wt.%. This high aimed loading was chosen to illustrate how the maximum 

immobilised c-Pd is related to the concentration of surfactant. Namely, a drawback 

of this methodology is the low maximum metal loading that can be reached. For 

process optimisation, using less surfactant could possibly result in higher c-Pd on 

support loading when desired. A model for the exchange between surfactant and c-

Pd is presented in Figure 2 and is adopted from work published by Witte et. al.[9] 

with the slight modification that the stabiliser does not exchange with free surfactant. 

Protons of surface hydroxyl groups are replaced by the surfactant’s cationic 

ammonium head group. For clarity, only H2PO4
– anions are drawn. However, not 

only H2PO4
–, but also Cl–, released upon Pd(II) reduction, is present when the 

colloids are added to the support material. 
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Figure 2. Model of the interaction between a negatively charged surface with free surfactant 

molecules and surfactant-stabilised Pd(0) NPs in water. Grey spheres are surfactant 

ammonium head groups and the black sphere represents a Pd(0) NP. 

When the experiments were performed with different concentrations of HHDMA, 

all other parameters were kept constant as reported in Table 1. After formation of c-

Pd, this colloidal suspension was added to a slurry containing the activated carbon. 

Any excess of c-Pd that could not anchor onto the support was washed off into the 

filtrate and rejected. In experiment 1 and 2, all c-Pd and surfactant was deposited 

onto C, as was observed from its transparent filtrate. In experiment 3, 4 and 5, 

however, the dark brown to black filtrate clearly contained c-Pd and surfactant. This 

means that the surfactant competes with the colloids for anchoring sites on the 

support. As a result, final metal loadings (determined by ICP-AES) vary 

substantially with a maximum Pd content of 0.85% Pd/C obtained in experiment 1 

and 2. The significant deviation from 1% can be explained by an experimental error. 

With 5.4 eq. of HHDMA a loading of 0.66% Pd/C was achieved. This means that 

22% of Pd was washed away during filtration. Going to a surfactant ratio of 10, even 

less c-Pd actually binds to the support with 0.31% Pd/C and therefore 64% of Pd 

rejected. At a ratio of 20 the metal deposition on C was only slightly lower with 

0.30% Pd/C and 65% Pd not anchored onto C. This explains why NanoSelectTM 

catalysts typically have a metal loading between 0.5 and 1.0%. Parallel unpublished 

work has shown that the ratio of surfactant to Pd on the support is higher after 
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deposition of a c-Pd excess than the ratio at c-Pd preparation. This was determined 

by the carbon content on an oxidic support with CHN and ICP-AES analysis. This 

implies that the surfactant-support interaction is dominant over the colloid-support 

interaction.  

 
Figure 3. Pd NP size and weight content on C after reduction of 4.14 mM [PdCl4]2- in the 

presence of (HHDMA)(H2PO4). 

Table 1. Preparation of c-Pd/C with reagent concentrations and final Pd loading after 

deposition on 4.84 g of activated carbon determined by ICP-AES. 

Experiment 
[HHDMA] 

(mM) 

[Na2PdCl4] 

(mM) 
Surf./Pd 

Pd NP size 

(nm) 

Pd content 

(wt.% Pd/C) 

1 4.14 4.14 1 36 ± 44 0.83 

2 8.28 4.14 2 13.5 ± 2.6 0.85 

3 (benchmark) 22.5 4.14 5.4 6.4 ± 1.0 0.66 

4 41.4 4.14 10 6.8 ± 0.7 0.31 

5 82.8 4.14 20 12.1 ± 1.2 0.30 

 

The metal on support loadings were determined by ICP-AES analysis and the Pd 

crystallites were analysed by TEM imaging. The results are reported in Table 1 and 

Figure 3. As shown, the average particle size varies substantially with the amount of 

surfactant present. The Pd particle size becomes highly polydisperse when 4.14 mM 

of aqueous Na2PdCl4 was reduced with only 4.14 mM of HHDMA (36 ± 44 nm). 

Only two equivalents, however, already results in 13.5 ± 2.6 nm Pd crystallites with 

a relatively narrow size distribution. An increased 5.4 equivalents relative to 
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[Na2PdCl4] results in a further size decrease to 6.4 ± 1.0 nm. Since this ratio has been 

applied multiple times, we know that the size of Pd crystallites normally lies between 

5 and 10 nm. Then, in the presence of 10 and 20 equivalents of surfactant, the average 

particle size increases to 6.8 ± 0.7 and 12.1 ± 1.2 nm respectively. A possible 

explanation is the increased salt concentration, which slows down the reduction rate. 

The only slightly lower 0.30% Pd/C loading in the presence of 20 eq. surfactant 

could be related to the bigger Pd NPs that precipitate easier onto the support surface.  

 

3.2.2 Formation of c-Pd with HHDMA derivatives 

Not only surfactant/Pd ratios were varied, the chemical composition of 

(HHDMA)(H2PO4) was also altered in order to gain more understanding of the 

reduction chemistry. Both the anion and the surfactant’s aliphatic chain length were 

altered separately and consecutively applied in the Pd(II) reduction with the results 

reported in Table 2. The synthesis of HHDMA containing Br– or Cl– anions is 

relatively straightforward and the synthetic route for the synthesis of (HHDMA)(Br) 

is shown in the following scheme.  

 

 
Scheme 1. General reaction equation for the synthesis of cationic ammonium surfactants. 

A stoichiometric amount of 1-bromohexadecane was added to N,N-

dimethylethanolamine and refluxed at 95°C in methanol/acetonitrile for 24 hours.[10] 

The procedure for (HHDMA)(Cl) was similar, except 1-chlorohexadecane was used 

and the yield of crystalline product was significantly lower with only 13% versus 

68% for (HHDMA)(Br). Ion-exchange with an ion-exchange resin in the hydroxy-

form can then be used for the exchange to (HHDMA)(OH) followed by the addition 

of the acid form of the desired counterion, H3PO4 to obtain (HHDMA)(H2PO4), 

hence the surfactant is obtained in aqueous form.[11] The commercially available 

(HHDMA)(H2PO4) is synthesised with 1.5 equivalents ethyleneoxide addition to 

N,N-dimethylhexadecylamine in the presence of phosphoric acid at 80°C. Ion-

exchange is not required in this process.[12]   

As indicated in Table 2 (entry 7 and 8), (HHDMA)(Br) or (HHDMA)(Cl) were 

applied in the reduction of Na2PdCl4 under the same conditions, but no reduction and 

its corresponding colour change from orange to black was observed. Phosphate acts 



Chapter 3 

68 

 

as a buffer for the HCl formed during [PdCl4]2- reduction via the ethanol group. Here, 

the pH did drop significantly from around pH=4 to pH=2, an indication that the 

reaction does get initiated. However, the reduction gets inhibited by the significant 

drop in pH and does not go to completion.  

When (HHDMA)(NO3) was applied as reducing and stabilising agent, the 

reduction proceeded very slowly and a brown colloidal suspension had formed after 

1.5 h. After one day, a black precipitate was observed with a yellow/orange 

supernatant, illustrating an incomplete Pd(II) reduction. In the TEM images, 20 nm 

facetted Pd particles were observed as shown in Figure 4. Interestingly, the majority 

of the particles observed by TEM imaging were surrounded by a porous deposit. The 

nitric acid formed during reduction is an oxidizing agent and complicates full 

reduction into Pd(0) crystallites. The particle’s composite contains a partially 

oxidized phase containing both Pd(0) with Pd(II). It is tempting to conclude that the 

images shown give an insight into the colloid formation, however it is more likely 

that the particles were formed and then etched into the shown aggregates.[13] 

When surfactants with a C18 and C20 aliphatic alkyl chain were applied, NPs of 

respectively 12.9 and 10.1 nm were formed and the experiments proceeded in a 

similar fashion to the standard procedure using (HHDMA)(H2PO4). On the other 

hand, the surfactant with a C12 alkyl chain did not provide stable colloids. Pd NPs 

with an average size of 4.7 nm were formed, but due to the apparent lack of 

stabilisation, large aggregates are observed in the TEM images (see Figure 4). A lack 

of steric repulsion due to the slightly shorter C12 chain can be responsible for this. 

Hence, the corresponding aqueous colloidal suspension was not stable and much Pd 

black precipitate was observed. In the TEM images, the contrast in between the small 

Pd NPs suggests that they are stabilized by organic material so that their interaction 

is not metallic (Pd-Pd). This seems to indicate that the NPs were first formed before 

they agglomerated. Furthermore, individual particles were also observed.   
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Table 2. Reduction of 4.14 mM aqueous [PdCl4]2- with 22.5 mM of cationic ammonium 

surfactant defined by R and X groups. Final column contains TEM data obtained from the 

product samples. 

 

 

 

 

 

 

Entry R X 
Full Pd(II) 

reduction 
Result 

1 C20 Br No  

2 C20 H2PO4 Yes 10.1 ± 1.1 nm 

3 C18 Br No  

4 C18 H2PO4 Yes 12.9 ± 1.1 nm 

5 C16 H2PO4 Yes 7.9 ± 1.1 nm Pd NPs 

6 C16 NO3 Yes 20 nm particles with composite 

7 C16 Cl No  

8 C16 Br No  

9 C12 Br No  

10 C12 H2PO4 Yes 
Aggregates consisting of 4.7 ± 0.9 

nm Pd NPs 
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  Figure 4. TEM images of Pd NPs prepared from 4.2 mM Na2PdCl4 with 23mM surfactant in 

water; (HHDMA)(NO3) (top) and (C12)(H2PO4) (bottom). 

 

3.2.3 Influence of pH on the formation of Pd NPs 

Preparation of c-Pd with (HHDMA)(H2PO4) was investigated with a pH adjustment 

before the reduction was initiated. This pH adjustment was performed with 

hydrochloric acid (HCl) as it is one of the reaction by-products. First, a starting pH 

of 3 was chosen and resulted in particles with an average size of 15 ± 2 nm (see 

Figure 5) compared to 7.9 ± 1.1 nm in absence of additional HCl.[9] This enables the 

possibility to prepare Pd NPs at different sizes, which could be useful for the study 

of size-dependent properties. The pH adjustment has to be performed carefully, when 
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the pH was adjusted to 2.9 before the reaction an average particle size of 19 ± 2 nm 

was found with more pronounced crystal facets as observed in Figure 5.  

 

  

  Figure 5. TEM images of Pd NPs prepared from 4.2 mM Na2PdCl4 with 23mM 

(HHDMA)(H2PO4) in water. pH was adjusted with HCl to 3.0 (top) and 2.9 (bottom) 

respectively before the reaction was run at 85°C. Average particle size: 15 ± 2 nm and 19 ± 

2 nm respectively. 

For even smaller but monodisperse particles, a stronger (external) reducing agent 

would be required. Increasing the pH with e.g. sodium hydroxide would result in 

reduction before the set temperature of 85°C is reached. This would result in particles 

with a broad size distribution. Addition of HCl seems to have a strong effect on the 
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Pd(II) reduction. Naturally, adding more Cl– shifts the equilibrium to the left 

according to: 

 

Na2Pd(II)Cl4 + R3N+–CH2CH2OH  ⇌   Pd(0) + R3N+–CH2CHO + 2 HCl + 2 NaCl 

 

The addition of HCl to modify the pH increases the etching power of the O2/Cl– 

pair,[14] which is illustrated by the standard electrical potentials of oxygen in water:[15] 

 

O2 + 4 H+ + 4 e–   ⇌  2 H2O   E°=1.229 V 

O2 + 2 H2O + 4 e–  ⇌  4 OH–   E°=0.401 V 

 

When adjusted as far as pH=2, the reaction had to be performed under reflux at 

110°C, which did result in the formation of even larger Pd crystallites. Because the 

particles proofed to be much larger, centrifugation could be used to precipitate c-Pd. 

The precipitated colloids could now be washed with demineralised water. In the first 

washing step, a yellow supernatant was washed from the black Pd residue. This 

means that there was still palladium chloride in solution that was not reduced under 

these harsh conditions. Figure 6 shows TEM images of the washed Pd NPs, hence 

the excellent contrast. Very large particles with an average diameter of 59 ± 7 nm 

had formed. 

 

  Figure 6. TEM images of Pd NPs prepared from 4.2 mM Na2PdCl4 with 23mM 

(HHDMA)(H2PO4) in water. pH was adjusted with HCl to 2.0 before the reaction was run at 

110°C. Pd NPs were washed with centrifugation/water three times. Particle size: 59 ± 7 nm. 
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Figure 7. XRD pattern of a monolayer and multiple layers of Pd NPs. The Pd NPs were 

prepared from 4.2 mM Na2PdCl4 with 23mM (HHDMA)(H2PO4) in water. pH was adjusted 

with HCl to 2.0 before the reaction was run at 110°C. Pd NPs were washed with 

centrifugation/water three times.  
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X-ray diffraction of the washed colloids was also performed on a (510) zero 

background silicon wafer. When much palladium was brought on the wafer, a 

diffractogram typical for Pd was observed, see Figure 7. Also, a thin layer of Pd 

crystallites was formed by placing a minimal amount of aqueous Pd crystals on the 

wafer, letting the water evaporate slowly. Then, an abnormally intense diffraction 

was observed in the diffractogram at 39.81° that belongs to the (111) lattice plane. 

The diffraction peaks belonging to the other crystal planes in fcc Pd(0) are not 

observed except for the (222) plane at 85.5°. This can be explained by a preferential 

orientation of the NPs on the silicon wafer, which has been studied for Br– capped 

Pd nanocubes, but has not been reported for Cl– capped Pd to the best of our 

knowledge. The average crystal size was also determined via the Scherrer equation, 

based on the width of the diffraction peaks.[16] For the peak at 39.77° a crystal size 

of 9.7 nm was found, but for the other diffractions an average size between 4 and 6 

nm was calculated. These average XRD sizes did not correspond with sizes 

determined via TEM imaging (59 nm). This could be explained by the high 

irregularity within the fcc crystal lattice. Furthermore, the TEM images showed the 

presence of different shapes, such as triangles, pentagons and nanobars. Facetted 

particles were already observed in absence of a pH adjustment, but have become 

more pronounced by their size increase. In literature some studies have been done 

on the shape selective synthesis of Pd NPs and will be briefly discussed here.  

The preparation of nanoparticles with different shapes (and surface structures) 

can roughly be separated into a kinetically and a thermodynamically controlled 

growth regime. Reaction conditions are crucial for the selective growth of 

nanocrystals towards different shapes. Naturally, these different shapes are 

interesting for their application in e.g. catalysis, due to the different surface energies 

of [100] and [111] facets at the terrace ensembles and the presence of different 

corners/edges. In the Figure below, different experimentally obtained shapes 

prepared during the controlled growth of Pd nanoparticles are rationalised and 

illustrated.[17]  



  Chapter 3 

 

75 

 

 
Figure 8. Shape selective growth of Pd crystallites. The green colour represents the [100] 

facets, the yellow [111] and the purple [110] facets. Image was adopted from the literature.[17]  

In the early stages of crystal formation, the nucleation stage, dissolved Pd(II) 

complexes are chemically reduced to 3-4 nm Pd NPs with an isotropic shape called 

seeds. These seeds are single crystals or twinned and represent the template for the 

crystallites that will finally be formed in solution. Reaction conditions can thereby 

highly influence the reaction outcome.[5,18-20] Octahedrons, cubooctahedrons and 

cubes can be formed from the single crystals. Differentiation is controlled using 

different capping agents that can stabilize crystallographic facets through adsorption 

on its surface. Adsorption of e.g. Br– ions to surface [100] facet slows down the 
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growth rate of the crystal into the <100> direction. As a result, the corresponding 

particles will have a higher ratio of [100] facets over [111] facets. In Figure 8, this 

directional growth rate is given by R, the ratio r<100>/r<111>, which is small when 

cubes are formed. Particles considered as spherical are typically polyhedrons, 

containing both [100] and [111] facets and represent the thermodynamically 

favoured shape according to the Wulff construction.[21] The best example of shape 

selective synthesis of Pd NPs can be found in the formation of single crystal 

nanocubes via the seed-mediated growth. Typically, hexadecyl-

trimetylammoniumbromide (CTAB) is used as commercially available surfactant in 

water. An excellent example is described by Niu et al.[18] They achieved excellent 

shape selectivity (>95%) and monodispersity (22 ± 0.036 nm) in the synthesis of Pd 

nanocubes. In their procedure a solution of CTAB (12.5 mM) and Pd(II) (0.5 mM) 

was heated to 95°C. Then, the reducing agent L-ascorbic acid (0.53 mM) was 

directly added into the solution after which a black solution forms within seconds. 

This indicates that the nucleation stage in seed formation is extremely fast. Fast 

reduction of Pd(II) to Pd(0) seems to be required for the formation of palladium 

seeds. Namely, depending on the conditions, single crystals, single twinned and 

multiple twinned particles can be formed during the Pd(0) nucleation. The resulting 

nanocubes have an average diameter of 22 nm and can be applied as seeds in the 

growth of larger nanocubes. For comparison, their exact procedure was repeated, and 

the results are shown in Figure 9.  
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  Figure 9. HRTEM images of Pd nanocubes synthesized with CTAB and ascorbic acid. 

Average Pd NP size: 25 ± 3 nm. Lattice fringes can be observed on the Pd crystal (left) with 

a 0.20 nm spacing corresponding to the (200) interplanar spacing. 

 

 

Figure 10. XRD spectrum of Pd nanocubes immobilised on a zero-background silicon wafer. 
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An XRD pattern was obtained that now showed an unusually intense diffraction at 

46.69° corresponding to the (200) interplanar spacing as shown in Figure 10. Again 

the particle size was determined from the diffraction peaks at 46.69°. A crystallite 

size of 24.4 nm was found compared to 25 nm as determined by TEM imaging.  

Looking back at Figure 6, the etching power of the O2/Cl– pair at pH=2 can 

explain the highly faceted particles observed in the TEM images. Many flat 

structures and triangular sheets are observed that we know to form mainly in the 

kinetically controlled regime. This can explain the relatively high intensity of the 

diffraction corresponding to (111) crystal planes and is the result of a preferential 

orientation of crystalline sheets. Also, the determined crystallite size is much smaller 

(and varying) when determined from the XRD data. 

 

3.2.4 Pd(II) reduction in the presence of dimeric cationic 

surfactants  

Because of their superior properties over monomeric surfactants, some dimeric 

surfactants were prepared and applied in the aqueous Pd(II) reduction. Because 

HHDMA has proven to be very effective in the selective formation Pd and Pt 

colloids, chemically similar surfactants were targeted. This implies that newly 

prepared surfactants should contain a C16 aliphatic chain with ammonium head 

groups, a hydroxyethyl moiety and hydrogen phosphate as counterion. The dimeric 

surfactants that were chosen are shown in Table 3. The dimeric surfactants were 

obtained via coupling of N,N-(2-hydroxyethyl)-methyl-1-hexadecylamine (HDA) 

using an aliphatic or aromatic dihalogen moiety to form the dicationic species. The 

only difference between the dimeric surfactants is the spacer group. The 

nomenclature used here is (16,R,16)(X)2 with 16 being the surfactant’s chain length 

with spacer type R and anion X. The corresponding Pd colloids will be referred to as 

Pd(16,R,16). Three types were synthesized with the aliphatic (CH2)3 (R=3) and 

(CH2)4 (R=4) and the aromatic p-xylene (R=xyl).  
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Table 3. Chemical structure of the monomeric and dimeric surfactants. 

(HHDMA)(H2PO4)  

 

(16-3-16)(H2PO4)2  

 (16-4-16)(H2PO4)2  

 (16-xyl-16)(H2PO4)2  

  

After formation of the dicationic dihalide, ion-exchange has to take place in order to 

introduce two dihydrogenphosphate units, which are also present in the monomeric 

surfactant HHDMA. This is a crucial step, because we know that for the monomeric 

surfactant, [PdCl4]2– reduction does not take place with X being Cl– or Br–. We 

believe that dihydrogenphosphate buffers the HCl that is formed during reduction 

and is partly responsible for the high stability of the colloidal suspensions. Thus, 

stepwise formation of c-Pd with dimeric surfactants involves: 

 

1. Synthesis of the ammonium dihalide (16,R,16)(X)2 

2. Ion exchange to replace the halide by dihydrogenphosphate 

(16,R,16)(H2PO4)2 

3. Controlled reduction of Pd(II) to Pd(16,R,16) in the presence of the 

surfactant 
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In step 1, the dimeric surfactants containing a halide counter ion were synthesized in 

a two-step procedure. First, N-(2-hydroxyethyl)-N-methyl-1-hexadecylamine 

(HDA) was prepared via reaction of the commercially available ethanolamine with 

1-bromohexadecane, which is straightforward and was obtained in a 65% yield. Two 

equivalents of HDA were then coupled to a linker dihalide (see scheme 2) 

corresponding to the target surfactants shown in Table 3. Commercially available 

iodide and bromide containing linker molecules were chosen, because they are better 

leaving groups than chloride in the substitution reaction. The synthesis of (16-2-16) 

was also attempted but unfortunately unsuccessful. The 1,2-dibromo and 1,2-

diiodoethane linkers were found unstable under reflux conditions. Elimination of the 

halide in the form of HBr or HI occurred, hence actual nucleophilic substitution by 

the amine forming the ammonium cations could not take place. 

 

 
Scheme 2. Synthesis route for the preparation of the dimeric (16,R,16) surfactants. 

After the dihalide compounds were obtained, ion-exchange was performed to replace 

the halides in (16-3-16)(I)2, (16-4-16)(I)2 and (16-xyl-16)(Br)2 for (H2PO4). To 

achieve this exchange, the surfactants were dissolved in water, after which an ion-

exchange resin (Amberlyst) was added, charged with OH– groups. Halides were then 

effectively exchanged for OH– and finally replaced by H2PO4
– via a 1:1 addition of 

H3PO4.  

 

H3PO4 + OH– → H2PO4
– + H2O 

 

X-ray photoelectron spectroscopy (XPS) analysis was chosen to determine whether 

complete ion-exchange had taken place in step 2. We chose to compare the surfactant 

diiodide with the crude c-Pd in which no iodide should be present. In this way no 

surfactant had to be removed prior to Pd(II) reduction, maintaining the in-situ molar 

equivalents. Results are shown in Table 4 of the supplementary section of this work. 

From this data it could be concluded that ion-exchange had been successful.  

Step 3, the formation of Pd NPs in the presence of dimeric surfactant, could 

now be initiated. Because the surfactants containing the phosphate anions were 

obtained in water, they were prepared at the right concentration for direct 
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application. A Pd concentration of 4.2 mM was chosen again with 2.4 equivalents of 

dimeric surfactant (10 mM), which equals 4.8 equivalents of ammonium units. This 

was done since the solubility of the novel compounds in water showed to be much 

lower than was the case for HHDMA. 

Reduction of Na2PdCl4 in the presence of the gemini surfactant (16-3-

16)(H2PO4)2 proceeded in about 30 minutes at 85°C, forming the black colloidal 

solution. The reaction was stopped after 2 hours and the solution remained without 

precipitation when cooled to room temperature. Interestingly, only traces of black 

precipitate were observed after 3 months that can be re-dispersed upon shaking. TEM 

and HAADF-STEM images of Pd(16-3-16) were obtained and are shown in Figure 

11. Interestingly, the observed particles are polycrystalline 67 nm clusters 

(dendrimers) consisting of multiple 5-10 nm particles. Lattice fringes on the outer 

crystallites of 0.181 nm, 0.202 and 0.208 nm were observed in the HRSTEM images 

that slightly deviate from the theoretical interplanar spacing of Pd(0) (111) planes of 

0.195 nm. The presence of multiple small particles is supported by the selected area 

electron diffraction (SAED) pattern of a single dendrimer showing a diffraction 

corresponding to several Pd(0) crystallites in different orientations. SAED data is 

included in the experimental section of this work in Table 6. 

Because an electron microscope in STEM mode was used, this also allowed the 

analysis of scattered and diffracted electrons, which is especially useful for 

supported metal nanoparticles.[22,23] In dark-field imaging the contrast between 

support and metal particles can be enhanced greatly by imaging the diffracted 

electrons with a ring-shaped detector. This is called annular dark-field (ADF) 

microscopy. At even higher angles, high-angle annular dark-field (HAADF) images 

consist of electrons scattered by heavy elements.[24] Here, the angle is higher than 

where Bragg diffraction occurs, resulting in high contrast images. Moreover, this 

technique is especially suited for heavy elements, because they produce more scatter 

at high angles. These HAADF-STEM images of Pd(16-3-16) are shown in Figure 11 

(bottom images) where the samples were prepared without washing the colloids via 

centrifugation/water cycles, although pre-washing was possible due to the size of 

these specific dendrimers. 
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  Figure 11. HRSTEM (top) and HAADF-STEM (bottom) images of Pd(16-3-16) dendrimers. 

Average dendrimer size: 66.5 ± 6.5 nm. 

It seems that the mechanism involves the formation of small 5-10 nm Pd NPs that 

then aggregate to form large 67 nm dendrimers. Due to the high contrast of the 

HAADF-STEM images, the individual NPs can be distinguished nicely as well as 

the porosity within the dendrimers. Only the inner cores do not show black and white 

contrast. This HAADF-STEM visualised porosity is probably occupied by (16-3-16) 

surfactant, the stabilizing agent of the Pd crystallites. Interestingly, no isolated 

crystallites were observed, an indication that the formation of dendrimers was 

selective.   
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Figure 12. HAADF-STEM image of Pd(16-3-16) dendrimers (top) with an EDX line scan 

including three dendrimers (bottom). 

HAADF-STEM microscopy was also combined with a selected line scan energy-

dispersive X-ray (EDX) spectroscopic analysis as shown in Figure 12. Three 

particles were nicely identified by the EDX elemental mapping corresponding to the 

selected particles in HAADF-STEM. It contains mostly palladium, much chloride 

and some phosphorus. For palladium both the Kα (21.17 keV) and Lα (2.838 keV) 

emission lines are included. Since these are crude samples, all salts formed during 

the Pd(II) reduction are present. Chloride and phosphorus are therefore detected over 

the entire sample, also parts where no palladium is present. After prolonged beam 

exposure this material decomposes due to the high intensity of the electron beam 

(see inset in Figure 11 the higher chloride concentration at the particle positions 

indicates that chloride is attached to or embedded in the polycrystalline palladium. 

Chloride anion electrostatic stabilization in the first layer around transition metal 
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colloids is in agreement with the model proposed in the literature.[25] However, the 

proposed model for the NanoSelectTM with HHDMA approach assumes that 

phosphate is present on the surface. Here, phosphate also seems to be concentrated 

on the particles, but in combination with chloride. 
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Reduction of Na2PdCl4 in the presence of the second dimeric surfactant (16-4-

16)(H2PO4)2 proceeded in about 30 minutes, forming a dark brown solution. The 

reaction was stopped after 2 hours and a white precipitate (surfactant-chloride) 

appeared when cooled to room temperature. After a few months, no change was 

observed for the sample, illustrating that the Pd(16-4-16) NPs form stable colloids 

in water but some surfactant precipitates due to its low solubility.  

 

  

  Figure 13. HRSTEM (top) and HAADF-STEM (bottom) images of Pd(16-4-16) particles. 

Average Pd(16-4-16) NP size: 8.5 ± 1.1 nm. 

 

Figure 13 represents the HRSTEM and HAADF-STEM images obtained from the 

crude colloidal suspension. Pd NPs with an average size of 8.5 ± 1.1 nm were mainly 

observed in the presence of some large dendrimers. These NPs were found too small 
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(and well-stabilized) to be precipitated via centrifugation. Pd NPs here are 

comparable in size, if not identical, to nanoparticles prepared with the monomeric 

surfactant HHDMA. This is in agreement with the proposed idea that the anions in 

solution control the growth dynamics. The fact that we are dealing with a dimeric 

surfactant here does not seem to have an influence on the reaction kinetics. In Figure 

14, an EDX line scan of three particles is shown. As illustrated, the three particles 

are not clearly registered as being separate particles, although the presence of 

palladium is evident.  

 

 
Figure 14. HAADF-STEM image of Pd(16-4-16) particles (top) with an EDX line scan 

including three particles (bottom). 
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Reduction of Na2PdCl4 in the presence of (16-xyl-16)(H2PO4)2 was also performed. 

When preparing Pd(16-xyl-16), reduction (colour change) takes place in one hour at 

90°C. A brown turbid suspension remained when cooled to room temperature. 

 

  

  Figure 15. HRSTEM (top) and HAADF-STEM (bottom) images of Pd(16-xyl-16) particles. 

As presented in Figure 15, when Pd(16-xyl-16) was used in the reduction of [PdCl4]2–

, a wide range of Pd crystallites and facetted particles was obtained. The various 

shapes include triangles, cubes and polyhedrons. Furthermore, HAADF-STEM 

images (bottom) showed again the presence of large dendrimers, but mostly Pd 

crystallites between 5 and 25 nm were observed. A lack of monodispersity for Pd(16-

xyl-16) could be the result of a new type of interaction introduced by the aromatic 

p-xylene linker. 
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Figure 16. HAADF-STEM image of Pd(16-xyl-16) particles (top) with an EDX line scan 

including three particles (bottom). 

EDX measurements revealed the presence of at least two Pd NPs in the line scan. 

Again, disturbance by the carbon/surfactant composite prevented good signal to 

noise ratios and clear EDX mapping of all three particles. A higher concentration of 

Cl or P on the particles can therefore not be demonstrated with this data. Only the 

Pd Lα (2.838 keV) is clearly dominant between 0 and 40 nm.  
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3.3 Conclusions and Outlook 
 

Pd colloids were successfully synthesized in the presence of HHDMA and 

immobilised on activated carbon. The functional groups on the surface not only bind 

the colloids but also the free HHDMA. They are in competition for surface sites, 

which limits the total possible Pd loading. A lower surfactant to Pd ratio could 

increase the metal on support loading but affects the size of the Pd crystallites and is 

of course dependent on the support’s surface area. Besides the concentration effect 

on the reduction-deposition, slight alteration of the surfactant’s chemical structure 

has shown that a dodecyl (C12) alkyl chain on the cationic ammonium surfactant did 

not form stable colloids, instead Pd NPs were formed in agglomerated form. 

Increasing the carbon chain length from 16 to 18 and 20 resulted in NPs of 

respectively 13 and 10 nm. The surfactant in its halide form such as chloride and 

bromide did not result in full Pd(0) formation, because the presence of H2PO4
– was 

found crucial. However, the addition of more chloride was facilitated by the external 

addition of HCl to the reaction mixture. This had a substantial effect on the crystallite 

size. When the pH was lowered to 3.0 an average size of 15 nm was found and at a 

pH of 2.9 particles of 19 nm. Partial reduction was achieved at a pH of 2.0 and a 

reduction temperature of 110°C (compared to 85°C) resulted in even larger Pd 

crystallites of 59 nm. A lower pH increases the etching power of the O2/Cl– pair in 

the kinetically controlled growth regime, which leads to the formation of bigger Pd 

NPs.  

Dimeric surfactants, chemically similar to HHDMA, but with two cationic 

ammonium groups bearing a hydroxyethyl group attached to the nitrogen have been 

synthesized and applied in the Pd(II) reduction. Interestingly, dendritic Pd particles 

formed with (16-3-16)(H2PO4) were observed in the TEM images. The porous 

dendritic particles consist of small 5-10 nm crystallites. We believe that the outer-

sphere cation exchange between positively charged sodium atoms in Na2PdCl4 and 

the cationic (16-3-16) are important in the consecutive Pd(II) reduction. Because the 

electrolyte composition of chloride and phosphate anions was comparable with those 

applied in the benchmark reduction using HHDMA, the crystallites are about the 

same size with 5-10 nm. However, the asymmetric configuration of the surf.-Pd(II) 

pair results in an ineffective stabilisation of c-Pd followed by aggregation. The 

cationic exchange is proposedly involved, because the dendrimers are obtained 

exclusively, without any free Pd NPs. These particles have promising properties 

which is why porous nanoparticles have gained much attention in recent years. For 



Chapter 3 

90 

 

example, porous Pt particles were applied in the catalytic oxidation of methanol and 

studied using cyclovoltammetry.[26,27] Further research should include the study of 

the reduction at different stabiliser concentrations, because a higher concentration of 

surfactant could prevent the formation of dendrimers. Also, studying the stability of 

these dendrimers in suspension and on a support material could provide valuable 

information.  
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3.4 Experimental and supplementary information 
 

Type 1 ultrapure water was used in all experiments (HealForce super series, 18.2 

MΩ/cm=0.055 µS/cm resistivity). The surfactant, hexadecyl(2-

hydroxyethyl)dimethyl ammonium dihydrogen phosphate (HHDMA)(H2PO4) was 

obtained from Sigma-Aldrich as a 30% aqueous solution. The palladium precursor 

used in these experiments, Na2PdCl4.3H2O (99%), was obtained from STREM 

chemicals and used as received. Activated carbon was obtained from Norit with a 

BET surface area of 485 ± 9 m²/g with a total NL-DFT pore volume of 0.72 cm³/g 

with Vmicro=0.22 cm³/g. 

 

Preparation of c-Pd (NanoSelectTM) 

Respectively 0.46, 0.91, 2.5, 4.6 and 9.1 mmol of (HHDMA)(H2PO4) was diluted to 

100 mL with deionized water in a 200 mL glass beaker. A thermocouple and a cross-

shaped PTFE-coated magnetic stirring bar were added to the beaker and the solution 

was stirred at 500 rpm. Then 159 mg (0.455 mmol) of Na2PdCl4.3H2O was dissolved 

in 10 mL water and added slowly to the surfactant solution over 15 min using a 

peristaltic pump. At this point, the reaction was started by heating to 85°C while 

stirring. The set temperature was kept for 2 hours in order to ensure full reduction of 

Pd(II) to Pd(0). After 2 hours, heating was stopped and the solution was allowed to 

cool to r.t.. Then 4.84 g of activated carbon was slurried in 50 mL water in a 300 mL 

beaker with stirrer and was magnetically stirred for 1 h. After this, the c-Pd solution 

was slowly added (30 minutes) to the slurry of activated carbon using a peristaltic 

pump and this mixture was stirred for another 30 minutes. Finally, the product was 

filtered under reduced pressure using a Büchner funnel and washed with water 

extensively until no chloride/phosphate was detected in the filtrate, which was 

checked with a 1 M AgNO3 solution. 

 

When desired, the Pd NPs bigger than 20 nm formed in step one could be washed by 

adding 25 mL of the prepared c-Pd into a dedicated plastic tube. This was centrifuged 

at 3500 rpm for 30 minutes after which the transparent solution was removed from 

the black residue. 25 mL of water was added to the residue and the residue was re-

dissolved by thorough mixing and centrifuged at 3500 rpm for 30 minutes. This 

washing cycle was performed three times in total.  
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N,N,N-Hexadecyl-(2-hydroxyethyl)-dimethylammonium bromide (HHDMA)(Br) 

A solution of 5 g N,N-dimethylethanolamine (56 mmol) and 21 g 1-

bromohexadecane (67 mmol) in 90 mL methanol/acetonitrile (1/2) was refluxed at 

95°C for 24 h. Then, the solvent was evaporated in a rotary evaporator, leaving a 

white solid. (HHDMA)(Br) was isolated as small white needles (68% yield) from 

the solid after crystallization from methanol/ethyl acetate (1/1). Mp: 197°C. 

1H NMR (400 MHz, CDCl3) δ [ppm]; 4.98 (t, 1H, 3J=5.6 Hz), 4.15 (br, 2H), 3.76 (t, 

2H, 3J=4.8 Hz), 3.54 (br, 2H), 3.37 (s, 6H), 1.74 (br, 2H), 1.30 (br, 26H), 0.87 (t, 3H, 
3J=6.8 Hz). 

13C NMR (100 MHz, CDCl3) δ [ppm]; 66.2, 65.7, 55.9, 52.2, 31.9, 29.7, 26.3, 22.8, 

14.1  

 

N,N,N-Hexadecyl-(2-hydroxyethyl)-dimethylammonium chloride (HHDMA)(Cl) 

A solution of 5 g N,N-dimethylethanolamine (56 mmol) and 15 g 1-

chlorohexadecane (56 mmol) in 90 mL methanol/acetonitrile (1/2) was refluxed at 

95°C for 24 h. Then, the solvent was evaporated in a rotary evaporator, leaving 

behind a white solid. This solid was purified by crystallization in ethyl acetate. A 

second crystallization step from n-hexane was required to remove any remaining 1-

chlorohexadecane. The product was filtered in a glass filter and obtained as a white 

solid (2.2 g, 13% yield). Mp: 191°C. 

1H NMR (400 MHz, CDCl3) δ [ppm]; 5.88 (s, 1H), 4.12 (br, 2H), 3.71 (t, 2H, 3J=2.4 

Hz), 3.53 (br, 2H), 3.37 (s, 6H), 1.74 (br, 2H), 1.30 (br, 26H), 0.87 (t, 3H, 3J=6.4 

Hz). 

13C NMR (100 MHz, CDCl3) δ [ppm]; 66.2, 65.9, 56.0, 52.1, 31.9, 29.6, 29.2, 26.3, 

22.9, 22.7, 14.1. 

 

N,N,N-Octadecyl-(2-hydroxyethyl)-dimethylammonium bromide (C18)(Br) 

This compound was obtained as a white crystalline solid (76%) following the 

procedure of (HHDMA)(Br). Mp: 200°C. 

1H NMR (400 MHz, CDCl3) δ [ppm]; 4.15 (s, 2H), 3.74 (s, 2H), 3.53 (m, 2H), 3.36 

(s, 6H), 1.75 (br s, 2H), 1.29 (br, 30H), 0.87 (t, 3J = 6.8 Hz, 3H). 

1H NMR (400 MHz, CD3OD) δ [ppm]; 4.84 (s, OH), 3.98 (s, 2H), 3.46 (s, 2H), 3.39 

(m, 2H), 3.15 (s, 6H), 1.79 (br s, 2H), 1.35 (br, 30H), 0.89 (t, 3J = 6.4 Hz, 3H). 
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13C NMR (100 MHz, CDCl3) δ [ppm]; 66.1, 65.7, 55.9, 52.1, 31.9, 29.6 (multi), 26.3, 

22.9, 14.1. 

 

N-(2-hydroxyethyl)-N-methyl-1-hexadecylamine (HDA) 

30 g (399 mmol) of 2-(methylamino)-ethanol was added to 22 g (72 mmol) of 1-

bromohexadecane and stirred under reflux at 85°C in 60 mL acetone for 12 hours. 

After a few hours an oily layer separated from the reaction mixture. The entire 

reaction mixture was transferred into a separatory funnel, where the lower layer, 

containing mostly unreacted 2-(methylamino)-ethanol, was removed. The acetone in 

the remaining upper layer was removed in a rotary evaporator under reduced 

pressure after which 50 mL ethyl acetate were added to re-dissolve the residue. This 

solution was washed three times with 50 mL of a saturated sodium bicarbonate 

solution. This organic phase was dried over MgSO4 and the solvent was again 

removed using a rotary evaporator under reduced pressure. The resulting viscous oil 

was crystallized from anhydrous ether in the freezer at -30°C, giving 14 g (65% 

yield) of white flakes of N-(2-hydroxyethyl)-N-methyl-1-hexadecylamine. Mp: 20 ± 

1°C 

1H NMR (400 MHz, CDCl3) δ (ppm); 3.56 (t, 2H, 3J=5.2 Hz), 2.50 (t, 2H, 3J=5.6 

Hz), 2.37 (t, 2H, 3J=7.6 Hz), 2.21 (s, 3H), 1.44 (m, 2H), 1.25 (m, 26H), 0.87 (t, 3H, 
3J=6.4 Hz)   

13C NMR (100 MHz, CDCl3) δ (ppm); 58.8, 58.3, 57.8, 41.6 (CH3), 31.9, 29.6, 27.3, 

22.7, 14.1 (CH3). 

 

(16-3-16)(I)2 synthesis 

Three equivalents (23.4 mmol, 7 g) of N-(2-hydroxyethyl)-N-methyl-1-

hexadecylamine (HDA) were mixed with 2.3 g (7.8 mmol) of pre-distilled 1,3-

diiodopropane in 20 mL MeOH/ACN (1:2) in a round-bottom flask equipped with 

reflux condenser and stirred under reflux at 90°C. After 24 hours the reaction was 

stopped and stripped from solvent on a rotary evaporator. Solid product was obtained 

by precipitation and filtration from an excess of diethyl ether and subsequent 

precipitation from acetonitrile and finally crystallization from absolute ethanol. The 

product was obtained as a white crystalline solid in 50% yield. Mp: 85 ± 1°C. 

1H NMR (500 MHz, CDCl3) δ (ppm); 4.16 (s, CH2OH, 4H), 3.81 (br, 8H), 3.60 (t, 

4H, 3J = 15 Hz), 3.43 (s, 6H), 2.63 (br, 2H), 1.82 (br, 4H), 1.30 (br, 52H), 0.90 (t, 

6H, 3J = 5 Hz). 



Chapter 3 

94 

 

13C NMR (125.76 MHz, CDCl3) δ (ppm); 64.5, 63.1, 59.1, 55.5, 50.5 (CH3), 31.9, 

29.8 (multiple), 26.4, 22.9, 22.7, 18.8, 14.1 (CH3).  

ESI-MS: (16-3-16)(I): 767.59 m/z (100% relative abundance). Calculated relative 

isotope abundance at 100%: 767.59 m/z. 

 

(16-4-16)(I)2 synthesis 

Three equivalents (14.4 mmol, 4.3 g) of N-(2-hydroxyethyl)-N-methyl-1-

hexadecylamine (HDA) were mixed with 1.5 g (4.8 mmol) of pre-distilled 1,4-

diiodobutane in 20 mL MeOH/ACN (1:2) in a round-bottom flask equipped with 

reflux condenser and stirred under reflux at 90°C. After 24 hours the reaction was 

stopped and stripped from solvent on a rotary evaporator. A white solid precipitates 

after addition of hot acetonitrile, which was filtered and dried under vacuum. Finally, 

the product was crystallized from absolute ethanol in reasonable to good yields (4.1 

g, 93%). Mp: 165°C. 

1H NMR (500 MHz, CDCl3) δ (ppm); 4.17 (s, CH2OH, 4H), 3.89 (br, 4H), 3.63 (s, 

4H), 3.45 (t, 4H, 3J = 10 Hz), 3.28 (s, 6H), 2.16 (br, 4H), 1.80 (br, 4H), 1.34 (br, 

52H), 0.91 (t, 6H, 3J = 5 Hz). 

13C NMR (125.76 MHz, CDCl3) δ (ppm); 64.2, 62.6, 61.9, 55.6, 50.1 (CH3), 31.9, 

29.6 (multiple), 26.4, 22.7, 19.8, 14.2 (CH3).  

ESI-MS: (16-4-16)(I): 781.59 m/z (100% relative abundance). Calculated relative 

isotope abundance at 100%: 781.60 m/z. 

 

(16-xyl-16)(Br)2 synthesis 

Three equivalents (22.4 mmol, 6.7 g) of N-(2-hydroxyethyl)-N-methyl-1-

hexadecylamine (HDA) were mixed with 1.98 g (7.5 mmol) of α,α’-dibromo-p-

xylene in 20 mL MeOH/ACN (1:2) in a round-bottom flask equipped with reflux 

condenser and stirred under reflux at 90°C. After 24 hours the reaction was stopped 

and stripped from solvent on a rotary evaporator. A white precipitate was obtained 

from a methanol/ethyl acetate solvent mixture. The precipitate was filtered over a 

filter paper and washed with an excess of ethyl acetate to remove any amine 

impurity. The product was obtained as a white crystalline solid in a reasonable to 

good yield (4.7 g, 72%). Mp: 210°C. 

1H NMR (400 MHz, (CD3)2SO) δ (ppm); 7.70 (s, 4H, arom), 5.37 (t, 2H, 3J = 4 Hz, 

2xOH), 4.67 (m, 4H), 3.91 (s, 4H), 3.5-3.2 (m, 8H), 2.99 (s, 6H), 1.79 (br, 4H), 1.25 

(br, 52H), 0.86 (t, 6H, 3J =8 Hz). 
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13C NMR (100.61 MHz, (CD3)2SO) δ (ppm); 133.9, 130.4, 65.0, 62.3, 61.7, 55.2, 

48.2, 31.8, 29.5 (multi), 26.3, 22.6, 22.2, 14.4. 

ESI-MS: (16-xyl-16)(Br): 783.61 m/z (100% relative abundance). Calculated 

relative isotope abundance at 97.3%: 783.62 m/z. 

 

Preparation of (16-3-16)(H2PO4)2 

89.5 mg (0.1 mmol) surfactant (16-3-16)(I)2 were dissolved in 10 mL deionized 

water in a Schlenk tube with magnetic stirring bar. This suspension was heated to 

80°C and stirred for approximately 15 minutes until all surfactant had dissolved. A 

viscous transparent gel formed. Amberlyst-OH– beads (0.8 eq./L, d=675g/L) were 

now added (1 g, 6/1 ratio of OH–/[I]–) while stirring. The beads were removed from 

solution after 30 minutes. Solution’s viscosity of surfactant-hydroxide drops 

significantly, because no precipitation occurs when cooled to room temperature. This 

step was repeated another two times at 80°C to ensure complete halide extraction. 

Finally, the solution was cooled to 40°C and phosphoric acid (0.2 mmol, 19.6 mg) 

was added in a 1/1 OH–/ H3PO4 ratio and stirred for 1 hour more.  

 

Pd(II) reduction with (16-3-16)(H2PO4)2 

Na2PdCl4 (14.4 mg, 0.0414 mmol) was added to the solution containing 10 mM (16-

3-16)(H2PO4)2, prepared via the procedure described above, at 40°C. A yellow to 

orange solution forms. This solution was stirred for 30 minutes before being placed 

in a water bath and heated to 85°C to initiate the Pd(II) reduction. The reaction was 

allowed to take place for 2 hours at this temperature before it was cooled to room 

temperature. A brown to black solution was obtained.  

 

Ion-exchange and application of (16-3-16) was exactly as described above. For (16-

xyl-16) applied in the Pd(II) reduction, the solution was heated to 90°C and 1 h was 

required before full Pd(II) reduction was achieved. 

 

The XPS measurements were carried out with a Thermo Scientific K-Alpha, 

equipped with a monochromatic small-spot X-ray source and a 180° double focusing 

hemispherical analyzer with a 128-channel detector. Spectra were obtained using an 

aluminium anode (Al Kα = 1486.6 eV) operating at 72W and a spot size of 400µm. 

Survey scans were measured at a constant pass energy of 200 eV and region scans 

at 50 eV. The background pressure was 2 · 10-9 mbar and during measurement 3 · 

10-7 mbar Argon because of the charge compensation dual beam source. Solid 
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samples were placed on carbon tape. The colloidal suspension samples were 

prepared through the addition of a few drops on silicon wafers that were preheated 

to 140°C. Hereby the water almost instantly evaporated and the wafers were ready 

for XPS analysis. 
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Table 4. XPS elemental analysis with relative mol% distribution of surfactant and 

Pd(surfactant) samples. 

Element (16-3-16)(I)2 (16-4-16)(I)2 Pd(16-3-16) Pd(16-4-16) 

C 1s % 88.6 87.0 53.3 72.7 

I 3d5/2 % 4.4 4.3 0 0 

N 1s % 3.5 3.3 2.7 3.2 

O 1s % 3.5 5.4 20.3 15.2 

P 2p % 0 0 4.7 4.9 

P 2s % 0 0 3.9 4.0 

Pd 3d % 0 0 2.2 0.1 

Si 2p % 0 0 6.1 0 

Si 2s % 0 0 6.6 0 

 

Electron Microscopy 

(HR)TEM imaging was performed on a FEI F20 electron microscope (200 kV, field 

emission gun) equipped with an 8kx8k CMOS camera. Also a Tecnai 12 electron 

microscope with tungsten filament operated at 120 kV was used for TEM and SAED. 

Samples were prepared by adding a few drops of colloidal suspension onto a holey 

carbon-coated copper grid. For supported NPs, the solid material was dispersed in 

ethanol before a few drops were placed on the grid. HAADF-STEM analysis was 

performed on a 200kV TECNAI 20F electron microscope equipped with an EDAX 

detector. The EDX results were processed with the program TIA. 
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Table 5. TEM image with SAED pattern of c-Pd prepared from 4.2 mM Na2PdCl4 with 

23mM (HHDMA)(H2PO4) in water. pH was adjusted with HCl to 3.0 before the reaction was 

run at 85°C Average particle size: 15 ± 2 nm. 

  
Miller index Interplanar spacing d (nm) Theoretical d value (nm) 

(111) 0.231 0.225 

(200) 0.200 0.195 

(220) 0.139 0.138 

(311) 0.119 0.117 

(222) 0.111 0.112 
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Table 6. TEM images of Pd(16-3-16) dendrimers (top) with corresponding SAED pattern 

(bottom). 

 

 

  

  
Miller index 

Interplanar spacing d  

(nm) 

Theoretical d value 

(nm) 

(111) 
0.241, 0.239, 0.2 38, 

0.234, 0.233, 0.226 

0.235, 0.230, 

0.225 
0.225 

(200) 0.210 (PdO) 0.207 (PdO) 0.195 

(220) 0.144, 0.140, 0.139 0.142 0.138 

(311) 
0.122, 0.122, 0.117, 

0.117 
0.120, 0.119 0.117 

(222)   0.112 
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Table 7. TEM images of Pd(16-4-16) particles with corresponding SAED pattern on the 

right-hand side. 

  
Miller index 

Interplanar spacing d  

(nm) 

Theoretical d value 

(nm) 

(111) 0.237, 0.235, 0.232, 0.227 0.225 

(200) 
0.202, 0.196, 

0.207 (PdO) 
0.195 

(220) 0.139 0.138 

(311) 0.121, 0.121, 0.118 0.117 

(222) 0.107 0.112 
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Table 8. TEM image of Pd(16-xyl-16) particles with corresponding SAED pattern on the 

right-hand side. 

  

Miller index 
Interplanar spacing d  

(nm) 

Theoretical d value 

(nm) 

(111) 0.239, 0.237, 0.234, 0.227, 0.226 0.225 

(200) 0.207 (PdO, 0.215), 0.207 (PdO) 0.195 

(220) 0.142, 0.141, 0.139 0.138 

(311) 0.120, 0.120, 0.118 0.117 

(222)  0.112 
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Aniline formation via the Pt-catalysed nitrobenzene 

hydrogenation 

 

 

 

 

 

Abstract 

 

A supported Pt colloid based catalyst was successfully applied in the hydrogenation 

of functionalised nitroarenes to anilines (AN). The hydrogenation of nitroarenes is a 

multi-step reaction, in which the formation of reaction intermediates has to be 

avoided in order to increase the overall yield in aniline. Reaction modifiers have 

successfully been applied in this three-phase hydrogenation reaction. Ammonium 

heptamolybdate, (NH4)6Mo7O24, has been found very effective in suppression of 

reaction intermediates as well as increasing the overall reaction rate in the Pt-

catalysed hydrogenation of nitroarenes under mild reaction conditions (4 bar H2, 

30°C).  

 

 

 

Parts of the work described in this chapter have been published:  

 

E.H. Boymans, S. Boland, P.T Witte, C. Müller, D. Vogt, ChemCatChem 2013, 5, 

431-434. 

P.T. Witte, P.H. Berben, S. Boland, E.H. Boymans, D. Vogt, J.W. Geus, J.G. 

Donkervoort, Top. Catal. 2012, 55, 505-511. 



Chapter 4 

104 

 

4.1 Introduction 
 

Aniline is one of the 100 most important organic building blocks. It’s used in the 

production of polyurethanes, in rubber processing as anti-degradant, dyes, 

agricultural and as fine chemicals for pharmaceuticals.[1] Total aniline production 

numbers vary substantially depending on the source, but the amount is estimated at 

several million tons per year. For comparison, ethylene is the chemical produced in 

the highest quantity with 141 million tons in 2011. 

 

 
Figure 1. Synthetic scope of aniline as precursor to other valuable chemicals via 

functionalization of the aromatic ring and/or modification of the amine. 

Figure 1 shows schematically various synthetic pathways to chemically modify 

aniline. Modification of the amino group can yield acyl amines with formic acid and 

N-alkyl anilines with alkyl halides or alcohols. 4,4’-Methylenedianiline (MDA) is 

formed by condensation of aniline with formaldehyde catalysed by HCl. From MDA, 

methylene diphenylene isocyanate (MDI) is synthesized by conversion of the amine 

group to isocyanate, which can then be polymerised with alcohols to polyurethanes. 

This process uses 80% of the total global production of aniline. A well-known 
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chemical synthesized from aniline is synthetic indigo that is produced via the aniline 

route. It’s being used for dying cotton, giving jeans their specific indigo colour. In 

2002, 17,000 tons of indigo were produced with BASF being the major 

manufacturer. 

 

 

 

 

 

Figure 2. 2,2'-Bis(2,3-dihydro-3-oxoindolyliden), also known as indigo. 

Naturally, when aniline is considered, functionalization of the aromatic ring can also 

be desired. Nitration and halogenation are among some viable routes to increase the 

product scope of aniline. Selective modification of the aromatic ring is often not 

straightforward due to strong activation by the electron-releasing amine, which 

makes electrophilic substitution uncontrolled.[2] Hence, functionalised anilines are 

synthesized by nitration of the functionalised benzene to form nitroarenes followed 

by hydrogenation. Nitration is the final to last step, due to its deactivating nature 

towards electrophilic aromatic substitution. Then naturally, hydrogenation of the 

nitro group has to take place to form the corresponding aniline. Some target 

compounds that will be considered in this work are listed below. The table includes 

information about the interest that is generated for each specific aniline, expressed 

in the total amount of references found using ScifinderTM related to their application 

and the fraction of those references that are patents. Understandingly, this directly 

underlines their significance and the reason why selective formation from the 

nitroarene is of great interest.  
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Table 1. Literature attention for selected anilines related to their application as found by 

using the Scifinder Scholar search engine.  

Compound REFS related to use of which are patents Use 

 
118 42 Polymers 

 

32 25 Polymers, coatings 

 
130 61 Hair dyes 

 

183 92 
Curing of 

polyurethane 

 
107 59 Dyes, polymers 

 

Aniline can be produced via the well-known Béchamp reduction which is also the 

first technically applicable route and was first reported in 1854.[3] Here, iron scrap 

metal is used to reduce nitrobenzene in water in the presence of a strong acid. 

Nowadays, this process is still in operation by e.g. Bayer (in West-Virginia) but only 

for the production of the strongly coloured iron oxide pigment byproduct.[4] Also, 

sulfide reduction can transform a nitro-group into an amine.[5] However, the toxicity 

of sulfur-containing reagents and side-products makes this a scarcely used process. 

Another option is the amination of phenol with ammonia. Amination becomes 

economically feasible at low phenol prices relative to benzene and nitrobenzene.  

Nowadays, the catalytic hydrogenation of nitrobenzene in the presence of a 

precious metal powder catalyst is the method of choice. Catalytically active 

transition metals often used in industry include copper or palladium supported on a 

carbon or oxidic support materials in combination with a promoter (Pb, V, P, Cr).[1] 

Because the reduction of nitroarenes is very exothermic with 560 kJ mol-1, the 

reaction heat can be used in the production process. An example of a production 

process is the liquid-phase hydrogenation of nitrobenzene at ICI using silica 

supported Ni.[6] They developed an interesting system where aniline is the solvent in 
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>95 wt.% of the liquid phase with up to 10 bar H2. The reaction heat is used to keep 

the reactor at 165-170°C to evaporate water and aniline that has a lower boiling point 

than nitrobenzene (184.1°C versus 210.9°C). This effluent is then condensed and the 

product aniline is separated from the water layer. 

The widely accepted mechanism for the hydrogenation of nitrobenzene over a 

transition metal surface was proposed by Haber back in 1898 (see Scheme 1).[7] In 

the first step (step a), the nitro group is hydrogenated in a condensation reaction to 

nitrosobenzene (NOB). Addition of a second equivalent of hydrogen in step b forms 

N-phenylhydroxylamine (N-PHA). Then aniline (AN) is formed in the final 

hydrogenation step c. 

 

 
Scheme 1. Reaction pathway of NB hydrogenation to AN over transition metal catalysts 

showing the sequential formation of NOB and N-PHA intermediates.  

An important challenge in the development of new catalysts is to avoid the built-up 

of N-PHA as it can undergo strongly exothermic disproportionation. Moreover, the 

condensation reaction between N-PHA and NOB forms unwanted azoxybenzene 

(AZOX), which is relatively stable and is slowly hydrogenated to azobenzene, 

hydrazobenzene and finally aniline. Especially nitroarenes (functionalised 

nitrobenzenes) bearing electron-withdrawing substituents give rise to the built-up of 

these reaction intermediates when hydrogenated.[8] Also, mild reaction conditions 

lead to the built-up of intermediates and by-products that will eventually result in 

lower aniline yields. However, when functionalised nitrobenzenes are hydrogenated, 

possible side reactions could occur such as dehalogenation and overhydrogenation. 

Thus, much milder reaction conditions have to be applied, which could lead to more 

reaction intermediates and therefore by-products.[9] 
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For the catalytic reduction with hydrogen gas, palladium and especially 

platinum are preferred due to their high activity compared to similarly carbon 

supported metallic Rh, Ir, Ru and Os catalysts.[10-12] Moreover, Pt and Pd are far less 

prone to aromatic ring hydrogenation when compared to e.g. Ru.[13] The reduction 

of halogenated nitroarenes in the presence of palladium leads to considerable 

amounts of dehalogenation, even at low temperature and pressure. In this regard Pt 

outperforms Pd so that its performance outweighs the higher costs. Promoters like 

vanadium in a high oxidation state have been used to successfully increase the 

overall yield by disproportionating the hydroxylamine intermediate.[14] Multiple 

chemoselective (transfer)hydrogenation catalysts are reported in the literature and 

their results will be briefly summarized in this section. Takasaki et al. described Pt 

NPs supported on carbon nanofibers.[15] Their best results were obtained for 

halogenated nitroarenes, such as 4-iodonitrobenzene, which was reduced to the 4-

iodoaniline in an impressive 96% yield in the presence of n-octylamine. The 

formation or accumulation of any intermediate species was not mentioned. Other 

state-of-the-art examples include two novel catalyst systems Pt-Pb/CaCO3 and Pt/C-

H3PO2-V developed by Blaser et al.[16] The Lindlar-type Pt-Pb/CaCO3 system 

afforded increased selectivity for functionalized nitroarenes compared to standard 

Pt/C catalysts. Functional groups besides C≡C remained unreduced, but the overall 

yield is low (e.g. 75% for 3-nitrostyrene) due to the formation of by-products and 

reaction intermediates. Other major disadvantages of this system are the necessity of 

poisonous lead and its low activity (high temperatures ≥120°C are required). The 

second system Pt/C–H3PO2–V uses a 5% Pt/C catalyst in combination with 

VO(acac)2 as promoter with H3PO2 pre-modification to insure high 

chemoselectivity.[17] The strength of this system lies in the use of a commercial 

catalyst, which is simply pre-modified and applied in catalysis. Aprotic solvents such 

as toluene are required for high selectivity. These systems leave carbon-carbon triple 

and double bonds completely untouched (e.g. 3-nitrostyrene yields 95% of 3-

aminostyrene) due to the presence of H3PO2 at good activity due to VO(acac). Also, 

high selectivities were obtained for the hydrogenation of halogen-containing 

nitroarenes. Another important example includes iron catalysts that have shown to 

be chemoselective in the reduction of nitroarenes. For instance, pyrolized Fe-

phenanthroline complexes supported on activated carbon are capable of 

transforming a wide variety of nitroarenes to anilines, although a somewhat higher 

temperature of 100°C is required to overcome the low intrinsic activity.[18]  
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The focus in this chapter will be on the transformation of nitroarenes to their 

corresponding anilines. The challenge is to selectively convert the nitro group while 

leaving any other functional groups on the aromatic ring untouched. Moreover, the 

suppression of reaction intermediates and other by-products will be investigated in 

order to achieve a catalytic system that is both highly active and selective to the 

aniline. Mainly the colloidal Pt (c-Pt) based catalyst will be applied in this research 

as an example catalyst in combination with additives/promoters to optimize catalyst 

efficiency.  

 

4.2 Results and discussion 
 

4.2.1 Kinetics 

The Pt-catalysed nitrobenzene hydrogenation reactions were performed in a high 

pressure stainless steel reactor. In Figure 3 the reactor and reactor schematics are 

depicted.  

 

 
 

Figure 3. High pressure stainless steel autoclave setup (left) with schematic (right) showing 

the overhead stirrer, mass-flow controller, temperature control and sampling unit. 
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The catalyst used in this work was the NanoSelectTM nanoparticulate 0.7% c-Pt/C 

catalyst.[19] Nanoparticles were determined to be 2.3 ± 0.3 nm in size by transmission 

electron microscopy (TEM) and the images are included in the experimental section 

of this work. Figure 4 shows the reaction profile for the Pt-catalysed NB 

hydrogenation compared to an analogous Pd-catalysed reaction at 4 bar H2 and 30°C. 

The reaction profile was determined by GLC and NMR spectroscopic analysis of the 

samples obtained from the reaction mixture. 

 

 
Figure 4. Reaction profiles for NB hydrogenation in the presence of platinum (a) and 

palladium (b). Conditions: 22.3 mmol nitrobenzene (S/C=10·103), 80 mL EtOH, 4 bar H2 at 

30°C with (a) 62 mg 0.7% c-Pt/C and (b) 37.1 mg 0.6% c-Pd/C.  

The initial reaction rate of the Pt system is fast in terms of nitrobenzene conversion 

and its corresponding H2 uptake (𝑟0= 0.47 M s-1 gPt
-1). After complete consumption 

of nitrobenzene the reaction slows down significantly and N-PHA, formed up to 
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55%, is left for hydrogenation. Much N-PHA forms because of the high substrate to 

catalyst ratio (10,000) and a low metal on support loading, which was already 

reported by Rylander et al. in 1970.[10] If aniline is the desired product it is evident 

that reactions have to be run longer until full hydrogen uptake is reached at 200 

minutes. The NB conversion rate seems slightly higher than the N-PHA conversion 

rate, which partially explains the built-up of N-PHA. The more important reason is 

the dominant adsorption of NB onto the catalyst’s surface. NB substitutes N-PHA 

from the surface allowing it to built-up during the reaction. AZOX formation (see 

scheme 1) was not observed, because it is formed by the condensation reaction 

between NOB and N-PHA. Scheme 2 represents the simplified reaction profile of 

the Pt-catalysed hydrogenation based on compounds observed in solution (when 

ethanol is the solvent) thus leaving out reaction step a to NOB.  

 

 
Scheme 2. Pt-catalysed hydrogenation of NB to AN in ethanol forming N-

phenylhydroxylamine at an intermediate stage. Full conversion leaves aniline as the sole 

product. 

We assume that the reaction still goes via NOB to N-PHA and AN as described by 

Haber (Scheme 1). This means that NOB is likely to be formed only on the catalyst’s 

surface, and was therefore not detected in solution under these reaction conditions.[20] 

The trace amounts of AZOX that are observed by NMR analysis are probably formed 

after the samples have been withdrawn from the reactor exposing them to light and 

oxygen. A measurement of the samples a few days later revealed that all N-PHA had 

reacted into AZOX. Therefore, to prevent measuring condensation products, all 

measurements were performed within 1 h after sampling. Furthermore, N-PHA 

thermally disproportionates at high temperature in the injector block of the GC into 

NOB and AN. That is why all reaction profiles were determined by 1H NMR 

spectroscopy.  

Colloidal Pd with a crystallite size of 15 ± 2 nm immobilised on activated 

carbon (c-Pd/C) was also used in the Pd-catalysed hydrogenation of NB under the 

same reaction conditions and substrate to catalyst ratio (Figure 4). Notably, full 

conversion to aniline takes place within 300 minutes compared to 200 minutes for 
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the Pt-catalysed hydrogenation. NB is consumed within 260 minutes whereas with 

Pt this takes only 30 minutes. Consequently, the intermediate build-up of N-PHA is 

much lower for Pd (30%) as compared to Pt (55%). Although Pd would also be a 

viable choice for the preparation of AN, Pd catalysts are less selective when 

substrates contain halogen functionalities or other reducible groups. For this reason 

Pt was chosen in the development of more selective catalysts.  

The order of reactivity in the first hydrogenation step, conversion of NB, was 

determined in the liquid phase Pt-catalysed hydrogenation reaction. A linear 

relationship between the H2 pressure and the reaction rate of nitrobenzene conversion 

to N-PHA/AN was observed between 4 and 50 bar H2 as illustrated in the graph of 

Figure 5.  

 
Figure 5. Pt-catalysed hydrogenation of NB as a function of H2 pressure. Conditions: 62 mg 

0.7% c-Pt/C, 22.3 mmol NB (0.271 M, S/C=10·103), 23 bar H2 at 30°C. Rate was determined 

at appr. 50% NB conversion, expressed in M s-1 gPt
-1. 

The rate of the first hydrogenation step, from NB to N-PHA and AN (NB 

consumption) is expressed by: 

 

𝑟0 =
𝑑𝑐𝑁𝐵,0

𝑑𝑡
∙

1

𝑚𝑃𝑡
 

 

This initial rate, 𝑟0 was determined from a linear fit of the NB concentration from 0 

to 50% NB conversion, the stage were NB hydrogenation is dominant and the NB 

conversion rate remains constant (see Figure 6). All parallel reactions were stopped 

at approximately 50% NB conversion based on the H2 uptake that was logged via a 

mass-flow controller. All data points represent reactions that were run at least three 
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times so that the error between separate runs could be determined. As the error bars 

illustrate, consecutive runs deviate substantially, which is a combined effect of the 

very low loading of Pt and possibly the inhomogeneity of the supported active phase. 

This linear fit does not intercept at zero, which corresponds well with results 

obtained in the literature.[21,22] A higher H2 order rate dependence at low pressure 

means that H2 becomes more rate limiting. This Pt nanoparticulate catalyst system 

is extremely active in the hydrogenation of NB. For this reason, H2 starvation below 

4 bar possibly plays a role, although mass-transfer limitations were ruled out at 4 bar 

and 23 bar H2 at 1500 rpm stirring. 

Two distinctly different reaction mechanisms exist for heterogeneously 

catalysed bimolecular reactions besides some other similar hybrid models. In the 

Langmuir-Hinshelwood model, two species A and B are chemisorbed on the 

catalyst’s surface and react with each other to form product P.[23,24]  

 

A + θ   ⇌  Aθ 

B + θ   ⇌  Bθ 

Aθ +Bθ ⇌  P 

 

Secondly, the Eley-Rideal model describes that one species A is chemisorbed onto 

the surface and a second species B comes in from solution or gas phase to react with 

A and form product P.[25]  

 

A + θ   ⇌  Aθ 

Aθ + B   ⇌  P 

 

The two models can be distinguished by the rate-dependence of the reacting 

substances. A first order rate-dependence of one out of two reaction components, 

here H2, seems to correspond best with the E-R model. This implies that NB adsorbs 

onto a vacant Pt surface site (θ) and H2 comes in from solution and directly reacts 

with the adsorbed NB (NB)θ to form the product P.[21] The rate as described by the 

Eley-Rideal model is given below. 

 

NB + θ  ⇌  (NB)θ (nitrobenzene adsorption) 

H2 + (NB)θ ⇌  P (reaction) 
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𝑟 =  𝑘 
𝐾𝑁𝐵 ∙ 𝑐𝐻2 𝑐𝑁𝐵

1 + 𝐾𝑁𝐵 ∙ 𝑐𝑁𝐵
 

𝐾𝑁𝐵 =
𝑘1

𝑘−1
 

𝑘′ = 𝑘 ∙ 𝑐𝐻2 

𝑟 =  𝑘′ 
𝐾𝑁𝐵 ∙ 𝑐𝑁𝐵

1 + 𝐾𝑁𝐵 ∙ 𝑐𝑁𝐵
 

 

This expression was rewritten to express the decay in concentration of nitrobenzene 

in time. A first order differential equation has to be solved:  

 

𝑑𝑐𝑁𝐵

𝑑𝑡
=  𝑘′ 

𝐾𝑁𝐵 ∙ 𝑐𝑁𝐵

1 + 𝐾𝑁𝐵 ∙ 𝑐𝑁𝐵
 

 

Equation 1: 

𝑡 =  
1

𝑘′ ∙ 𝐾𝑁𝐵
 (ln

𝑐𝑁𝐵,0

𝑐𝑁𝐵
+ 𝐾𝑁𝐵 ∙ (𝑐𝑁𝐵,0 − 𝑐𝑁𝐵)) 

 

Where 𝐾𝑁𝐵describes the adsorption strength of nitrobenzene with adsorption k1 and 

desorption k-1. The reaction on the surface that results in product formation is 

described by rate constant k’, that also contains the number of vacant sites (θ). 

However, since the exact number of active sites has not been determined in this work, 

the rate will be expressed per gram transition metal added to the reaction instead of 

specific sites. This knowledge can now be used to fit the data points obtained from 

the liquid phase Pt-catalysed NB hydrogenation reaction to the described model. For 

the performed experiments, naturally the concentration 𝑐𝑁𝐵 is highest at t=0. Three 

separate experiments were initiated starting with different nitrobenzene 

concentrations being 𝑐𝑁𝐵,0 = 0.500 M, 0.271 M and 0.150 M.  
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Figure 6. Eley-Rideal fits of the Pt-catalysed NB hydrogenation at different starting 

concentration. Conditions:  𝒄𝑵𝑩,𝟎= 0.500 M, 0.271 M and 0.150 M, 62 mg 0.7% c-Pt/C, 80 

mL EtOH, 23 bar H2 at 30°C with fit parameters k’ = 0.049 M min-1 and K = 6.7 M-1. 

The kinetic constants were obtained when fitting the kinetic expression to the data 

points of the reaction with a  𝑐𝑁𝐵,0 of 0.271 M and can be found in Table 2, entry 1. 

The modified rate constant k’ and the adsorption constant 𝐾𝑁𝐵 were optimized via 

the least mean square method. A 𝐾𝑁𝐵 value of 6.7 was found, which is high and 

corresponds to the assumption that NB adsorbs strongly on the catalyst’s surface. 

 

Table 2. Pt-catalysed NB hydrogenation at different starting concentrations 𝒄𝑵𝑩,𝟎 with the 

kinetic parameters KNB and k’.  

entry Catalyst  𝑐𝑁𝐵,0(M) 𝐾𝑁𝐵 (M-1) k’ (M s-1gPt
-1) 

Max. N-PHA 

yield (%) 

1 0.7% c-Pt/C 0.271 6.7 1.9 80 

2 “” 0.500 6.7 1.9  

3 “” 0.150 6.7 1.9  

4 5% Pt/C 0.271 6.7 0.068 60 

Conditions: 62 mg 0.7% c-Pt/C, 80 mL EtOH, 23 bar H2 at 30°C. 

The calculated parameters in Table 2, entry 1 were then used to fit the data points 

for two other parallel experiments with 𝑐𝑁𝐵,0 = 0.150 M and 𝑐𝑁𝐵,0 = 0.500 M. Figure 

6 shows the data points and the obtained fit for all three hydrogenation reactions. A 

reasonable extrapolation of the model with the kinetic parameters can be seen within 

this concentration range. When the starting concentration was increased to 2.0 M a 
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much lower reactivity was observed than expected, which is most likely caused by 

the increased ratio of substrate to catalyst and solvent (30% w/w). Moreover, 

substantially more water will built up, which has an influence on the activity and on 

the solubility of the reaction components. Another commercially available catalyst, 

not based on the colloid approach, 5%Pt/C was also used in the NB hydrogenation 

as to compare with the colloidal catalyst. Now, a rate constant k’ of 0.068 M s-1gPt
-1 

was found (Table 2, entry 4) based on the 𝐾𝑁𝐵 value of 6.7 M-1 found earlier for the 

Pt-NB adsorption. A factor 27 difference in activity is substantial and is most likely 

related to the much lower dispersion as illustrated by the TEM images supplied in 

the experimental section of this work. 

The results obtained with the E-R model indicate that the initial rate is 

dominated by the concentration of H2. The rate dependence on the concentration of 

NB can be described by: 

 
𝑐𝑁𝐵

1 + 𝑐𝑁𝐵
 

 

A high NB concentration has little effect on the reaction rate, but towards the end of 

the reaction at low 𝑐𝑁𝐵 the rate dependence on NB increases towards a first order 

rate dependence. Here, the NB conversion was considered with aniline and N-

Phenylhydroxylamine as products. This NB conversion seems independent on 

product formation, i.e. intermediate selectivity. The overall reaction rate in terms of 

the formation of AN is slightly more complicated, because this is dependent on N-

PHA instead of just the direct AN formation from NB.  

 

4.2.2 Additives for process optimisation  

A challenge in the reduction of nitroarenes is the selective formation of anilines 

without the built-up of intermediate N-PHA can lead to the formation of (coloured) 

condensation products. Because the hydrogenation step of N-PHA is rate limiting, 

activation of this specific step could result in a much higher overall reaction rate. 

When substituted nitrobenzenes are hydrogenated, the groups present on the 

aromatic ring have a pronounced effect on the built-up of the corresponding N-aryl 

hydroxylamine (N-AHA). For instance, the presence of electron-withdrawing 

substituents on the aromatic ring results in an increase of intermediate N-AHA 

formation during the reaction.[14,16] To illustrate this, nitrobenzene, 2-
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chloronitrobenzene and 4-nitroanisole were hydrogenated under the same conditions 

as reported in Table 3. All three reactions were monitored in time via sampling in 

order to determine the maximum formation of N-AHA before its being hydrogenated 

to the substituted aniline (R-AN). The N-AHA over R-AN ratio was determined as 

a measure of intermediate formation as well as the relative rate of N-PHA formation 

(Ra,b) over N-PHA hydrogenation (Rc). Under set conditions (30°C, 23 bar H2) 

hydrogenation of NB resulted in a maximum N-PHA concentration of 80% with an 

initial N-PHA/AN ratio of 7.5. For 2-chloronitrobenzene, the maximum 

concentration was significantly higher at 92%, also illustrated by an initial 20.4 ratio 

between 2-Cl-N-PHA and 2-Cl-AN. 4-Nitroanisole, containing the electron-

releasing methoxy functional group, reached a max. formation of only 35% with an 

intermediate ratio of 1.1.[26] Also, the initial reaction rate 𝑟0was determined at 40% 

nitroarene conversion. 120 min were required for complete formation of p-anisidine 

(4-aminoanisole) with an 𝑟0 of 0.36 M s-1gPt
-1. 200 Minutes were required for the 

formation of AN with an 𝑟0 of 1.0 M s-1gPt
-1 and 30 h for 2-chloroaniline at 23 bar H2 

with an 𝑟0 of 1.3 M s-1gPt
-1. Thus the electron-donating methoxy group might 

decrease the initial rate, but because it does not stabilise the hydroxylamine 

intermediate, the overall formation of the aniline is faster. Important to note is that 

no hydrogenolysis of the C–Cl or C–OMe bonds takes place, thus the substituted 

anilines are selectively formed after reaction completion. 

 

Table 3. Reaction rate and selectivity in the Pt-catalysed hydrogenation of three nitroarenes.  

Substrate 
N-

AHA/AN* 

Max. N-

AHA (%) 
𝑟0 

(M s-1gPt
-1)* 

Ra,b/Rc 

nitrobenzene 7.5 80 1.0 8.0/0.62 = 12.9 

2-chloronitrobenzene 20.4 92 1.3 12.2/0.13 = 93.8 

4-nitroanisole 1.1 35 0.36 n.d. 

Conditions: 22.3 mmol nitroarene, 62 mg 0.7% c-Pt/C, 80 mL EtOH, 23 bar H2 at 30°C. 

*Determined at 40% nitroarene conversion. 

Ideally, anilines are formed in a short time period without built-up of by-products. 

That means that the hydrogenation of N-AHA needs to be sped up which will result 

in a decrease of the maximum formation of N-AHAs without affecting the initial 

hydrogenation rate. For this purpose some additives were added that have shown 

successful in modification of several transition metal catalysed hydrogenation 

reactions. Examples include amines and acids. In the literature two distinctive terms 
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for the optimisation of heterogeneously catalysed reactions are used, namely 

promoters and modifiers. Promoters are compounds that enhance the activity by, in 

this case, speeding up the hydrogenation step c from N-PHA to AN. The term 

modifier or process modifier usually refers to selectivity enhancement and implies 

that the catalyst is modified preceding or during the reaction (in the range of 0.01-1 

mol% to substrate).[27] For instance, if an additive prevents dehalogenation of a 

halogenated nitrobenzene to form the R-AN selectively, this is not necessarily 

accompanied by a higher reaction rate. Thus, the exact meaning of both terms highly 

depends on the context. Here, we are now looking at suppression of N-AHA 

formation and in this stage of the research the term additives will be used since the 

exact role of the compounds is yet to be investigated. 

 

Table 4. Activity and selectivity in the Pt-catalysed NB hydrogenation.  

Additive Max. N-PHA (%) 𝑟0(M s-1gPt
-1) 

---- 80 1.0 

Quinoline 91 0.31 

TMEDA 91 1.6 

DMSO 40 0.089 

ZnCl2 4.0 0.0058 

H2SO4 3.9 0.081 

Cysteamine (SH-NH2) 0 0 

NaOH 82 0.51 

H2O 62 1.9 

Conditions: 22.3 mmol nitrobenzene, 0.223 mmol additive, 62 mg 0.7% c-Pt/C, 80 mL EtOH, 

23 bar H2 at 30°C. 

Dimethyl sulfoxide (DMSO) has been reported to increase the formation of N-PHA, 

but here DMSO seems to diminish the formation at a much lower rate 𝑟0. Lewis or 

Brønsted acidic additives, respect. ZnCl2 and H2SO4 do prevent N-PHA built-up but 

also significantly decrease the activity. This is not useful, because complete 

conversion to aniline is still much faster in the absence of these additives. The strong 

base NaOH slightly increases the total N-PHA formation and so do the basic amines 

N,N,N,N-tetramethylethylenediamine (TMEDA) and quinolone. Surprisingly, 

TMEDA addition results in both an increased formation of N-PHA as well as an 

increase in the initial rate with an 𝑟0 of 1.6 M s-1gPt
-1. As is illustrated in the table, a 
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decrease in intermediate formation during the hydrogenation is directly related to the 

activity. Chapter 5 will explore the role of the additives for the selective formation 

of phenylhydroxylamine species. 

 

4.2.3 Catalyst promoter  

Because N-PHA hydrogenation is the rate-limiting step in the NB hydrogenation 

towards aniline, much work has been devoted to its suppression and therefore 

process optimisation in the formation of anilines. Especially the addition of 

promoters that increase the N-PHA conversion rate are desired. These promoter 

compounds have been found in the form of disproportionation catalysts based on the 

results obtained by Baumeister et al..[14] They used a nitroarene with highly electron-

withdrawing properties: 2-nitro-benzene-N-cyclohexyl-N-methyl sulfonamide- as to 

obtain high yields of the relatively stable hydroxylamine in the Pt-catalysed 

hydrogenation. For this reason, a strong reduction of the corresponding N-AHA 

could be observed when a promoter was added. 100 Metal salts proofed effective in 

the disproportionation, with NH4VO3 in V/Pd/C being the most effective. 

Instead of using a vanadium promoter, in collaboration with BASF, Mo7O24 was 

found very efficient in the suppression of hydroxylamines. Mo7O24 is known for 

being used as catalyst in the disproportionation (metathesis) of olefins.[28,29] This 

catalyst promoter has been applied in combination with the highly active colloidal 

c-Pt/C catalyst. The Mo7O24 was incorporated into the c-Pt/C preparation. Deposition 

of Mo7O24 onto the c-Pt/C was found possible and successful. This promoted catalyst 

was then applied in the chemoselective hydrogenation of nitroarenes. The 

benchmark reaction in this work will be the hydrogenation of nitrobenzene.  

For unpromoted c-Pt/C the final hydrogenation of the hydroxylamine is slow. 

This is illustrated by the total H2 uptake as plotted in Figure 7. This plot shows that 

initial NB hydrogenation was performed at high rate (Ra,b), but slows down 

significantly after appr. 2/3 of the total H2 has been consumed. This decay point is 

related to the point in the reaction profile where all NB has been consumed with 

mostly N-PHA left for hydrogenation. After this point the rate decreases 

significantly (Rc). However, the Mo-promoted catalyst does not show this decrease 

and smoothly goes to full conversion. Sample analysis showed that the accumulation 

of N-PHA remains below 3% in the course of the reaction and no clear maximum 

concentration was observed and no decay point in the H2 uptake.  
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Figure 7. Reaction profile and H2-uptake for NB hydrogenation in the presence of 0.7% c-

Pt/C (top) or the Mo(VI)-promoted c-Pt/C (bottom). Conditions: 22.3 mmol nitrobenzene 

(S/C=10·103), 62 mg 0.7% c-Pt/C or 70 mg (0.8% c-Pt + 0.3% Mo)/C (61% H2O), 80 mL 

ethanol, 4 bar H2 at 30°C. 

Then, 2-chloronitrobenzene was applied in the hydrogenation as it is a more 

challenging substrate due to the electron withdrawing properties which accumulates 

hydroxylamine intermediate and possible C-Cl bond hydrogenolysis can take place. 

The results are reported in Table 5. It is important to stress that under these conditions 

again no AZO or AZOX was observed in the final product, even though the reaction 

conditions are mild (4 bar H2, 30°C). As for the final yields, both the promoted and 

non-promoted catalysts show high selectivity towards 2-chloroaniline with only 

aniline as by-product. Actually, c-Pt/C shows the highest selectivity of 99%, where 

the selectivity of the promoted catalyst is 96%. This shows that early transition 

metals in high oxidation states do increase the reaction rate, but do not increase the 
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overall haloaniline selectivity. Increasing the S/C ratio to 40,000 does increase the 

selectivity to 98%. Comparing these results with the best commercial nitrobenzene 

reduction catalyst (1%Pt + 2%V)/C (MDL number: MFCD16987555) similar 

overall aniline yields were obtained, but the colloid-based Pt catalysts was 

significantly more active in the hydrogenation of NB as indicated by the time to full 

conversion (TTFC). Especially the Mo7O24-promoted catalyst showed excellent 

activity due to the suppression of reaction intermediates. 

 

Table 5. Pt-catalysed hydrogenation of 2-chloronitrobenzene with different supported Pt 

catalysts.  

Entry Catalyst Yield (%) TTFC (min) 

1 0.7% c-Pt/C 99 500 

2 (0.8% c-Pt + 0.3% Mo)/C 96 60 

3 (0.8% c-Pt + 0.3% Mo)/C * 98 120 

4 (1%Pt+2%V)/C 98 200 

Conditions: 1.1 µmol supported Pt (S/C=20·103), 22.3 mmol substrate, 80 mL EtOH, 4 bar 

H2 at 30°C. 

*0.55 µmol Pt, S/C=40 · 103. 
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Now, the Mo-promoted colloid-based Pt catalyst was applied in the hydrogenation 

of several other nitroarenes to the anilines as reported in Table 6.  

 

Table 6. Pt-catalysed hydrogenation of nitroarenes.  

Entry Substrate Product Yield (%) TTFC (min) 

1 

  

>99 50 

2 

  

98 70 

3* 

  

93 -- 

4 

  

93 50 

5 

  

99 400 

6 

  

99 1000 

7 

  

93 170 

Conditions: 70 mg (0.8% c-Pt + 0.3% Mo)/C (61% H2O), 22.3 mmol substrate (S/C=20·103), 

80 mL EtOH, 4 bar H2 at 30°C. 

In contrast to 2-chloronitrobenzene hydrogenation, the reduction of 2-

bromonitrobenzene did not show any gas-uptake at first. However, after careful 

recrystallization from ethanol, hydrogenation of this substrate also showed the 

expected activity. Traces of impurities can have tremendous impact on activity. A 

ratio of 20·103 means that a 50 ppm impurity in the substrate can poison each Pt 



  Chapter 4 

 

123 

 

atom on the catalyst. This is an intrinsic disadvantage of high substrate to catalyst 

ratios.  

4-nitrobenzonitrile and 3-nitrostyrene were converted significantly slower, as 

illustrated by the time to full conversion. This can be explained by the presence of 

co-coordinating groups that compete for adsorption sites with the very electrophilic 

nitro-group. However, the nitrile group is not hydrogenated, giving a very high yield 

of the desired 4-aminobenzonitrile, without any by-products detected. Moreover, 3-

nitrostyrene is fully hydrogenated to 3-ethylaniline (Table 6, entry 6). In order to 

increase the chemoselectivity, a pre-modification of the catalyst with H3PO2 was 

chosen, as described in the literature.[30] Conditions were adjusted to 100°C and 5 

bar H2, in order to shorten reaction times. Pre-modification of the catalyst was done 

in toluene at 60°C by addition of aqueous 0.5 wt.% H3PO2. An excellent selectivity 

to the 3-aminostyrene was observed with only a trace of double bond reduction (see 

Table 7, entry 1), compared to full reduction with the unmodified catalyst (entry 2).  

 

Table 7. Pt-catalysed hydrogenation of nitroarenes with H3PO2 catalyst pre-modification.  

Entry Substrate Product Yield (%) TTFC (min) 

1 

  

99 200 

2* 

  

99 15 

3 

  

33 200 

4 

  

99 38 

Conditions: 348 mg (0.8% c-Pt + 0.3% Mo)/C (61% H2O), 11.15 mmol substrate 

(S/C=2.0·103), 80 mL toluene, 5 bar H2 at 100°C. 400 mg of a 0.5 wt% H3PO2 aqueous 

solution was used for pre-modification. 

*No catalyst modification. 
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For 4-ethynylnitrobenzene, the reactivity seemed similar to that of nitrostyrene and 

the gas-uptake ceased after 200 minutes. However, GLC analysis showed that an 

additional product was formed, which increased in quantity, even after complete 

hydrogen uptake. GLC-MS revealed that this was caused by hydrolysis of the 

terminal alkyne. The excess of highly acidic H3PO2 was washed off in order to 

diminish hydrolysis. This was done by catalyst filtration and water washing after the 

catalyst pre-modification. However, this eliminated the effect of H3PO2, so that the 

substrate was fully hydrogenated to 4-ethylaniline. This points to a reversible 

adsorption of H2P(O)OH on the catalyst’s surface. Also, toluene was essential for 

this high selectivity.  

 

4.3 Conclusions 
 

The colloidal-based c-Pt/C catalyst has proven very active and selective in the 

hydrogenation of (functionalised) nitrobenzene. In ethanol, the reaction profile 

showed that N-PHA was formed in significant quantities during the hydrogenation 

reaction. Investigation into the kinetics of the reaction showed that the adsorption of 

nitrobenzene on the Pt surface dominates the reaction with a KNB of 6.7. Because of 

this strong adsorption it saturates the catalyst’s surface and consequently hydrogen 

comes in from solution and at impact reacts with the adsorbed NB to form the 

product. The intermediates built up during the reaction, because as long as NB is 

present in solution it will dominate the surface and substitute any reaction 

intermediates from the surface. When all NB has been converted, reaction step c is 

the only possible transformation left. Also the activity expressed as the rate constant 

k’ was found significantly larger with 1.9 M s-1 gPt
-1 compared to 0.068 M s-1 gPt

-1 for 

5% Pt/C. A more in-depth surface structure study would be required to determine 

the morphology difference between catalysts, but the high dispersion of the colloidal 

Pt seems the most likely conclusion. 

Modification of the catalyst system was done by the use of additives based on 

reported examples in heterogeneously catalysed processes. Especially, the basic 

amine TMEDA showed some remarkable rate improvement, but with a larger built-

up of intermediates. Addition of small amounts of sulphuric acid leads to less 

formation of N-PHA, but the reaction rate is significantly lower and could be 

considered a catalyst poison. It was clear that a catalyst promoter that suppresses 

intermediate formation, but increases the overall rate was desired. Molybdenum in 
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the form of Mo7O24-promoted c-Pt/C was found efficient in shorter reaction times 

by suppressing intermediate formation the so-called “catalytic bypass”. It is known 

that disproportionation of N-PHA to NOB and AN is responsible, although a 

collaborative effect between Pt and additive cannot be ruled out because simple 

addition of the promoter into the reactor did not yield the same results. Mo7O24-

promoted c-Pt/C applied in the hydrogenation reaction of 2-chloronitrobenzene gave 

98% selectivity to 2-chloroaniline in EtOH at 4 bar H2 and 30°C. This is comparable 

with the best commercial catalyst, but with an unprecedented activity. Moreover, 

high selectivities were obtained for 2-, and 4-bromonitrobenzene, in both cases a 

93% yield of the corresponding AN was achieved. Also, nitrile and ketone 

functionalized nitroarenes were hydrogenated with high selectivities (respectively 

99% and 93%). These experiments were performed at a high substrate to catalyst 

ratio of 20,000 illustrating the outstanding tolerance to different chemical moieties 

resulting in impressive turnover numbers. Further optimization of the catalyst was 

achieved by pre-modification of the Mo-promoted Pt NP catalyst with H3PO2. 

Experiments in toluene at 5 bar H2 and 100°C resulted in high chemoselectivity for 

the nitro-group, even in the presence of the most challenging C≡C and C=C 

functional groups. 
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4.4 Experimental and supplementary information 
 

Type 1 ultrapure water was used in all experiments (HealForce super series, 18.2 

MΩ/cm=0.055 µS/cm resistivity). The surfactant, N,N,N-hexadecyl-(2-

hydroxyethyl)-dimethyl-ammonium dihydrogen phosphate (HHDMA)(H2PO4) was 

obtained from Sigma-Aldrich as a 30% aqueous solution. The platinum precursor 

H2PtCl6.6H2O (99.9%) was obtained from STREM chemicals and used as received. 

5%Pt/C was obtained from STREM chemicals and used as received with 1023 m2/g, 

pore volume 0.79 ml/g. Nitrobenzene, ACS reagent (≥99.0%) was obtained from 

Sigma-Aldrich. Metal contents were verified by ICP-AES analysis on an IRIS 

Intrepid II. 

 

Catalyst preparation: 0.7% c-Pt/C 

Platinum colloids (c-Pt) were prepared from 2.4 L H2O with 84 g of a 30% 

(HHDMA)(H2PO4) solution with 0.9 g Pt (as H2PtCl6) at 95°C and pH=5.0, stirred 

in a beaker for 2 hours. This colloidal solution was added to a slurry containing 120 

g of activated carbon and 1.2 L H2O. After an additional 30 minutes, the catalyst was 

filtered off and washed with an excess of r.t. H2O until Cl– free (AgNO3 test). Then, 

the catalyst was dried in an oven at 120°C for 4 h. Ar physisorption BET-surface 

area: 1346 m2/g. 

 

Catalyst preparation (0.8% c-Pt + 0.3%Mo) /C  

c-Pt was prepared from 2.4 L H2O, 84 g 30% HHDMA solution, 1.2 g Pt (as H2PtCl6) 

at 95°C and pH=5.0. This colloidal solution was added to a slurry containing 120 g 

of activated carbon followed by the addition of Mo promoter (as (NH4)6Mo7O24). 

The catalyst was filtered off and washed until Cl– free. After filtration, the catalyst 

contained 61% H2O.  

 

Catalyst preparation: 0.6% c-Pd/C 

Palladium colloids (c-Pd) were prepared from 200 mL H2O, 7 g 30% HHDMA 

solution, 0.1 g Pd (as Na2PdCl4.3H2O) at 85°C and pH=3.0. This colloidal solution 

was added to a slurry containing 17 g of activated carbon. After an additional 30 

minutes, the catalyst was filtered off and washed with an excess of r.t. H2O until Cl– 

free (AgNO3 test). Then, the catalyst was dried in an oven at 120°C for 4 h. 
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1. Catalytic hydrogenation of nitrobenzene in a 100 mL autoclave  

62 mg 0.7% c-Pt/C and 70 mL absolute EtOH were added to a 100 mL stainless steel 

autoclave equipped with a heating jacket, a hydrogen supply system, a sampling unit, 

and a mechanical stirrer. If desired, the reactor was also charged with 1 mol% of 

additive at this stage of the reaction. Nitrobenzene (22.3 mmol, S/Pt=10·103) was 

dissolved in 10 mL EtOH and added to a stainless steel dropping funnel. The catalyst 

solution was flushed three times with 10 bar H2, pressurized to the required H2 total 

pressure, heated to 30°C and stirred for 10 minutes at 1500 rpm. The pressure was 

kept constant with a mass-flow controller, which also logs the total gas consumption. 

For the reaction to initiate the dropping funnel’s valve was opened and substrate 

solution was hereby added to the active catalyst. Samples were periodically 

withdrawn from the reaction mixture during the experiment. 1H NMR spectra of the 

reaction mixture were obtained within 1 hour by placing three drops of the reaction 

mixture into an NMR tube with 0.6 mL of methanol-d4.  

 

2. Catalytic hydrogenation with the Mo-promoted c-Pt/C 

70 mg wet (0.8% c-Pt + 0.3% Mo)/C (61% H2O), 22.3 mmol substrate (S/C=20·103) 

and 80 mL absolute ethanol were added to a 100 mL stainless steel autoclave. The 

reactor was heated to 30°C, flushed three times with 10 bar H2 and pressurized to an 

absolute pressure of 4 bar. The reaction was initiated by turning on the stirring at 

1500 rpm and the pressure was kept constant with a mass-flow controller. 

Temperature was kept constant at 30°C during the reaction. The reaction mixture 

was analysed after the H2 uptake ceased in order to determine the product yield. The 

product mixtures were analysed by GLC-analysis. 

 

3. Catalytic hydrogenation with H3PO2 modified c-Pt/C catalyst 

348 mg wet (0.8% c-Pt + 0.3% Mo)/C (61% H2O) 80 mL toluene and 400 mg of a 

0.5 wt% H3PO2 solution (H3PO2/Pt=5) were added to the 100 mL stainless steel 

autoclave. This mixture was heated to 60°C and stirred for 15-20 minutes after which 

11.15 mmol substrate (S/C=2·103) were introduced. The reactor was flushed three 

times with 10 bar H2, pressurized to an absolute pressure of 5 bar and heated to 

100°C. The reaction was initiated by turning on the stirring at 1500 rpm and the 

temperature and pressure were kept constant during reaction. The reaction mixture 

was analysed after the H2 uptake ceased in order to determine the product yield. 
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Electron Microscopy 

TEM imaging was performed on a FEI F20 electron microscope (200 kV, field 

emission gun) equipped with an 8kx8k CMOS camera. Samples were prepared by 

adding a few drops of solid material dispersed in ethanol on the carbon-coated copper 

grid. Images were analyzed with ImageJ software.  

 

 
Figure 8. TEM images of 0.7% c-Pt/C with an average Pt particle size of 2.3±0.3 nm. 

 

 
Figure 9. TEM images of 0.6% c-Pd/C with an average Pd particle size of 15 ± 2 nm.  
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Figure 10. TEM images of 5% Pt/C as obtained from STREM chemicals showing a very 

broad distribution of Pt crystallites. 

 

X-ray Photoelectron Spectroscopy 

The XPS measurements were carried out with a Thermo Scientific K-Alpha, 

equipped with a monochromatic small-spot X-ray source and a 180° double focusing 

hemispherical analyser with a 128-channel detector. Spectra were obtained using an 

aluminium anode (Al Kα  =  1486.6 eV) operating at 72W and a spot size of 400µm. 

Survey scans were measured at a constant pass energy of 200 eV and region scans 

at 50 eV. The background pressure was 2 · 10-9 mbar and during measurement 3 · 

10-7 mbar Argon because of the charge compensation dual beam source. 

 

XPS relative abundance data:  

0.7% c-Pt/C [mol%]: Pt (4f) 1.21, O (1s) 6.96, C (1s) 89.77, N (1s) 1.04, Cl (2p) 

0.58, P (2p) 0.44. 

0.6% c-Pd/C [mol%]: Pd (3d) 0.53, O (1s) 5.71, C (1s) 92.8, N (1s) 0.63, Cl (2p) 

0.33. 

5% Pt/C catalyst: [mol%]: Pt (4f) 0.82, O (1s) 5.23, C (1s) 93.48, N (1s) 0.41, Cl 

(2p) 0.04, P (2p) 0.01. 
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NMR Spectroscopy 

NMR spectroscopy was performed on a 500 MHz or 600 MHz Bruker machine with 

1,3,5-trimethoxybenzene as an internal standard. All 1H NMR spectra were obtained 

within 1 hour due to the instability of the reaction intermediates. Three drops of the 

reaction mixture were placed into an NMR tube with 0.6 mL of methanol-d4. All 

conversion and selectivity data reported in percentages related to substrate and 

products in this work are molar percentages. ACD/NMR processing software was 

used for spectrum processing and integration. 

 

GLC analysis 

GLC measurements were performed on a Shimadzu GC-2010 equipped with an 

Agilent HP-PONA capillary column and FID detector. Samples were prepared by 

dilution to 1 mg/mL in methanol and ethanol was used as an internal standard.  
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Chapter 5 

 

A study on the selective Pt-catalysed hydrogenation of 

nitroaromatics to N-arylhydroxylamines 

 

 

 

 

Abstract 

 

A supported Pt colloid based catalyst was used in the chemoselective hydrogenation 

of nitroarenes to N-arylhydroxylamines (N-AHA). Optimisation of NB 

hydrogenation conditions showed that substantially higher N-PHA yields can be 

obtained at low temperature. Especially, the influence of an increased hydrogen 

pressure on selectivity is remarkable. Maximum yields increase from 55% N-PHA 

at 4 bar H2 to 80% at 23 bar H2 in ethanol. Further optimisation led to the use of 

small amounts of amine additive, TMEDA, with 50 bar H2 raising the maximum 

yield to 97% N-PHA. The decreased N-PHA hydrogenation rate at high H2 pressure 

and the presence of TMEDA allow for selective transformation of a range of other 

nitroarenes, containing electron withdrawing and donating (reducible) functional 

groups, to their N-AHAs in excellent (90%+) yields. 

 

 

 

 

 

Parts of the work described in this chapter have been published:  

 

E.H. Boymans, P.T. Witte, D. Vogt, Catal. Sci. Technol. 2015, 5, 176-183. 
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5.1 Introduction 
 

Aniline derivatives are important chemical building blocks which are produced 

industrially on a large scale since the 19th century.[1] An important route is the 

hydrogenation of nitrobenzenes (NB) by solid precious metal catalysts (Cu, Pd, Pt) 

at high temperature. Catalyst development has been aimed at the chemo-selective 

hydrogenation of the nitro group in the presence of other reducible groups on the 

substrate. This is of special interest for the production of pharmaceuticals. A 

common difficulty in the formation of aniline is the formation and built-up of 

intermediates. For nitrobenzene these are N-phenylhydroxylamine (N-PHA), 

nitrosobenzene (NOB) and their condensation product azoxybenzene (AZOX), 

which is summarized in scheme 1.[2,3] This is especially true when working under 

mild reaction conditions, namely, low temperature (<30°C) and H2 pressure (<10 

bar). Also, electron-withdrawing substituents on the phenyl ring enhance the 

formation of the N-arylhydroxylamine intermediate (N-AHA). Suppression of these 

intermediates is well looked into, and has been successful when metal salts that can 

adopt multiple oxidation states are used, such as vanadium and molybdenum 

oxides.[3-5] 

 

 
Scheme 1. Reaction pathways in the Pt-catalysed hydrogenation of nitrobenzene with 

intermediates.  

Even though considered unwanted in aniline production, arylhydroxylamines are 

versatile compounds with multiple synthetic applications. For example, in the 

presence of sulphuric acid N-PHA can rearrange into aminophenols, called the 

Bamberger rearrangement.[6] Similar to the formation of AZOX, nitrones can be 
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formed via the condensation reaction between N-AHA and aldehydes.[7] The 

hydroxylamine group can add to double and triple bonds in a gold-catalysed addition 

reaction.[8] Furthermore, N-PHA is suggested as the active intermediate in 

biologically active substances,[9,10] and has been reported as polymerization 

inhibitor.[11] In the literature a couple of synthetic routes towards N-PHA are 

reported, but these procedures have limitations related to ease of application, scale-

up and fundamental understanding. Firstly, the oldest synthetic procedure is a non-

catalytic reduction using Zn in water saturated with ammonium chloride, which 

results in an isolated yield of 65%.[12] In the presence of catalysts, one example shows 

the selective conversion of nitrobenzene using a novel nitroreductase system giving 

excellent selectivities but a poor 60% N-PHA isolated yield.[13] Alternatively, 

transfer hydrogenation with a stoichiometric amount of hydrazine over a rhodium on 

carbon catalyst gave an 80% N-PHA yield.[14] For the catalytic reduction with 

hydrogen gas, palladium and especially platinum are preferred due to their high 

activity and N-PHA selectivity compared to similarly carbon supported metallic Rh, 

Ir, Ru and Os catalysts.[15-17] Moreover, Pt and Pd are far less prone to aromatic ring 

hydrogenation when compared to e.g. Ru.[18] Platinum supported by silica has the 

highest reported N-PHA yield of 80% at 5°C in ethanol in absence of any 

additives.[16] Metallic Pt as transition metal (over Ir, Pd and Rh) and the low reaction 

temperature were found to be crucial for the high N-PHA yield. It is long known that 

the addition of dimethyl sulfoxide (DMSO) to Pt catalysts can increase selectivity in 

the three-phase hydrogenation of NB, but unfortunately it also decreased the 

hydrogenation rates.[15] In one example, platinum supported on carbon is used in the 

hydrogenation of nitrobenzene with a reported selectivity increase from 26% without 

to 70% with DMSO additive at partial NB conversion.[19] This trend was confirmed 

by Yasuda et al.. They found that the addition of amines (such as triethylamine) can 

increases the N-PHA yield even further to 99% with 1 bar H2 at r.t..[20] However, the 

catalyst poison DMSO is still required in order to obtain high selectivities. In our 

catalyst development studies on supported Pt colloids in the catalytic hydrogenation 

of nitrobenzene we found that N-PHA was formed in unusually high amounts 

(50+%) as intermediate in the preparation of anilines. This occurred when no 

molybdenum oxide promoter, nor any other modifier was added.[5] For this reason, 

instead of suppression of N-PHA, we were interested in its selective formation under 

catalytic hydrogenation conditions.  

In this chapter, we report on a new procedure for lab-scale preparative 

production of N-arylhydroxylamines as easily accessible intermediates for organic 
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syntheses. The colloid based Pt/C catalyst will be introduced in these catalytic 

hydrogenation experiments. Moreover, we will show how reaction conditions such 

as hydrogen pressure, temperature, and the choice of solvent can be chosen to 

maximize the N-AHA yield. 

 

 

5.2 Results and discussion 
 

The catalyst used in these examples was the NanoSelectTM nanoparticulate platinum 

solid catalyst, supported on activated carbon.[21] Nanoparticles were determined to 

be 2.3±0.3 nm in size by transmission electron microscopy (TEM). The TEM images 

can be found in the supplementary information. Scheme 2 represents the simplified 

reaction profile of the Pt-catalysed hydrogenation based on compounds observed in 

solution thus leaving out the elementary reaction step a to NOB.  

 

 

Scheme 2. Pt-catalysed hydrogenation of nitrobenzene in ethanol forming N-

Phenylhydroxylamine at an intermediate stage and aniline. Full conversion will leave aniline 

as the sole product. 

Figure 1 shows the reaction profile for this reaction as analysed from solution 

compared to a Pd-catalysed analogous reaction at 4 bar H2 and 30°C. 
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Figure 1. Reaction profile for NB hydrogenation in the presence of platinum (a) and 

palladium (b). Conditions: 22.3 mmol nitrobenzene (S/C=10·103), 80 mL EtOH and 4 bar H2 

(total pressure) at 30°C with (a) 62 mg 0.7% c-Pt/C and (b) 37.1 mg 0.6% c-Pd/C. 

The initial reaction rate of the Pt system is fast in terms of nitrobenzene conversion 

and its corresponding H2 uptake. After complete consumption of nitrobenzene the 

reaction slows down significantly and N-PHA, formed up to 55%, is left for 

hydrogenation. If aniline is the desired product it is evident that reactions have to be 

run longer until full hydrogen uptake is reached at 200 minutes. NOB is formed on 

the catalyst’s surface, but is not detected in solution under these reaction 

conditions.[22] AZOX formation is largely suppressed, because it is formed by the 

condensation of NOB and N-PHA. The trace amounts of AZOX that are observed 

by NMR and GLC analysis are probably formed after the samples have been 

withdrawn from the reactor exposing them to light and oxygen. A measurement of 

the samples a few days later revealed that all N-PHA had disappeared and AZOX 
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became the main constituent. Therefore, to prevent measuring decomposition 

products, all measurements were performed within 1 h after sampling. 

Colloidal Pd with a crystallite size of 15 ± 2 nm immobilised on activated 

carbon (c-Pd/C) was used in a similar experiment under the same conditions and 

substrate to catalyst ratio (Figure 1, graph b). Notably, full conversion to aniline 

takes place within 300 minutes compared to 200 minutes for the Pt-catalysed 

hydrogenation. NB is consumed within 260 minutes whereas for Pt this is only 30 

minutes. Consequently, the intermediate build-up of N-PHA is much lower for Pd 

(30%) as compared to Pt (55%). Therefore further investigation into the selective 

formation of N-PHA was focused only on the Pt-catalysed reaction. One reason for 

the high selectivity compared to the literature values given in the introduction is the 

high substrate to catalyst ratio of 10·103. The fact that less catalyst and a low metal 

on support loading are beneficial for the N-PHA yield was already reported by 

Rylander et al. in 1970.[15] In this work this S/C ratio was set at 10·103 to have 

reasonable conversion times, but still high N-PHA selectivity. 

 

5.2.1 Effect of temperature and pressure on N-PHA selectivity 

Reaction temperature and hydrogen pressure were varied to investigate the influence 

on N-PHA formation with the Pt nanoparticulate catalyst. The results are reported in 

Table 1 and Table 2 respectively. In Table 2, the NB hydrogenation rates 𝑟0 have 

also been included and is expressed as follows: 

  

𝑟0 =
𝑑𝑐𝑁𝐵,0
𝑑𝑡

∙
1

𝑚𝑃𝑡
 

 

Intermediates NOB and AZOX are not detected in ethanol under given reaction 

conditions, so aniline is the only by-product. NB conversion and N-PHA selectivity 

were determined at partial NB conversion (around 50% NB conversion). At this 

point, the reaction was completely stopped and samples were withdrawn for analysis. 

The time at which the sample is withdrawn is also reported in the tables and is related 

to the reaction rate of mainly NB/NOB hydrogenation (step a,b). The results in Table 

1 clearly demonstrate that a decrease in reaction temperature increases the formation 

of N-PHA. Formation of N-PHA over AN in the early stage of the reaction is 

favoured at 7, 21 and 30°C whereas an increase in the reaction temperature results 

in a steep selectivity decrease. At 60°C, N-PHA is formed at almost the same rate as 

AN and at 100°C its formation becomes drastically suppressed with a selectivity of 
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only 18.4%. These results seem to give a hint towards a higher activation barrier for 

the final hydrogenation step c to aniline. Lowering the temperature can therefore 

promote the built-up of the N-PHA intermediate. 

 
Table 1. Effect of temperature on N-PHA selectivity. 

Conditions: 62 mg 0.7% c-Pt/C, 2.75 g (22.3 mmol) nitrobenzene (S/Pt=10·103) in 80 mL 

ethanol at 4 bar H2. 

 

Table 2. Effect of H2 pressure on N-PHA selectivity.  

Conditions: 62 mg 0.7% c-Pt/C, 2.75 g (22.3 mmol) nitrobenzene (S/Pt=10·103) in 80 mL 

ethanol at 30°C. 

Temperature (°C) 7 21 30 41 60 100 

Time (min) 32.5 13.5 15.9 5.0 3.5 3.0 

NB conv. (%) 59.3 62.6 72.0 57.5 52.7 50.7 

N-PHA select. 

(%) 
92.6 86.9 79.1 75.3 57.7 18.4 

H2 Pressure (bar) 1.0 4.0 12.0 23.0 35 50.0 

Time (min) 46.5 15.9 10.2 8.4 4.0 3.0 

NB conv. (%) 53.0 72.0 65.1 66.2 51.2 51.7 

N-PHA select. (%) 53.4 79.1 89.1 91.1 94.3 91.1 

R0 (M s-1 gPt
-1) 0.12 0.47 0.66 0.94 1.3 1.8 
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Figure 2. Pt-catalysed hydrogenation of nitrobenzene at 30°C as a function of H2 pressure. 

Rate was determined at the data points reported in Table 2, expressed in M s-1 gPt
-1. 

As reported in Table 2, an increase in H2 pressure at 30°C results in a steep increase 

in N-PHA formation. Selectivity increases form 53.4% at 1 bar to 91.1% at 50 bar 

H2. Also the rate of N-PHA formation, Ra,b, increases, since the time to reach the 

specified conversion drops significantly and a first order rate dependence on H2 is 

observed from 4 bar H2 to 50 bar (see Figure 2). The remarkable lower activity at 1 

bar H2 is in line with previously reported work with supported Pt and Pd 

catalysts.[23,24] When the pressure was increased from 23 to 50 bar, the N-PHA 

selectivity remains 91.1% with a 94.3% selectivity at 35 bar. An increased individual 

reaction rate Ra,b (and the decreased rate Rc) results in the dominant N-PHA presence 

at an intermediate stage. Naturally, aniline will be the sole product when the reaction 

is run longer. This relationship between the pressure of molecular hydrogen and N-

PHA selectivity has not been reported thus far in literature. Previously reported work 

shows that the intermediate N-PHA concentration does not change over supported 

Pt catalysts from 10 to 50 bar H2.[16,19] Moreover, a reported H2 pressure screening 

from 0 to 1 bar showed a decrease in selectivity.[25] 

In order to elucidate why an increased H2 pressure results in higher N-PHA 

yields, the full reaction profile was monitored for the reaction at 23 bar H2 and shown 

in Figure 3. In comparison, the reaction rate was somewhat higher compared to the 

reaction rate at 4 bar (Figure 1). The relative rate of N-PHA formation (Ra,b) and N-

PHA hydrogenation (Rc) expressed in % min-1 is Ra,b/Rc = 8.0/0.62 = 12.9 at 23 bar 

and 30°C whereas at 4 bar H2 this is 3.62/0.82 = 4.5. At 23 bar H2, a maximum N-

PHA concentration was reached at 15 min and all NB was consumed within 20 min. 

0 10 20 30 40 50

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

R
a

te
 (

M
 s

-1
 g

P
t-1

)

H
2
 Pressure (bar)



  Chapter 5 

 

141 

 

At this H2 pressure full conversion to aniline took 350 min. Surprisingly, the time to 

full conversion was only 200 minutes at 4 bar H2. The N-PHA hydrogenation rate Rc 

is actually lower under 23 bar H2 total pressure. This implies a negative order 

dependence in hydrogen on Rc, which is the reason for the increased selectivity to 

N-PHA. Mechanistically, when N-PHA is adsorbed on a metal surface via its oxygen 

atom, N-O hydrogenolysis would yield aniline and Pt-O bond hydrogenolysis yields 

N-PHA. At hydrogen concentrations reaching Pt surface saturation Pt-O bond 

dissociation becomes more dominant.[16] 

 
Figure 3. Reaction profile for the Pt-catalysed nitrobenzene hydrogenation at 23 bar H2. 

Conditions: 62 mg 0.7% c-Pt/C, 2.75 g (22.3 mmol) nitrobenzene (S/Pt=10·103) in 80 mL 

ethanol at 30°C.  

 

5.2.2 The effect of solvent on N-PHA selectivity 

From literature it is well-known that activity increases when more polar protic 

solvents are used in the heterogeneously catalysed hydrogenation reactions.[26] 

Therefore methanol, ethanol, or isopropanol are typically the solvents of choice. This 

higher activity could be explained by their ability to donate a proton besides activated 

hydrogen on the surface of the catalyst. Ethanol was chosen as solvent in the results 

shown above. However, since the results are slightly different compared to 

previously reported work, also the influence of solvent on the selectivity was 

investigated. After an initial screening, we found that in polar amine solvents, the 
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reaction almost completely stops at 2/3 of total H2 uptake. Figure 4 compares the H2 

uptake of two separate hydrogenation experiments, one in ethanol and one in 

triethylamine. It appeared that the N-PHA hydrogenation is blocked, most probably 

by competitive adsorption of the strongly coordinating amine on the catalyst surface. 

In triethylamine, at the plateau, the N-PHA yield is 80 % with 10 % AN and 10 % 

AZOX. In ethanol, the N-PHA yield was 55 % at the transition point (20 min) with 

10 % NB and 35 % AN. 

 
Figure 4. H2-uptake plot for the Pt-catalysed nitrobenzene hydrogenation in 80 mL (a) 

ethanol and (b) triethylamine with 62 mg 0.7% c-Pt/C, 2.75 g (22.3 mmol) nitrobenzene 

(S/Pt=10·103) and 4 bar H2 at 30°C. 

To test the influence of solvent, a range of Pt-catalysed NB hydrogenation 

experiments were performed at room temperature in combination with H2 supply 

from a balloon. Table 3 contains the results obtained after a reaction time of 16 h. 

Important when looking at high N-PHA selectivity is the formation of NOB. NOB 

formation seems to go along with more AZOX, since AZOX is formed from the 

reaction of NOB with N-PHA (Scheme 1). Self-condensation of N-PHA in 

comparison is much slower and appears to require oxygen, which is why entries 1-4 

in Table 3 show no AZOX formation. Namely they do not release NOB into solution, 

thus N-PHA can be formed in significant amount without AZOX formation. Note 

that azobenzene was not detected in any of the reactions reported in this work. When 

NB was hydrogenated in triethylamine at 20 bar H2, still 16.5% AZOX was formed, 

meaning that NOB is still formed at elevated pressures.  
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Table 3. Pt-catalysed nitrobenzene hydrogenation in different solvents after 16 h of reaction.  

 
Entry Solvent 

NB 

Conv. 

(%) 

NOB 

(%) 

N-

PHA 

(%) 

AN 

(%) 

AZOX 

(%) 

N-PHA 

Select. 

(%) 

1 Ethanol 51.6 0 31.4 20.2 0 60.9 

2 Isopropanol 58.1 0.9 34.7 22.6 0 59.6 

3 Toluene 34.1 0 15.8 18.4 0 46.3 

4 n-Hexane 31.8 0 1.3 30.6 0 4.1 

5 Triethylamine 80.8 1.2 69.3 3.6 6.8 85.7 

6* 5% Pt/C 65.2 0.7 52.4 4.7 7.5 80.2 

7* 5% Pt/SiO2 91.9 4.1 30.3 50.6 6.9 33.0 

8 Pyridine 30.3 0 29.9 0 0.4 98.7 

9 Piperidine 19.1 3.3 12.9 0 2.9 67.5 

10 n-Butylamine 56.1 2.5 28.7 0 24.9 51.2 

11 Aniline 39.2 0 16.1 23.1 0 41.1 

Conditions: 62 mg of 0.7% c-Pt/C, 22.3 mmol nitrobenzene (mol ratio, S/Pt=10·103), 40 

mL solvent, 1 bar H2 total pressure (balloon) at r.t. *S/Pt = 1.0·103 

As reported in Table 3, ethanol and isopropanol show respectively 51.6% and 58.1% 

conversion in 16 hours. In comparison, n-hexane as non-polar solvent, showed a 

somewhat lower activity with a conversion of only 31.8% and the formation of N-

PHA was largely suppressed. Among the amine solvents, triethylamine is most 

activating (high Ra,b) with a relatively high selectivity of 85.7% at 80.8% NB 

conversion in 16 h. These yields of up to 70% N-PHA are somewhat different to the 

reaction performed in the 100 mL autoclave, because of the lower reaction 

temperature and the lower pressure. It has been established that a low H2 pressure 

limits the formation of N-PHA.  

Little is reported about the role of solvents and their individual performance in 

the three-phase hydrogenation of nitrobenzene. Quantum mechanical PM3 

calculations of solvent-substrate adducts have been performed in literature to 

correlate empirical reaction rates with effective charges on NB/NOB/N-PHA atoms 

when dissolved in ethanol.[27] Naturally, ethanol can form hydrogen bonds with the 

atoms of the nitrogen group of all the NB hydrogenation intermediates presented in 
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Scheme 1. Interestingly, the N-PHA-ethanol adduct showed a lowered effective 

positive charge on the nitrogen atom (qef=0.119) compared to a solvent free 

environment (qef=0.127). This was not the calculated result for NB and NOB ethanol 

adducts, where the effective charge on nitrogen increased. This could indicate a 

stabilising effect of N-PHA in alcoholic solvents.[27] Since hexane and toluene are 

not capable of forming hydrogen bonds with N-PHA, N-PHA is detected in much 

lower quantities during the course of the reaction. Besides nitrobenzene solubility, 

naturally also the H2 solubility is of importance. Especially, since a higher H2 

pressure resulted in an increase in N-PHA selectivity. However, the H2 solubility in 

hexane is much higher than in ethanol, isopropanol and toluene, but the selectivity 

is substantially lower.[26] The different levels of dissolved H2 in the liquid phase 

seems to be of minor importance when comparing the solvents.  

To investigate how the NanoSelectTM catalyst compares with other 

commercially available Pt catalysts, 5% Pt/C and 5% Pt/SiO2 were used as reported 

in Table 3 entries 6 and 7. More Pt (S/Pt=1,000) was introduced, as much lower 

activities were observed. Besides being intrinsically less active, reasonable 

selectivities were obtained with 5% Pt/C and 5% Pt/SiO2 yielding resp. 52.4% and 

30.3% N-PHA. The hydrogenation activity and initial N-PHA selectivity in the 

presence of 0.6% c-Pd, 0.7% c-Pt/C and 5% Pt/C at 4 and 23 bar H2 are reported in 

Table 4. It shows that the response when increasing H2 pressure from 4 bar to 23 bar 

at 30°C is similar for the 5% Pt/C catalyst. However, still at a much lower initial rate 

𝑟0 of 0.036 M s-1 gPt
-1 compared to 0.94 M s-1 gPt

-1 for the colloidal 0.7% c-Pt/C at 23 

bar and 30°C. 
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Table 4. Effect of H2 pressure on N-PHA selectivity and NB hydrogenation activity.  

Catalyst 
H2 Pressure 

(bar) 

Time 

(min) 

NB 

conversion 

(%) 

N-PHA 

Selectivity 

(%) 

𝑟0 (M s-1 gM
-

1) 

0.6 c-Pd/C 4 105 74.2 44.2 0.074 

0.7% c-Pt/C 4 15.9 72.0 79.1 0.47 

0.7% c-Pt/C 23 8.4 66.2 91.1 0.94 

5% Pt/C 4 195 45.5 35.6 0.022 

5% Pt/C 23 180 62.9 76.5 0.036 

Conditions: 22.3 mmol nitrobenzene (S/C=10·103), 80 mL EtOH at 30°C with S/TM= 

10,000. 

 

5.2.3 Selective N-AHA formation 

When other nitroarenes were tested we combined both strategies so to obtain 

maximum yields of the corresponding N-AHAs using the NanoSelectTM Pt catalyst. 

This meant adding small amounts of amine to the reactions in EtOH at high pressure 

(50 bar H2). As an amine derivative, N,N,N’,N’-tetramethylethylenediamine 

(TMEDA) was found very efficient when added in small quantities to the reaction 

mixture. 1% TMEDA was sufficient; addition of more did not result in a further 

increased N-PHA yield. A solvent mixture of EtOH and THF (1/1, v/v) was chosen 

because of the poor solubility in absolute ethanol of some of the substituted 

nitrobenzene substrates tested, e.g. 4-nitroanisole. When nitrobenzene was 

hydrogenated under these conditions, the N-PHA yield increased to 97.1% as 

reported in Table 5 entry 1. The full experimental details are described in the 

supplementary information. 
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Table 5. Pt-catalysed nitroarene hydrogenation.  

 

entry R t (min) 
R-NB Conv. 

(%) 

N-AHA 

yield (%) 

R-AN 

(%) 

R-AHA 

Select. (%) 

1 H 43 >99.9 
97.1 

(95.0)* 
2.9 97.1 

2 2-Cl 30 98.6 97.2 1.4 98.6 

3 4-Br 25 >99.9 98.6 1.4 98.6 

4 4-CN 13 99.1 98.0 1.0 99.0 

5 4-OMe 96 98.8 91.4 7.4 92.5 

6 3-C=C 35 >99.9 89.3 3.2 89.3 

Conditions: 62 mg 0.7% c-Pt/C, 22.3 mmol nitroarene (S/Pt=10·103), 0.223 mmol 

TMEDA, 80 mL EtOH/THF (1/1), 50 bar H2 at r.t. *Isolated yield. 

2-Chloronitrobenzene was chosen as a substrate with an electron-withdrawing 

functional group. As expected, the selectivity for the hydrogenation of 2-

chloronitrobenzene to N-2-chlorophenyl hydroxylamine is high with 97.2% (Table 

5, entry 2). No hydrogenolysis of the C–Cl bond was observed, not even after 20 h 

of reaction. Notably, even the C-Br was retained at set hydrogenation conditions with 

a 98.6% maximum formation of 4-bromo-N-phenylhydroxylamine.  

4-Nitrobenzonitrile was chosen as it contains another electron withdrawing, but 

reducible substituent (Table 5, entry 4). Full conversion was reached in only 13 

minutes with a maximum N-AHA yield of 98%. 

4-Nitroanisole is more challenging due to the electron-donating methoxy 

substituent, making the nitro functional group less electrophilic. A lowered 

electrophilicity means lower activity when hydrogenated with the strongly 

nucleophilic Pt-catalyst. For this reason 96 minutes were required for full conversion 

of 4-nitroanisole with a corresponding maximum yield of 91.4% 4-Methoxy-N-

phenylhydroxylamine. 
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Entry 6 in Table 5 shows the high chemoselectivity for the nitro group in the 

hydrogenation of 3-nitrostyrene. An 89.3% yield of the corresponding N-AHA was 

obtained without much hydrogenation of the C=C bond (7.5% of 3-ethylaniline is 

formed).  

This selected group of nitroaromatics was chosen but we believe that this 

method allows the synthesis of a much wider range of substituted N-

Phenylhydroxylamines with high yield and selectivity.  

 

Finally, a “hot filtration” experiment was carried out to exclude possible 

leaching of large amounts of platinum into solution. At high pressure and in the 

presence of TMEDA, the reactivity in terms of nitrobenzene hydrogenation stopped 

completely after catalyst filtration from the reaction solution and no sign of any 

additional reactivity was observed. 

 

 
Figure 5. Pt-catalysed hydrogenation of nitrobenzene under 23 bar H2 and 30°C . Reaction 

is stopped after 5 minutes after which the catalyst is filtered off and the filtrate is fed back to 

the reactor and reactivity is reinitiated. 
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5.3 Conclusions 
 

In the hydrogenation of nitrobenzenes using supported Pt colloids of the 

NanoSelectTM type, the selectivity towards the intermediate N-arylhydroxylamines 

has been optimised. Hydrogenation of nitrobenzene to aniline in ethanol at 4 bar H2 

pressure already showed reasonable 79.1% intermediate selectivity of N-PHA, with 

a maximum intermediate yield of 55%. Increasing the hydrogen pressure to 23 bar 

significantly increased the intermediate formation to 80% so that N-PHA can be 

obtained in good yields at an intermediate stage. This is explained by the negative 

order in H2 concentration for the (over)hydrogenation rate of N-PHA. Performing 

the experiments in different solvents showed that polar solvents are more activating 

and selective towards N-PHA because they are capable of forming hydrogen bonds 

with the substrate. Moreover, amine solvents such as triethylamine and pyridine were 

found especially selective, because they suppress further N-PHA hydrogenation to a 

large extent (step c) by competitive adsorption. However, formation of AZOX side 

products makes using amine solvents undesired.  

In summary, to obtain high yields of N-PHA in the Pt-catalysed hydrogenation 

of nitrobenzene, firstly a low temperature is favourable. Secondly, hydrogen bonding 

of N-PHA with the solvent and finally N-PHA substitution from the surface by 

amines and a high concentration of molecular hydrogen. With this knowledge, the 

conditions were optimized in order to convert a variety of nitroarene substrates to N-

AHAs. Experiments performed at high H2 pressure (50 bar) with TMEDA as amine 

additive resulted in excellent 90+% N-AHA yields.  
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5.4 Experimental and supplementary information 
 

Nitrobenzene ACS reagent (>99%), 2-chloronitrobenzene (99%), 4-nitroanisole 

(97%), 4-nitrobenzonitrile (98%), 4-bromonitrobenzene (99%), 1,3,5-

trimethoxybenzene (≥99.0%) and absolute ethanol were purchased from Sigma-

Aldrich and used as received. The surfactant, N,N,N-hexadecyl-(2-hydroxyethyl)-

dimethyl-ammonium dihydrogen phosphate (HHDMA)(H2PO4) was obtained from 

Sigma-Aldrich as a 30% aqueous solution. Hydrogen, at industrial grade 

(=99.995%), was supplied by BOC gases. All products were identified by 

comparison with authentic samples. NanoSelectTM nanoparticulate platinum 0.7% c-

Pt/C (surface area BET: 1346 ± 8.5 m2/g) and palladium catalyst 0.6% c-Pd/C (BET: 

485 ± 9.4 m2/g) were dried in an oven at 120°C for 3 hours before use. A complete 

catalyst characterisation can be found in the supplementary information for both 

catalysts. 5%Pt/C and 5%Pt/SiO2 were purchased from STREM chemicals and used 

as received. 

 

Catalyst preparation: 0.7% c-Pt/C 

Platinum colloids (c-Pt) were prepared from 2.4 L H2O, 84 g 30% HHDMA solution, 

0.9 g Pt (as H2PtCl6) at 95°C and pH=5.0, stirred in a beaker for 2 hours. This 

colloidal solution was added to a slurry containing 120 g of activated carbon and 1.2 

L H2O. After an additional 30 minutes, the catalyst was filtered off and washed with 

an excess of r.t. H2O until Cl– free (AgNO3 test). Then, the catalyst was dried in an 

oven at 120°C for 4 h.  

Metal contents were verified by ICP-AES analysis on an IRIS Intrepid II. 

Ar physisorption BET-surface area: 1346 m2/g. 

XPS relative abundance data [mol%]: Pt (4f) 1.21, O (1s) 6.96, C (1s) 89.77, N (1s) 

1.04, Cl (2p) 0.58, P (2p) 0.44. 
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Figure 6. TEM images of 0.7% c-Pt/C with an average Pt particle size of 2.3±0.3 nm. 

 

Thermogravimetric analysis was performed on a Mettler Toledo DSC 1 machine 

under a gas flow of 20 mL/min O2 and 40 mL/min He. About 30 mg of compound 

was loaded into a ceramic crucible. The temperature was kept constant at 40°C for 

30 minutes before the linear temperature increase of 10°C/min from 40°C to 750°C. 

9.9 wt.% of hydrocarbons (the HHDMA surfactant) is burned off till Tr = 361°C in 

32 minutes, after that the activated carbon support starts to be oxidized.  

 

 
Figure 7. TGA scan of the 0.7% c-Pt/C catalyst with weight loss versus temperature and 

weight loss derivative versus temperature plots. 
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Catalyst preparation: 0.6% c-Pd/C 

Palladium colloids (c-Pd) were prepared from 200mL H2O, 7 g 30% (hexadecyl)(2-

hydroxyethyl)dimethylammonium (HHDMA) solution, 0.1 g Pd (as 

Na2PdCl4.3H2O) at 85°C and pH=3.0. This colloidal solution was added to a slurry 

containing 17 g of activated carbon. After an additional 30 minutes, the catalyst was 

filtered off and washed with an excess of r.t. H2O until Cl- free (AgNO3 test). Then, 

the catalyst was dried in an oven at 120°C for 4 h. Metal contents were verified by 

ICP-AES analysis on an IRIS Intrepid II. XPS relative abundance data [mol%]: Pd 

(3d) 0.53, O (1s) 5.71, C (1s) 92.8, N (1s) 0.63, Cl (2p) 0.33. 

 

 
Figure 8. TEM images of 0.6% c-Pd/C with an average Pd particle size of 15.2±1.6 nm.  

Transmission Electron Microscopy 

TEM imaging was performed on a FEI F20 electron microscope (200 kV, field 

emission gun) equipped with an 8kx8k CMOS camera. Samples were prepared by 

adding a few drops of solid material dispersed in ethanol on the carbon coated copper 

grid. Images were analysed with ImageJ software.  

 



Chapter 5 

152 

 

 
Figure 9. TEM images of 5% Pt/C as obtained from STREM chemicals showing a very broad 

distribution of Pt crystallites. 

X-ray Photoelectron Spectroscopy 

The XPS measurements were carried out with a Thermo Scientific K-Alpha, 

equipped with a monochromatic small-spot X-ray source and a 180° double focusing 

hemispherical analyzer with a 128-channel detector. Spectra were obtained using an 

aluminium anode (Al Kα  =  1486.6 eV) operating at 72W and a spot size of 400µm. 

Survey scans were measured at a constant pass energy of 200 eV and region scans 

at 50 eV. The background pressure was 2 · 10-9 mbar and during measurement 3 · 

10-7 mbar Argon because of the charge compensation dual beam source. 

 

Hydrogenation experiments 

Strict reaction conditions have to be applied since N-phenylhydroxylamine thermally 

disproportionates into nitrosobenzene and aniline. Moreover, N-PHA self-

condensates in the presence of oxygen forming the strongly coloured azoxybenzene. 

All catalytic hydrogenation experiments were performed in the kinetic regime by 

vigorous stirring at 1500 rpm with an overhead stirrer. Varying the stirring speed 

between 500 and 3000 rpm did not affect the reaction rate. Catalysts of the 

NanoSelectTM type prepared via reduction-deposition (0.7% c-Pt/C and 0.6% c-

Pd/C) have the Pt and Pd crystallites deposited in an egg-shell fashion[28,29] on the 

activated carbon support, so that internal diffusion limitations and heat transfer 

constrains were not considered. GLC-analysis was performed on a Shimadzu-2010 

gas chromatograph equipped with FID detector and a 50m capillary column, the 

Agilent’s HP-PONA with a dimethylpolysiloxane stationary phase. The injector inlet 
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temperature (split) of the GC was set to 70°C at which most (thermal) decomposition 

of N-PHA can be avoided. NMR spectroscopy was performed on a 600 MHz Bruker 

Avance I spectrometer equipped with a TXI probe. All 1H NMR spectra were 

obtained within 1 hour by addition of three drops of the reaction mixture into an 

NMR tube with 0.6 mL of methanol-d4. All conversion and selectivity data reported 

in percentages related to substrate and products in this work are molar percentages. 

!Important: all products were kept at room temperature or lower at all times to 

prevent thermal decomposition forming byproducts such as nitrosobenzene, aniline 

and azoxybenzene. Furthermore, N-arylhydroxylamines are (potentially) 

carcinogenic and should be handled with care in a well-ventilated hood at all times! 

 

Catalytic hydrogenation of nitrobenzene at high pressure 

62 mg 0.7% c-Pt/C, 2.75 g (22.3 mmol) nitrobenzene (S/Pt=10·103) and 80 mL 

absolute ethanol were added to a 100 mL stainless steel autoclave equipped with a 

heating jacket, a hydrogen supply system, a sampling unit, and a mechanical gas 

impeller stirrer. This mixture was heated to 30°C after which the reactor was flushed 

with hydrogen and pressurized to the desired absolute pressure. The reaction was 

initiated by switching on the mechanical stirrer at 1500 rpm. The pressure was kept 

constant with a mass-flow controller (which also logs the total gas consumption) and 

the temperature was kept at 30°C during the reaction. The reaction was stopped at 

the required hydrogen uptake (600 mL), after which the hydrogen pressure was 

released. The reactor was opened and 10 % 1,3,5-trimethoxybenzene was added as 

internal standard. A 1H NMR spectrum of the reaction mixture was obtained within 

1 hour by placing three drops of the reaction mixture into an NMR tube with 0.6 mL 

of methanol-d4. Reaction profiles were measured from samples which were 

withdrawn from the autoclave during the reaction and analysed by 1H NMR 

spectroscopy and/or by GLC measurements, without any further sample treatment. 

 

Catalytic hydrogenation of nitrobenzene at low pressure 

62 mg 0.7% c-Pt/C was added to a 100 mL Schlenk flask and an inert atmosphere 

was created by repetitive evacuation and argon introduction and 40 mL solvent was 

gently added under a stream of argon. This solution was stirred at 600 rpm with a 

magnetic PTFE-coated stirring bar for 5 minutes, after which 22.3 mmol 

nitrobenzene was slowly added to the reaction mixture. The flask cap was replaced 

by a septum and the mixture was degassed three times replacing argon for hydrogen 

via introduction of a hydrogen-filled balloon (connected to a needle). This resulted 
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in a total hydrogen pressure of about 1 bar at the start. While stirring at room 

temperature, the balloon was left connected to the flask overnight. Full reduction of 

nitrobenzene equals 1 L of hydrogen consumption at standard conditions. After 16 

hours (overnight), the reaction was stopped and the catalyst was filtered off over a 

funnel with paper filter. Samples were withdrawn from the crude reaction mixture 

and analysed by GLC and 1H NMR after addition of 10 % 1,3,5-trimethoxybenzene 

as internal standard.  

 

Catalytic hydrogenation of nitroarenes in a 100 mL autoclave (Table 5) 

62 mg 0.7% c-Pt/C, 60 mL THF/EtOH (1/1) and 33.4 µL TMEDA were added to a 

100 mL stainless steel autoclave equipped with a heating jacket, a hydrogen supply 

system, a sampling unit, and a mechanical gas impeller stirrer. Nitroarene substrate 

(22.3 mmol, S/Pt=10·103) was dissolved in 20 mL THF/EtOH (1/1) and added to a 

stainless steel dropping funnel. The catalyst solution was flushed three times with 10 

bar H2 and pressurized to 50 bar at room temperature and stirred for 10 minutes at 

1500 rpm. The pressure was kept constant with a mass-flow controller, which also 

logs the total gas consumption. For the reaction to initiate the dropping funnel’s 

valve was opened and substrate solution was hereby added to the active catalyst. 

When the uptake of hydrogen decreased dramatically to where it almost completely 

stopped, the reaction had completed and the reactor was stopped and the H2 pressure 

was released. 10 mol% 1,3,5-trimethoxybenzene was added as internal standard. A 
1H NMR spectrum of the reaction mixture was obtained within 1 hour by placing 

three drops of the reaction mixture into an NMR tube with 0.6 mL of methanol-d4. 

For the determination of isolated yields no i.s. was added, but a few additional steps 

were required. Firstly, the reaction mixture was filtered through a syringe filter (0.45 

µM) to remove catalyst particles. Solvent and aniline were then evaporated by rotary 

evaporation at r.t. and 10 mbar. N-Phenylhydroxylamine was obtained via 

precipitation and crystallization from apolar n-hexane/ethyl acetate as an off-white 

crystalline solid. N-Arylhydroxylamine products were stored in a freezer at -30°C. 
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N-Phenylhydroxylamine (Table 5, entry 1) 

1H NMR (500 MHz, CD3OD) δ [ppm]; 7.22 (t, 2H, J3=8.6 Hz), 6.98 (d, 2H, J3=8.6 

Hz), 6.87 (t, 1H, J3=7.3 Hz). 

13C NMR (151 MHz, CD3OD) δ [ppm]; 151.3, 128.2, 120.6, 113.7. 

 

2-Chloro-N-phenylhydroxylamine (Table 5, entry 2) 

1H NMR (500 MHz, CD3OD) δ [ppm]; 7.29 (d, 1H, J3=8.4 Hz), 7.23 (m, 2H), 6.84 

(t, 1H, J3=7.4 Hz). 

13C NMR (151 MHz, CD3OD) δ [ppm]; 147.3, 128.4, 127.2, 120.6, 118.1, 114.8. 

 

4-Bromo-N-phenylhydroxylamine(Table 5, entry 3) 

1H NMR (500 MHz, CD3OD) δ [ppm]; 7.32 (d, 2H, J3=8.9 Hz), 6.88 (d, 2H, J3=8.9 

Hz). 

13C NMR (151 MHz, CD3OD) δ [ppm]; 150.9, 131.0, 115.1, 111.8. 

 

4-Cyano-N-phenylhydroxylamine (Table 5, entry 4) 

1H NMR (500 MHz, CD3OD) δ [ppm]; 7.52 (d, 2H, J3=8.9 Hz), 6.98 (d, 2H, J3=8.9 

Hz). 

13C NMR (151 MHz, CD3OD) δ [ppm]; 155.8, 132.8, 119.6, 112.2, 100.6. 

 

4-Methoxy-N-phenylhydroxylamine (Table 5, entry 5) 

1H NMR (500 MHz, CD3OD) δ [ppm]; 6.98 (d, 2H, J3=9.1 Hz), 6.84 (d, 2H, J3=9.1 

Hz), 3.76 (s, 3H). 

13C NMR (151 MHz, CD3OD) δ [ppm]; 155.0, 144.6, 116.2, 113.7, 54.6. 

 

3-vinyl-N-phenylhydroxylamine (Table 5, entry 6) 

1H NMR (500 MHz, CD3OD) δ [ppm]; 7.16 (t, 1H, J3=7.9Hz), 7.05 (s, 1H), 6.92 (d, 

1H, J3=7.6 Hz), 6.86 (d, 1H, J3=8.1Hz), 6.68 (dd, 1H, J3=17.6Hz, J3=10.9Hz), 5.72 

(d, 1H, J3=17.6Hz), 5.18 (d, 1H, J3=10.9Hz). 

13C NMR (151 MHz, CD3OD) δ [ppm]; 151.7, 138.0, 137.2, 128.4, 118.7, 113.3, 

112.2, 111.1. 
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Pt Leaching Experiment 

62 mg 0.7% c-Pt/C, 2.75 g (22.3 mmol) nitrobenzene (S/Pt=10·103), 2.23 mmol 

TMEDA and 80 mL absolute ethanol were added to a 100 mL stainless steel 

autoclave equipped with a heating jacket, a hydrogen supply system, a sampling unit, 

and a mechanical gas impeller stirrer. This mixture was heated to 30°C after which 

the reactor was flushed with hydrogen and pressurized with H2 to 23 bar. The 

reaction was initiated by switching on the mechanical stirrer at 1500 rpm. The 

pressure was kept constant with a mass-flow controller (which also logs the total gas 

consumption) and the temperature was kept at 30°C during the reaction. The reaction 

was stopped 5 minutes after initiation and the reaction solution was filtered using a 

syringe with 0.45 µm syringe filter. After filtration, the filtrate is fed back to the 

reactor and the previous steps were repeated before initiation in absence of any 

catalyst. 
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Summary and outlook  
 

Pd and Pt nanoparticles as selective 

hydrogenation catalysts 
 

This thesis includes work on the formation of metal colloids, their deposition, and 

their successful application as catalysts. These metal colloids consist of metal 

crystallites called nanoparticles (NPs) surrounded by a layer of organic stabiliser e.g. 

polymer or surfactant molecules. A lack of fundamental understanding on the 

formation of these increasingly popular transition metal nanoparticles was taken as 

a challenge in this dissertation. The project goal was to determine the colloid 

structure and the involved mechanism of formation. Also, the preparation of 

immobilised metal colloids as alternative to commercially available solid catalysts 

was investigated. Its performance was compared for the Pt-catalysed hydrogenation 

of nitroarenes. As BASF was the project partner in this work, the patented 

NanoSelectTM procedure was chosen for investigation as it has been very successful 

partially due to its fairly straightforward procedure. In this procedure, an ammonium 

surfactant functionalised with a hydroxyethyl group called HHDMA is applied in the 

reduction of palladium and platinum chloride salts to form well-dispersed crystallites 

in a stable aqueous suspension. The reaction of Na2PdCl4 with HHDMA results in 

the formation of Pd NPs between 5 and 60 nm depending on the addition of chloride, 

whereas Pt forms predominantly 2 nm crystallites from Pt(IV) and Pt(II). Deposition 

of the colloids on a solid carrier body was then done to obtain the solid catalysts. 

 

Chapter 2 and 3 describe research focussed on the formation and composition of 

Pd colloids. Following the reduction by pH measurements in time showed a 

sigmoidal pattern as the pH decreased upon Pd(II) reduction in the presence of 

HHDMA. This behaviour corresponds to what was expected from the Watzky-Finke 

particle growth model, which describes slow nucleation of reduced metal atoms 

followed by fast autocatalytic particle growth. Time dependent analysis by dynamic 

light scattering was used to measure the particle growth from metal precursor to the 

surfactant stabilised zero-valent nanoparticles. Very large particles, with a radius of 

55 nm, were detected in the pre-reduction mixture. UV-Vis analysis identified 

[PdCl4]2– hydrolysis as the cause for the detected aggregates. Nonetheless, a 

reactivity pattern was determined from the scattering data similar to the pattern 

determined via the pH measurements. Instead of an expected size increase, the 
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measured hydrodynamic radius decreased from 55 to 11 nm. Addition of an excess 

of chloride in the form of HCl or NaCl offers the solution to Pd hydrolysis but this 

leads to larger Pd NPs since the reduction is inhibited by Cl–. Besides analysis of the 

metal reduction and particle growth, the dissolved surfactant was analysed. It is 

responsible for the electron transfer required to reduce Pd(II) and should get partially 

oxidised. Analysis of colloidal Pd (c-Pd) with solution NMR spectroscopy showed 

the presence of unaltered surfactant. Since this technique only measures dissolved 

species, the oxidised surfactant responsible for the electron-donation must be capped 

on the Pd surface. MAS 1H NMR offers the ability to measure protons of restrained 

molecules such as on a metal surface. Analysis of washed c-Pd indeed showed that 

a species different from HHDMA was present on Pd although more research is 

required to fully identify its composition.  

Several other parameters that are part of the reaction equation, such as the 

surfactant concentration were studied. An optimal surfactant to metal ratio of 5 is 

typically used with the formation of 5 to 10 nm Pd NPs as determined by TEM 

imaging. Furthermore, the surfactant’s phosphate anion (H2PO4
–) was found crucial 

for the metal reduction to proceed in combination with the hydroxyethyl group. 

Exchange for other anions, such as Cl– or Br–, did not result in full Pd(II) reduction. 

Moreover, solubility issues arose when anions other than phosphates were used. 

Consecutive deposition of the colloids on a carrier body has been successfully 

applied on oxidic materials as well as on activated carbon. When tested with 

activated carbon the Pd loading was found somewhat limited to 0.85 wt.% due to the 

excess of surfactant. Dimeric surfactants could improve the efficiency of the 

reduction requiring less surfactant and therefore higher metal on support loadings 

could be achieved. This led to the successful design and synthesis of analogue 

dimeric surfactants that were successfully applied in the preparation of Pd colloids. 

In short, formation of Pd and Pt colloids has been very successful with HHDMA 

as the surfactant that provides both metal reduction and stabilisation. This surfactant 

works well because of certain required properties. It’s amphiphilic behaviour with a 

hexadecyl aliphatic chain in combination with a phosphate anion and the 

hydroxyethyl group for reduction. Any change in this configuration results in very 

different or unsuccessful colloid formation. The exact mechanism of formation has 

only partially been unravelled. In future research the oxidation of the surfactant has 

to established. This is challenging, because we found that the oxidation product is 

bound to the Pd crystallites. Besides this surface science, challenges include the 

hydrolysis of [PdCl4]2– and the presence of the unaltered excess surfactant. Washing 
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of the colloids via e.g. dialysis could proof crucial and could be further employed for 

colloidal solid catalysts with high loadings. A combination of TEM, EDX, NMR and 

XPS analysis has revealed that the colloids consist of a metal core in the fcc 

arrangement, capped with both Cl– and H2PO4
–. This is directly surrounded by 

quaternary ammonium cations, most likely in the form of the oxidised surfactant. 

Formation of a surfactant bilayer is very likely, because of the hydrophobicity of the 

aliphatic chain. This has been supported by DFT calculations. 

 

The heterogeneously catalysed hydrogenation of nitroarenes to the corresponding 

anilines was chosen as the application of immobilised colloids as it is an industrially 

relevant reaction (as described in Chapter 4). Since the aniline process has been 

operational and optimised for over a century, the more challenging selective 

conversion of functionalised nitrobenzenes was investigated. These anilines can be 

used as precursors for specialty chemicals such as polymers and dyes. Selective 

hydrogenation of a nitroarene to a corresponding aniline can be challenging due to 

possible side reactions such as hydrogenation of unsaturated groups or 

hydrogenolysis. However, the three-phase hydrogenation of the nitro group proofed 

very effective over the colloidal Pt-based catalyst in ethanol. Good yields were 

obtained under mild reaction conditions (30°C, ≤50 bar H2). The nitrobenzene 

hydrogenation activity in the presence of 0.7% c-Pt/C with an initial rate of 1.0 M s-

1gPt
-1 at 23 bar H2 was established to be superior to some commercially available 

benchmark catalysts. Product intermediates, observed during the hydrogenation of 

nitrobenzene such as nitrosobenzene and N-phenylhydroxylamine (N-PHA) would 

have to be suppressed in order to increase the overall reaction rate and prevent 

formation of by-products. Especially because the final hydrogenation of N-PHA was 

found to be rate-limiting and can built up significantly during the reaction. Not only 

relative reaction rates, also the strong adsorption of nitrobenzene with a 𝐾𝑁𝐵 value 

of 6.7 M-1 result in the built-up of N-PHA. The transition metal salt (NH4)6(Mo7O24) 

was found very effective in the suppression of these reaction intermediates, resulting 

in a higher overall yield.  

Because the Pt-catalysed nitrobenzene hydrogenation resulted in much N-PHA 

formation at an intermediates stage, selective formation of N-arylhydroxylamines 

(N-AHA) was explored in Chapter 5. Aniline might be established as an important 

chemical, also N-AHAs could be very useful chemical precursors for e.g. the 

synthesis of aminophenols via the Bamberger rearrangement. Also, azoxybenzenes 

can be prepared via intermolecular condensation of N-AHAs that could be utilised 
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for the production of azobenzene dyes. In order to achieve high N-AHA yields in the 

Pt-catalysed semihydrogenation of nitrobenzene, reaction temperature and a low Pt 

loading contributed significantly to high N-PHA yields. Interestingly, an increased 

H2 pressure resulted in higher selectivity towards N-PHAs as a negative order in 

hydrogen was observed for N-PHA hydrogenation. A similar effect was obtained by 

addition of small amounts of basic amines that can substitute the N-PHA from the 

surface and thereby prevent overhydrogenation. At the optimised conditions of 50 

bar H2 and r.t. with the addition of 1 mol% of TMEDA a few nitroarenes containing 

various functional groups such as the halides and nitriles were converted into the 

product N-AHAs in >90% yields.  

In terms of application, the preparation methodology of reduction-deposition 

via transition metal colloids has proven very useful as a competitive solid 

hydrogenation catalyst. Application in batch in the three-phase nitroarene 

hydrogenation has shown remarkable activity and was highly selective in the 

hydrogenation of the nitro group. The colloid based catalysts prepared via reduction-

deposition appear to have superior activity compared to other commercially 

available Pt catalysts. The high activity of the colloidal based catalyst can be 

explained by the small particle size and egg-shell distribution upon immobilisation 

leading to a high available surface area. Further research should include a better 

comparison with catalysts prepared via conventional methodologies. This implies 

comparison with solid catalysts with a well dispersed Pt phase (<1wt.%) with 

preferably an egg-shell distribution. This could then clarify the influence of the 

stabilising shell surrounding the metal crystallites. 
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