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The preparation of mesoporous platinum has been studied by the reduction of a 
platinum salt in the aqueous domains of the hexagonal phases of Brij surfactant 
systems. A detailed study of the synthesis of mesoporous platinum from such 
mixtures revealed the ability to increase the regularity of the nanostructure and 
surface area of the materials by varying the amount of surfactant in the templating 
mixture or varying the reduction temperature. The most successful method of 
preparing H] material employed reduction with iron metal from Brij 76 lyotropic Hi 
phase at 40 °C. BET surface area analysis showed the mesoporous platinum to have a 
surface area of 46 m^g '. The pore size of the H; materials was found to be -Snm with 
-3.5 nm thick walls. 

The templating mechanism was then extended to the chemical preparation of 
mesoporous palladium and lead materials from the Hi phase of Brij 76. The 
electrochemical reduction of lead precursors within the Hi domain of Brij 56 on Au 
support was also shown to be a successful method to obtain nanostructured lead films. 
Direct liquid crystal templating of Pt-based alloys was also investigated. The co-
reduction of binary mixture of platinum and ruthenium metal compounds dissolved in 
the Hi phase of Brij 76 leads to bimetallic alloy powders that have a long range 
nanostructure and high surface areas. Investigations into the electrochemical 
preparation of the same materials showed that nanostructured bimetallic films could 
be obtained. 

Finally, the catalytic activity of mesoporous platinum and platinum/mthenium alloys 
was assessed in hydrogenation reactions and in the formulation of electrodes for CO 
and methanol oxidation. When compared to the equivalent commercial catalysts, 
kinetic data for the heterogeneous reactions showed that the catalytic activity of Hi 
platinum and Hi platinum/ruthenium was significantly higher from that of the 
equivalent catalysts and that this difference cannot be explained only by differences in 
the specific surface area. Preliminary results showed that mesoporous Pt and Pt based 
alloys could play an important role in the development of effective catalysts for CO 
and methanol electrooxidation. 
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1.1 Introduction 

1.1.1 Microporous and mesoporous materials 

Ordered nanoporous/microporous solids are exemplified by zeolites and their related 

compounds. Zeolites are aluminosilicates with a periodic three-dimensional framework 

structure containing voids; related compounds possess similar structures but differ in the 

chemical composition of the framework (e.g. aluminophosphates). The early history of 

ordered microporous materials is to be found in the field of mineralogy. Prior to 1900 

there were 24 zeolite minerals that had been discovered in nature [1], With the advent of 

x-ray diffraction many more zeolite minerals were characterised. The discovery of the 

first novel synthetic zeolite in 1948 [2] and the realisation of their catalytic properties led 

to a long period of industrial research in the field. 

The highly crystalline nature of zeolites results in ordered channel systems and very 

narrow pore size distributions. However, pore sizes are restricted to cage and channel 

diameters of about 1.5 nm [3]. For many applications in catalysis this limits the size of 

species that can be utilised. For example, cracking of the heavier fractions of crude oil 

[4], sieving of biomolecules, and anchoring of metals with bulky ligands [5] all require 

larger channels than those currently found in zeolites. 

r \ 

Figure 1.1 a) The organised 3 dimensional pore structure of a crystalline microporous material (zeolite A 

[LTA]), b) The organised 2 dimensional pore structure of an amorphous mesoporous silica (MCM-41). 

Extension of pore sizes into the mesoporous domain (2-50 nm according to lUPAC 

definition [6]) has received a great deal of interest over the last few years. In 1992 a new 

family of mesoporous silicas (M41S) was reported by researchers at Mobil R&D 
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Corporation [7-8]. These materials contain highly ordered pore structures with channels 

greater than 2 nm in diameter and narrow pore size distributions. They differ &om 

zeolites in that their channel walls are not crystalline but amorphous (figure 1.1). Already 

M41S materials have been shown to have potential applications in catalysis [9-10]. 

More recently, work carried out by Attard gr a/, has shown that it is possible to produce 

mesoporous metals as well as inorganic oxides [11-13]. Metals with ordered arrays of 

nanometer sized pores are of particular interest for not only catalytic applications but also 

for battery, sensor and fuel cell technologies. The following sections describe some of the 

general background to surfactants and mesoporous materials. To place the novel area of 

mesoporous metals in context a discussion of existing high surface area metals is also 

presented. An introduction to fuel cell technology and catalysis by the platinum group 

metals, two of the possible applications of the mesoporous metals prepared, is finally 

given. 

1.1.2 Surfactants and liquid crystal phases 

The types of pore structures observed in mesoporous materials always resemble the 

aggregate structures observed on mixing surfactants with water. This is no coincidence as 

surfactants are an essential component of the synthesis mixtures for preparing mesoporous 

materials. In order to understand the mechanisms by which these ordered structures form 

it is necessary to understand how surfactants behave in aqueous solutions. What follows 

is an overview of the aqueous phase behaviour of surfactants [14-16]. 

Surfactant molecules consist of a water soluble (hydrophilic) component and a water 

insoluble (hydrophobic) component. As these molecules display characteristics of both 

hydrophilic and hydrophobic molecules they are also known as amphiphiles (loving both 

kinds). The solubility of the hydrophilic headgroup arises from its polar nature whereas 

the hydrophobic tail is nonpolar and insoluble in water. Table 1.1 shows the structures of 

some common amphiphiles used to prepare mesoporous materials. 
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Surfactant Structure 

Ci$EOg CH3(CH2)i5(0CH2CH2)80H 

Octaethylene glycol monohexadecyl ether 

BHj 76 CH3(CH2)i7(OCH2CH2)ioOH 

(average chain length) 

BriJ 56 CH3(CH2)i5(OCH2CH2)ioOH 

(average chain length) 

Triton X-100 CH3C(CH2)2CH2C(CH3)2C6H4(OCH2CH2)ioOH 

(average chain length) 

Pluronics HO(OCH2CH2)x(OCH2CH2CH2)y(OCH2CH2)xOH 

variations on. 

CTAB CH3(CH2)i5N(CH3)3Br 

Cetyltrimethylammonium Bromide 

Notes 

Nonionic surfactant 

Very expensive as a pure 

material [11] 

Nofiiontc surfactant 

Very Cheap [17] 

Nonionic surfactant 

Very Cheap [17] 

Nonionic surfactant 

Very Cheap [17] 

Nontonic surfactant 

Long chain block copolymer 

{17,18] 

ionic surfactant 

Cheap 

Commonly used to prepare 

M41S materials [7,8] 

Table 1.1 Examples of some surfactants that have been used to prepare mesoporous materials. 

References refer to studies of their use in the synthesis of mesoporous silicas. 

The most important commercial nonionic surfactants are the polyoxyethylene (POE) 

compounds. A long polyoxyethylene chain exists in the middle of these molecules, a 

hydrocarbon chain is attached at one end, and a hydroxy group is present at the other 

end. These compounds are easily and inexpensively prepared on a commercial scale. 

For example, Brij 56 is prepared by the addition of ethylene oxide to a fatty alcohol. 

Commercial surfactants, such as Brij, invariably display a distribution in the number 

of oxyethylene groups. Individual POE surfactants (eg CigEOg), are much more 

difficult to prepare and consequently more expensive. 

If a small amount of one of the surfactants shown above is mixed with water, it is 

possible for the molecules to go into solution. As the concentration of amphiphilic 

material increases, however, the amphiphilic molecules begin to form aggregates, 

with the polar head groups on the outside and the hydrocarbon tails towards the centre 

(figure 1.2a) reproduced from reference [19]. This structure is called a micelle and is 
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Stable as long as the surfactant is above a certain concentration (called the critical 

micelle concentration or cmc). Typically the value of the cmc is less than 1 wt% of 

surfactant with respect to the total water content. 

It is easy to see why micelles are stable structures because the hydrophobic 

components of the molecules are shielded from the water by the hydrophilic 

headgroups. As the amount of surfactant in solution is increased, more micelles form 

until eventually a point is reached where the micelles combine to form larger 

structures. One such aggregate is called the hexagonal phase (Hi), in which long 

cylindrical rods of amphiphilic molecules arrange in an hexagonal array (figure 1.2c). 

Another common structure that forms at even higher concentrations is the lamellar 

phase (La), in which the amphiphilic molecules form flat bilayers separated 6om each 

other by water (figure 1.2e). A less common phase is the cubic phase (Vi), which 

often lies between the Hi and La phase and has a complex interconnecting three-

dimensional structure (figure 1.2d). At the extremes where there is very little water in 

the system the surfactant molecules revert to the spherical micelles but with the 

headgroups on the inside, surrounding small amounts of water (figure 1.2f). The 

range of aggregate structures shown in figure 1.2 only represents the phases 

commonly found for POE surfactant systems. There are a number of other lyo tropic 

phases but for the purposes of this thesis only the structures shown below are of 

interest. 
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Name Structure 

a) Micellar 
Solution (Li) 

3 o 
(D 0) cn 
Zi' 
CQ 
(/) C 
3-& 

8 3 O 
CD 

3-
3 
6' 3 

b) Micellar 
Cubic phase 
(li) 

c) Hexagonal 
Phase (H|) 

d) Cubic 
Phase (V|) 
Ia3d 

e) Lamellar 
Phase (La) 

$3^ 

»> < * » ! - ? 

f) Inverse 
micellar 
Solution (L2) 

Figure 1.2 Examples of surfactant aggregate structures formed in lyotropic systems [19]. 
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The larger structures, formed beyond the concentrations of surfactant required for 

micelles, are said to be liquid crystalline. This is because the molecules are oriented 

on average along some preferred direction, producing fluid but structurally 

anisotropic phases. The molecules in a liquid crystal phase do not have the positional 

and orientational order of a solid nor do they have the total disorder associated with a 

liquid but tend to lie somewhere between the two extremes. The liquid crystal phases 

formed by mixtures of surfactant and water are termed lyotropic phases. As with 

thermotropic liquid crystals altering the temperature can alter the phase. However, in 

lyotropic systems, as was explained previously, altering the water content can also 

change the structure of the phase. The variables of temperature and composition are 

commonly used to plot phase diagrams fbr amphiphilic molecules. Phase diagrams 

are constructed, from observations made by polarised light microscopy, X-ray 

dif&action and NMR [14,15, 20]. 

a 90 W+ L 

25 50 75 100 

Composition (wt % CieEOg) 

Li - Miceliar solution 
H| - Hexagonal 
Ln- Lamellar 

S - Solid 

b 90 

60 

T/°C 

30 

W + Li^ 

Li Li 

H, 

/ ^ 
25 50 75 100 

Composition (wt % C12EO8) 

li - Cubic-spherical-micelles 
Vi - Cubic-bicontinuous laSd 
L2 - Inverse micellar solution 

W - Water 

Figure 1.3 Liquid crystal pliase diagrams for two POE surfactants in water, a) CigEOg and b) C]2E0g. 

Redrawn from reference 2]. 
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The phase diagram for CigEOg shows that the liquid crystalline behaviour of this 

material is diverse, with large regions over which the Hi and La phases are stable 

(figure 1.3 a). In addition to the lyotropic phases and micellar solution domains, the 

phase diagram also exhibits a biphasic region (Li + W), which is characterised by a 

solution containing areas rich in micelles surrounded by water. The temperature at 

which a micellar solution phase separates is known as the cloud point. The name 

arises from the turbid nature of an Li+ W solution. A further region of the phase 

diagram, at low temperatures, consists of solid surfactant that is not in solution. The 

line that separates the lyotropic phases from the solid region is known as the Krafft 

boundary and defines the crystal solubility boundary of the surfactant. Below the 

boundary the surfactant is present as crystals of surfactant surrounded by water [15]. 

Phase behaviour in lyotropic systems is not purely a function of composition-

temperature space but is also strongly influenced by the molecular structure of the 

surfactant. Comparison of the phase diagram of CieEOg with that for C^EOg (figure 

1.3) reveals considerable differences in the phase behaviour of the two surfactants, in 

particular the reduced size of the La and Vi domains for CnEOg compared to CigEOg. 

A complete analysis of how phase behaviour is effected by molecular structure is a 

complex subject. However, at a basic level, headgroup interactions, tail interactions 

and interfacial forces determine the shapes of aggregate structures (figure 1.4). 

^ ^ Headgroup attractive forces: Hydrogen bonding 

> Headgroup repulsive forces: Electrostatic repulsion 
Steric repulsion 
Headgroup hydration 

Interfacial tension 

> Steric repulsion of hydrocarbon tails 

Figure 1.4 Interactions between surfactant molecules in aqueous systems 
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In the CTAB + water system, electrostatic repulsion between the positively charged 

ionic headgroups dominates. Consequently structures with a high positive mean 

curvature, where the headgroups are well spaced in comparison to the hydrocarbon 

tails, are favoured. As a result, a large hexagonal domain dominates the phase 

diagram of CTAB (figure 1.5) [22]. 

Returning to the non-ionic POE surfactants, the balance between the headgroup and 

tail interactions is more delicate and a small change in either end of the molecule can 

result in significant changes in phase behaviour. By increasing the size of the 

headgroup, steric repulsion increases between headgroups and the space required by 

the headgroup increases relative to the hydrocarbon tail. This is shown by a shift too 

more curved structures such as the micelles in the Ii phase. Decreasing the length of 

the hydrocarbon tail, as in the CigEOg versus CiiEOg case has a similar effect on the 

phase behaviour as increasing the size of the headgroup. Consequently, CiiEOg 

exhibits hardly any behaviour because a molecule with a short hydrocarbon tail 

and large headgroup does not favour such a flat structure. 

9 0 -
w 

6 0 - Li 
uA y 

T/^C 
/ 

3 0 -

s 

0 25 50 75 

Composition (wt % CTAB) 

00 

Figure 1.5 Liquid crystal phase behaviour of CTAB + water mixtures. Redrawn from reference 221. 
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1.2 The synthesis of mesoporous materials 

1.2.1 Structure, nomenclature and composition 

The field of ordered mesoporous materials is relatively new. In 1992, Beck and co-

workers synthesised a range of mesoporous silicate materials known as M41S [7-8]. 

Characteristically these materials have highly ordered channel systems with narrow 

pore size distributions. However, unlike zeolites the channel walls are made up of 

amorphous silica and pore diameters are greater than 2 nm. The M41S family 

consists of three structure types. The first of these, MCM-41 (Mobil Corporation 

Material 41), contains a hexagonal arrangement of channels. A second material, 

MCM-48, has a complex interconnecting, 3-dimensional, channel system. Finally 

MCM-50 has a lamellar structure. Later Attard et al. showed that similar structures 

could be prepared directly from liquid crystal phases [23] and these materials were 

labelled according to the liquid crystal phase from which they were formed 

(hexagonal (Hi), cubic (Vi) and lamellar (La)). Figure 1.6 shows the range of pore 

mophologies observed for such mesoporous materials. 

> # 

I K 
I 

iznm . • M 25nm lOmt -

Figure 1.6 TEM images of mesoporous silicas, a) Hexagonal pore morphology (hexagonal array of 

cylindrical holes), b) Cubic pore morphology (complex interconnecting channel system with the Ia3d 

space group), c) Lamellar pore morphology (sheets of silica) [23]. 

Partial exchange of silica for alumina, in M41S materials, results in a mesoporous 

aluminosilicate. In a similar manner it is possible to include transition metals in the 

framework of the walls [24]. Ordered mesoporous materials are not only limited to 

silicas but extend to a variety of other inorganic oxides [25]. 

10 
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More recently it has been shown that mesoporous metals can be prepared with an 

hexagonal pore structure [11-13]. 

As described above, common to all preparations of ordered mesoporous materials is 

the presence of a surfactant. The concentration at which the surfactant is present 

predetermines the mechanism that results in a porous structure. In the Mobil 

synthesis, of M41S materials, the surfactant concentration is characteristically low (1-

10 wt%) [7, 8]. This rules out the existence of a homogeneous liquid crystal phase in 

the synthesis mixture. In 1995 it was shown that regular mesoporous silicas could be 

prepared at much higher surfactant concentrations, such that lyotropic liquid crystal 

phases were acting as structure directing agents [23]. 

What follows is a discussion of the two methods of preparing mesoporous materials 

and a description of how direct liquid crystal templating can be utilised to make high 

surface area metals such as platinum. 

1.2.2 Mobil synthesis - low surfactant concentrations 

The Mobil method of producing mesoporous materials employs 

alkyltrimethylammonium ions, with alkyl chain lengths of 8-18 carbon atoms (figure 

1.7). These cationic molecules are surfactants that can self^assemble in aqueous 

solution into spherical micelles, rodlike micelles, a lamellar phase (Loc), a hexagonal 

array (Hi) or a bicontinuous cubic phase (Vi) depending on the length of the alkyl 

chain, the surfactant concentration, temperature and the type of counterion present 

[22]. The surfactant molecules are occluded in the pores of the inorganic product 

with the cationic micellar headgroups adjacent to the silicate channel walls. The 

radius of the uniformly sized pores that result upon removal of the surfactant by 

calcination or solvent extraction is directly correlated to the length of the alkyl chain. 

Larger pores can be synthesised if an additional hydrophobic organic species is added 

to swell the self assembled structures [26]. 

11 
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CI6H33(CH3)3N CI 
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Figure 1.7 Mobil synthesis of mesoporous materials employing low surfactant 

concentrations [7, 8]. 

There is a clear resemblance between the hexagonal array of surfactant-filled pores 

found in these materials and the hexagonal topology of the Hi liquid crystal phase. 

This suggests that surfactant aggregates act as structure-directing agents in the 

synthesis of MCM-41. However, in the binary surfactant-water phase diagram the Hi 

phase is not present at the low surfactant concentrations used. This apparent paradox 

has stimulated a considerable amount of work on M41S materials [27]. It is now 

generally accepted that some sort of self-assembly of the micelles in the synthesis 

mixture is responsible for the pore topology. It is well known that the addition of 

inorganic salts to cationic surfactant-water systems results in phase separation of 

micelles and water [28]. In the synthesis of MCM-41, it is proposed that electrostatic 

interactions between the micellar headgroups and the silicate species results in a 

biphasic reaction mixture. This biphasic mixture contains a large quantity of water 

with small regions rich in silicate-encapsulated, rodlike, micelles. These inorganic-

organic composite species are arranged in the hexagonal order of MCM-41. To 

facilitate the production of rod like micelles, the surfactant must be present in 

concentrations greater than the critical micelle concentration [29]. 

12 
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There are a large number of variations on the Mobil method, but they all rely on self-

assembly of micelles at low surfactant concentration. Critical to the method is the 

charge interaction between the surfactant head group and the forming material. This 

limits the materials, which can be produced, to inorganic oxides such as silicas and 

metal oxides. To date most of the mesoporous materials have been prepared using 

variations on the Mobil method. The large m^ority of preparations of M41S silicas 

use ammonium based ionic surfactants such as CTAB. One reason for this is that, as 

explained above, charge is thought to be important in obtaining the ordered structures. 

However, it has been shown that non-ionic surfactants such as Brij, Tween, Triton, 

Tergitol and block copolymers can be used to prepare ordered mesoporous silicas 

[30]. The range of surfactants indicates that it is the phase forming properties of 

surfactants that control the formation of M41S materials. 

1.2.3 Liquid crystal templating - high surfactant concentrations 

Direct liquid crystal templating of mesoporous materials is possible by the use of high 

surfactant concentrations. The characteristic phase of the surfactant-water system can 

be used as a direct mould for the forming oxide ceramic or metal. In 1995 it was 

shown that mesoporous silicas, with pore morphologies identical to the M41S 

materials, could be produced in the homogeneous lyotropic liquid crystal phases of 

non-ionic POE surfactants (CigEOg and CnEOg) [23]. 

In the direct liquid crystal templating method, a source of silica is provided by a 

silicon alkoxide (tetramethyl orthosilicate, TMOS) which is hydrolysed by acidified 

water. The reaction of water with TMOS results in a sequence of hydrolysis and 

condensation reactions, which eventually leads to the formation of amorphous silica. 

The final silica material is known as a gel because the silica can be thought of as a 

single molecule, which extends throughout the solution. If the smallest dimension of 

the gel is greater than a few millimetres, the object is generally called a monolith. The 

area of materials chemistry, which involves the preparation of gels from alkoxides is 

known as sol-gel science [31]. Many applications of sol-gel materials arise fi-om the 

ability to form fibres, films and mould various shapes and it is the moulding 

properties of sol-gel materials that make them attractive for direct liquid crystal 

templating. Not only can the pore structure be moulded by the surfactant aggregates 

but also the shape of the container in which the reaction is carried out can 

predetermine the macroscopic structure. 
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Figure 1.8 The preparation of Hi mesoporous silica, a) schematic of the whole process and b) a general 

scheme for the formation of inorganic mesoporous materials in the hexagonal phase of a surfactant-

water system [19]. 

The preparation of a mesoporous silica directly from a liquid crystal phase involves 

addition of TMOS to a surfactant (> 50 wt%) + water + acid mixture. Initially, a large 

amount of methanol is produced which destroys the liquid crystal phase, but removing 

the methanol under a gentle vacuum can regenerate the phase. After leaving the 

mixture to gel, the surfactant is removed by calcination. The aqueous domains of the 

surfactant phases determine the regions in which condensation of the silica network 

occurs. Consequently, the structure of the calcined silica is a cast of the 

supramolecular architecture of the liquid crystal phase. Figure 1.8 shows a general 

scheme for the production of hexagonal, normal topology, silicas. 
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1.2.4 Direct liquid crystal templating vs. Mobil methods 

There are a number of distinct advantages of using the hquid crystal templating route 

over the Mobil method: 

Predictability and variation in the phase 

The pore morphology can be predicted from the phase in which the reaction is carried 

out. In the Mobil method there is no simple way of predicting the type of material 

produced. In addition, the direct template method is not limited to hexagonal, 

lamellar and cubic phases but has the possibility of being extended to inverse phases. 

For example, an inverse hexagonal phase would result in a material that consists of 

long cylinders (figure 1.9). 

i) Formation of inorganic 
networl< 

ii) Removal of 
template 

Figure 1.9 Synthesis of an inverse hexagonal material (Hn) from the aqueous 

domains of a surfactant that forms inverse phases. 

Particle size 

The direct templating route produces silicas whose overall particle size is much larger 

than those produced by the Mobil method. Typically, materials prepared using low 

surfactant concentrations consist of micron sized particles [7, 8]. In the direct liquid 

crystal templating method a continuous solid gel is produced rather than a precipitate 

[23,30]. 
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The method is not limited to inorganic oxides as there is no necessity for an 

interaction between the precursor and the surfactant system. The use of a non-ionic 

surfactant, in the direct templating method, means that charge interactions are not 

important. Non-ionic surfactants have been used in adaptations of the Mobil method 

but it appears that the silicate species induce the phase separation to form an 

hexagonal structure [32]. By suitable choice of a precursor it should be possible to 

produce a variety of mesoporous materials, from polymers to metals, directly in the 

liquid crystal phase. 

1.3 High surface area metals and mesoporous platinum 

1.3.1 Conventional high surface area platinum materials 

Traditionally, high surface area platinum powders are produced by warming a 

solution of KOH and PtCli in ethanol [33]. The velvety black material obtained is 

known as platinum black and has a relatively high surface area (25-35 m^g'') 

compared to other forms of platinum. Nanometer sized platinum particles can also be 

prepared, as colloidal dispersions, in the presence of surfactants. Typically, a 

platinum salt, such as hexachloroplatinic acid (H2PtCl6, HCPA), is reduced in a 

solution rich in surfactant micelles [34] or soluble polymers [35]. The organic 

additives stabilise the resulting platinum colloid, which contains 1-15 nm sized 

platinum particles. 

High surface area platinum is important in catalytic and electrochemical applications. 

However, processing of nanometer sized platinum particles is complex. For example, 

separation of a colloidal platinum catalyst B-om reagents and products can be difficult. 

Often platinum nanoparticles on a catalyst support are preferred to colloidal systems 

[36]. 
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Figure 1.10 Supported platinum catalysts a) catalytic converter reproduced from 

reference 37, b) platinum metal supported on an alumina pellet. 

The automotive catalytic converter uses an alumina support, which is loaded with 

platinum by soaking the alumina in a solution of a platinum salt and reducing the 

platinum ions to platinum metal (figure 1.10). Mesoporous silicas, prepared using 

the Mobil method, have also been loaded with platinum in a similar manner [38]. The 

mesoporous host is particularly attractive as a catalyst support because of its 

inherently high surface area and the potential to limit the size of the platinum 

nanoparticles. 

For electrochemical applications, high surface area, platinum materials are of 

particular interest. Conventional methods of preparing high surface area platinum 

electrodes involve electroplating from an HCPA solution under conditions such that a 

rough platinum black deposit is obtained. The high surface area is obtained through 

the surface roughness of the material. These platinised platinum electrodes form the 

basis of the hydrogen reference electrode [39]. 
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1.3.2 Palladium 

Next to platinum, palladium is the most abundant of the platinum metals. Palladium is 

the chief rival of platinum in alloys for dentistry, jewellery and catalysis. In fact, 

palladium imparts to some alloys properties which are much more desirable than 

those imparted by platinum. An outstanding property of palladium is its ability to 

adsorb hydrogen. Gas occlusion takes place at ordinary temperatures and is 

accelerated by a rise in temperature. 

The physical structure of the metal affects the absorption [40]. Freshly ignited 

palladium foil, for example takes up more than 370 volumes of hydrogen at room 

temperature, and when heated to 100 °C about 650 volumes of gas are absorbed. 

Spongy palladium and finely divided palladium black both have an enormous 

capacity for holding hydrogen. Hydrogen combines v^th palladium to form palladium 

hydride, a compound which exists in solid solution in the palladium metal remaining 

when the reaction with hydrogen is incomplete. The reaction of hydrogen with 

palladium is important in chemical processing: palladium and palladium hydride 

causes the decomposition of hydrocarbons at temperatures far below those which 

would otherwise decompose them [40]. When heated to several hundred degrees in 

contact with a hydrocarbon, the palladium swells and carbon is liberated from the 

hydrocarbon. Finely divided sponge palladium and palladium black act as a catalyst. 

Palladium oxide (Adam's catalyst) prepared in the same manner as platinum oxide 

[40], is much used in hydrogenation. Carriers of various kinds may be employed as a 

base for colloidal palladium [40]. The number of reactions catalysed by palladium is 

extremely large, they include oxidation, chlorination, reduction, polymerisation, and 

synthesis but the most notable reactions are the hydrogenation of oils and other 

organic substances [41]. There are numerous patents dealing with palladium catalysis: 

applications such as petroleum cracking, gas sensors [42], production of hydrocyanic 

acid from ammonia and acetylene [43] and purification of rare inert gases such as 

Krypton and Xenon have been reported. In the field of gas sensor, palladium has been 

recognised as the best catalyst for methane oxidation [44]: commercial pellistors use, 

to fulfill this task, palladium particles on y- alumina (porous type of alumina). The 

surface area of the catalyst influenced the sensitivity, lifetime and poison resistance of 

the gas sensor. 
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Recently, pellistors based on high surface area nanostructured palladium films 

prepared from direct liquid crystal templating were also proved to be suitable for 

methane detection [42]. 

1.3.2 High surface area Pt based alloys 

The ability to produce binary intermetallic materials that have a uniform dispersion of 

the constituent metals is of considerable importance for the development of new 

catalysts, since in principle for such system, catalytic activity can be related to a well-

defined and reproducible surface chemistry [45,46]. Furthermore, in many cases, 

alloying afford materials whose catalytic activity/performance is enhanced 

significantly in comparison to that of the constituents metals [47]. For example, 

platinum alloys catalysts can be less susceptible to poisoning by sulphur containing 

species or by carbon monoxide. Watanabe er a/, reported that ruthenium when mixed 

with platinum group metals displays a synergistic effect for the direct oxidation of 

methanol: the Pt/Ru catalyst increased the specific activity over pure platinum by 

more than a factor of 10 at an atomic ratio of Pt/Ru of about 1/1 [48]. Because the 

catalyst is nevertheless expensive, the catalyst was used highly dispersed on a proper 

support having a high specific surface area (carbon black in that case) from the 

standpoint of its cost performance. The preparation of the highly dispersed Pt/Ru 

alloy clusters was based on the co-deposition of fine oxides of platinum and 

ruthenium in atomic scale of these metals followed by reduction with hydrogen 

bubbling [48]. This method provided a simple way of obtaining a specific surface area 

of around 80 m^g'' more than 3 times larger than that obtained by conventional 

methods [48]. 

For the development of fuel cell technology, the preparation of supported bimetallic 

catalysts has been extensively studied. Of the many procedures that have been 

employed to prepare bimetallic supported metal catalyst, the most commonly used has 

been an impregnation of the support material with aqueous solutions of the metal 

salts. Following a drying procedure, the support is heated under a gas-phase reductant, 

usually hydrogen, to give the metals. The interaction of the metal salts in solution 

with the surface of the support is of great importance in determining the size of the 

metal particles obtained as are the conditions used during adsorption of the metal salts 

on the catalyst support [49]. 
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In a study of the eflect of different reducing meAods employed during catalysts 

deposition together with the effect of a drying-in process, Goodenough aZ. showed 

that electrodes of highest activities were obtained from platinised carbons prepared by 

in- situ reduction of the metal salts with strong reducing agents such as formaldehyde 

and hydrazine rather than sodium formate [50]. The higher activities attained by those 

electrodes was related to the smaller particle size which led to an increase in surface 

area. A number of catalyst deposition techniques have also been investigated for the 

efficient dispersion of high surface area bimetallic catalysts on conducting carbon 

substrates [49]. The ability to produce supported binary intermetallic materials that 

have a uniform dispersion of the constituent metals combined with high specific 

surface area is of extreme importance to meet future challenges in fuel cell 

development. 

Severe restrictions on the content of pollutant contained in car engine exhausts gases 

has also motivated the development of bimetallic catalysts for the purification of 

exhaust gas &om CO, NO and hydrocarbons. The catalysts based on Pt/Rh and Pd/Rh 

in three way catalysis are commonly used for the simultaneous purification of gases 

Aom all the 3 components of exhaust gases [51]. By the electrochemical deposition of 

rhodium ions on a clean platinum surface, Sasahara ef aZ. showed that a small amount 

of rhodium is an indispensable component of the platinum based catalyst for NOx 

reduction [52]. 

1.3.3 Novel nanoporous metals 

For a wide variety of applications it would be particularly attractive to have platinum 

with a higher surface area than conventional platinum materials. Potentially, this not 

only increases the activity/efficiency of the metal, through increasing the number of 

surface platinum atoms, but also has the benefit of decreasing the amount of platinum 

required. Another interesting area is the production of ordered pore systems within 

metals. Such systems would be useful for size exclusion of certain molecules if the 

holes were sufficiently small and of a particular size. 
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Figure 1.11 The electrodeposition of gold nano wires in track etched polycarbonate 

membranes a) schematic of the polycarbonate membrane containing nanowires, b) 

SEM image of the nanowires. Pictures reproduced from reference 53. 

One method that has been successfully used to prepare ordered high surface area 

metals is to deposit a metal within an ordered membrane made of a polymer. For 

example, 100 nm diameter gold nanowires have been prepared by using track etched 

polycarbonate membranes [53]. The membranes are prepared by exposing 

polycarbonate to nuclear fission fragments to create damage tracks in the material, 

and then chemically etching these tracks into pores. The resulting cylindrical pores 

are distributed randomly but are of a uniform diameter (>10 nm). Formation of gold 

in the pores of the membrane is carried out by electroless deposition from a gold 

plating solution (figure 1.11). 
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Figure 1.12 The generation of porous nickel films by a double replica moulding 

technique using a polymethylmethacrylate intermediate a) schematic of the process b) 

SEM image of the pore structure as viewed side on b) SEM image of the holes viewed 

end on. Reproduced from reference 54. 

Another method that has been used is to prepare a porous alumina membrane via the 

anodisation of aluminium metal in acidic solution. These membranes contain 

cylindrical pores, which can be tailored in size from about 5 nm to 200 nm. Masuda 

et al. used an alumina membrane, in a double templating method, for the preparation 

of porous nickel [54]. Methylmethacrylate monomer was polymerised in the pores of 

the alumina membrane and the alumina dissolved in sodium hydroxide. Electroless 

deposition of nickel around the polymethylmethacrylate structure resulted in a porous 

nickel once the polymer had been selectively dissolved in acetone (figure 1.12). 

Similar methods were also used to prepare porous platinum and gold. 
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1.3.4 Direct liquid crystal templating of mesoporous platinum 

In 1995 it was shown that an unsupported mesoporous platinum could be prepared by 

the reduction of HCPA in the aqueous domains of lyotropic liquid crystal phases [12]. 

The method used the same POE surfactant (CieEOg) that was employed for the direct 

templating of mesoporous silica [23]. Platinum produced in the hexagonal phase was 

shown to have an ordered Hi pore structure with ca. 3 nm diameter pores and ca. 3 nm 

thick walls. The material was a fine black powder with particles ranging in size 6om 

90-500 nm. In addition, extended x-ray absorption fine structure (EXAFS) and x-ray 

dif&action revealed that the mesoporous platinum had the same face centred cubic 

crystal structure as a platinum foil. However, the average coordination of the 

platinum atoms was significantly less for H| platinum than platinum foil indicating a 

high number of surface platinum atoms in the mesoporous material. 

Chemical reduction of HCPA in a micellar solution of Cî EOg (or CTAB) resulted in 

dense unstructured platinum. This ruled out the self assembly/phase separation 

mechanism that has been shown to be important in the preparation of M41S silicas. 

The presence of a liquid crystal phase before chemical reduction was critical to the 

formation of mesoporous platinum. 
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A ; 
Figure 1.13 a) Scanning electron micrograpgh of Hi platinum electrodeposited on a 

gold-coated glasss slide (scale bar: 1 jam). Transmission electron micrographs 

showing the hexagonal nanostructure of; b) chemically produced platinum from a 

CieEOg Hi phase, electrodeposited platinum from a CigEOg Hi phase c) side on view 

of pores, d) end on view of pores, electrodeposited platinum from a CieEOg Hi phase 

containing 1 mole equivalent of /^-heptane e) side on view of pores, f) end on view of 

pores (scale bars: 25 nm). 
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Following on from the work on chemically produced mesoporous platinum it was 

reported that Hi platinum could be electrodeposited on gold electrodes [11]. The 

method used exactly the same CigEOg + water + HCPA mixtures used to prepare Hi 

platinum chemically. Again, the materials were shown to have a high surface area 

and an ordered pore structure. However, unlike the chemically produced Hi platinum, 

which was a black sub-micron sized powder, the electrodeposited materials were 

uniform coherent films that were highly reflective and metallic in appearance (figure 

1.13a). Scanning tuimelling microscopy studies of the electrodeposited films showed 

them to be remarkably flat (surface roughness +10 imi over 1 cm^) and this accounted 

for the high reflectance of the films. By adding a hydrocarbon (n-heptane) to the Hi 

phase, containing the platinum salt, it was possible to swell the hydrocarbon domains 

of the phase and increase the pore diameter &om 2.5 nm to 4.0 nm (figure 1.13) [13]. 

There is another example in the literature where liquid crystal phases have been used 

as structure directing agents in the formation of noble metals. Palladium metal 

nanoparticles were prepared by the reduction of a tetrachloropalladate solution mixed 

with a glycerol monooleate surfactant [55]. Reduction of the palladium was 

facilitated by the oxidation of the surfactant headgroups. The monooleate surfactant 

formed cubic phases in the 60-70 wt% surfactant regime that was used in the 

synthesis. However there was no evidence for a liquid crystalline structure in the 

resulting material and only small crystallites of palladium were observed in the 

transmission electron microscope. 

25 



7 MOMoporozty ?MafgrWf 

1.4 Fuel cell technology 

Energy conservation has become a worldwide objective because the natural resources 

of fossil fuels are becoming depleted, hence the search for alternative energy sources 

has become important. Fuel cells represent a possibility for the future: although fuel 

cell systems are more expensive to install, they provide lower running costs and 

greater fuel efficiencies than existing power plant as very little waste heat is produced. 

The main application in the future for fuel cells is to provide energy for car to 

ultimately replace the internal combustion engine. 

A fuel cell is a primary electrochemical cell in which the reactants are continuously 

supplied from outside while the cell is in use. The free energy of the reactants is 

converted into electrical energy directly via the flow of electrons through the circuit. 

A reaction taking place at fuel electrode will produce the electrons which will then be 

able to flow through the eternal circuit to reach the other electrode and an electrical 

current is generated [56]. The recent success of fuel cell powered demonstration 

vehicles using the proton exchange membrane fuel cell developed by the Canadian 

company Ballard Power Systems and by Daimler Chrysler, suggests that fuel cells 

have come of age. At the heart of these developments lie vital advances in catalyst 

technology, without which this technology would not have progressed to its current 

state [56]. 

1.4.1 Type of fuel cell and proton exchange membrane fuel cell 

There is now a whole family of fuel cells which are commonly characterised by the 

electrolyte used. They all function in the same way. At the anode a fuel (usually 

hydrogen) is oxidised into electrons and protons and at the cathode , oxigen is reduced 

to oxide species. Depending on the electrolyte, either protons or oxide ions are 

transported through the ion-conducting but electronically insulating medium to 

combine with oxygen or hydrogen respectively to generate water and electrical 

current [56]. The proton exchange membrane fuel cell PEMFC takes it name from the 

special plastic membrane that uses as its electrolyte. All the key parts of a fuel cell are 

combined in a very compact unit. This membrane electrode assembly (MEA) not 

thicker than a few hundred microns is the heart of the PEMFC and, when supplied 
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with fuel and air, generates electric power at cell voltages up to 1 V and power 

densities of up to about 1 Wcm'̂ . The MEA is a five layer structure consisting of the 

proton exchange membrane, anode and cathode electrocatalysts layers either side, 

with gas diffusion substrates making up the outside of the sandwich. The membrane 

relies on the presence of liquid water to be able to conduct protons efficiently, and this 

limits the temperature at which a PEMFC can operate (below 100 °C). Therefore, to 

achieve good performance, effective electrocatalyst is required. At present this is 

based on Ft electrocatalyst materials. The catalysts form thin (several microns to 

several tens of microns) gas porous electrode layers on either side of the membrane 

[56]. The MEA is typically located between a pair of current collector plates with 

flow fields for distributing fuel and oxidant to anode and cathode respectively as 

shown on figure 1.14. 
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iopmastack. 

Figure 1.14 Membrane electrode assembly in a PEMFC consisting of three main 

components: two electrodes, each consisting of a carbon -based substrate coated with 

a platinum catalyst, and a solid electrolyte in the form of a polymer membrane. 

Reproduced from reference [57]. 
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1.4.2 Direct Methanol Fuel Cell DMFC 

Methanol is a particularly promising organic substance for fuel cell research; being 

relatively non-toxic, easy to store and handle, and possessing a high energy density 

of the order of 1 kWh/kg [56]. Methanol can readily be generated &om biomass and, 

because of its simple structure, it should have a straight forward reaction mechanism 

when oxidised to produce CO2 and H2O. The direct methanol fuel cell oxidises 

methanol directly without transforming it into a hydrogen rich gas, meaning that the 

expensive reformer is eliminated. 

Acid solution : CH3OH + H2O ^ CO2 + 6H^ + 6 e' 

Alkaline solution: CH3OH + 1 % 02 ^ 3 H2O 

The methanol is introduced into the cell as a solution of the electrolyte, eliminating 

the 3-phase contact of a gas diffusion electrode. Typically, the methanol cell utilises a 

plate fuel anode and a normal diffusion or oxygen or air cathode. 

So far the use of methanol as fuel has been considered more convenient than the 

conventional H2 refbrmate as methanol is directly oxidised at the anode and is noted 

as transportable. However, the deactivation of the direct methanol fuel cell (DMFC) 

[58] may occur at the anode by formation of CO because of the electrosorption of 

methanol or by methanol crossover due to high permeability in the membrane towards 

the cathode, which causes polarisation losses [59]. Hence the anode requires a highly 

efficient methanol oxidation catalyst. 

1.4.3 Fuel cell catalysis 

To ensure that a fuel delivers maximum efficiency, both the oxidation of hydrogen (or 

methanol) and the reduction of oxygen need to take place as close to their 

thermodynamic potentials as possible. For these processes to occur at effective rates, 

they need to be catalysed. Therefore, the development of fuel cell technology has 

been intimately linked to the development of effective electro-catalyst technology. 

Research over several decades have shown that platinum or platinum containing 

catalysts are the best materials for both anode and cathode reactions [56]. 
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The underlying difBculty with all fuel cell catalyst development is the identification 

of electrochemically active materials which are stable in the very corrosive, proton 

rich environment inside the membrane electrode assembly (MEA) over long periods 

of operation. The catalysts used for advanced low loading MEAs for PEMFCs, are 

carbon supported Pt-based catalysts where the loading of active metal can be very 

high. For a cathode catalyst, this can range &om 10 to at least 40 wt % Pt supported 

on a conductive carbon black substrate. The carbon supports used are characterised 

by a high surface area (> 75 m ĝ'̂ ), high electronic conductivity, relatively low 

oxygen content and a semi- graphitic nature [56]. 

In general precipitation methods are used to prepare fuel cell catalysts with typical 

particle sizes of less than 4 nm, even at 40 wt % loading. These approaches give 

catalysts with active surface areas of 70 to 120 m ĝ'̂  (Pt). The use of bimetallic 

catalysts demands the deposition of the two metals in intimate contact, so alloy 

formation can be achieved, with similar dispersion found for Pt-only catalysts. This is 

usually achieved by co depositing Pt and the second metal onto the carbon substrate 

as hydrous oxide /hydroxide precipitates, followed by thermal reduction at elevated 

temperature under inert gas flow [56]. 

Selectivity is the key to a successful design strategy for anode catalyst development. 

The number of Hi oxidation sites on a given catalyst needs to be maximised, while 

CO coverage need to be minimised. Two types of modifications to the Pt 

electrocatalyst corresponding to two basic mechanisms have been reported [60] as 

described below. 

1.4.3.1 Modification of platinum by alloying: intrinsic mechanism 

This mechanism corresponds to a modification of a H2 oxidation catalyst such as Pt 

by a second metal, in the form of an alloy, which modifies H2 and CO chemisorption 

properties, so as to reduce CO coverage with respect to % oxidation sites. The most 

elegant solution to overcome anode poisoning is the development of CO tolerant 

electrocatalysts, capable of operating in the presence of at least 100 ppm CO [61]. 

Much effort has been spent modifying Pt electrocatalytic properties by alloying with 

transition metals such as Ru, Rh, Cr, Ni, to produce catalysts with improved CO 

tolerance. The modification of platinum electrocatalytic properties by alloying with 

other metals is well established for both anodic and cathodic applications [62,64]. 
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It has been shown by a number of authors that the modiEcation of platinum by 

ruthenium in the form of an alloy does improve CO tolerance compared with pure 

platinum over a range of conditions [65,69], the ruthenium alloyed catalyst exhibits 

lower overpotentials and extended life times compared to the platinum. However, it is 

not clear by what mechanism this is achieved. Based on early work 6om Watanabe 

gr a/. [69] (on methanol oxidation), a bifunctional mechanism involving H2O 

activation by Ru and subsequent CO oxidation on a neighbouring Pt atom has been 

postulated based on CO stripping voltammetry[65] and in&ared spectroscopy[67]. 

The bifunctional character of Pt-Ru (adsorption of 0-species at low potential and 

oxidation of CO migrating to these sites from Pt to Ru sites nearby has been 

recognised by Gasteiger ef a/. [71], they based their conclusions on the observation 

that the onset for CO stripping from Pt:Ru (-50:50) alloy electrodes lies at potentials 

lower than for pure platinum or ruthenium. Even though many studies have shown 

the improvement of the tolerance of electrocatalysts by alloying Ru to Pt, future 

challenges relie on the development of more efficient electrocatalysts for low 

temperature fuel cells. 

1.4.3.2 Modification of platinum by metal oxides: promoted mechanism 

The second strategy to increase the selectivity for anode catalyst development is to 

promote a H2 oxidation catalyst by a metal or metal oxides which catalyses the 

oxidation of chemisorbed CO at low potentials by the activation of H2O. This has the 

effect of reducing CO coverages and consequently increasing the number of H2 

oxidation sites. Many efforts have been spent modifying Pt electrocatalytic properties 

by using dopants such as tin oxide and tungsten oxide to compare with the alloy 

catalysts. Oxide dopants of both metals have been reported for CO activation v^th Pt 

containing system: early work by Niedrach and Weinstock showed that mixing of Pt 

black with various oxides led to remarkable CO electrooxidation activity in acid 

electrolyte [72]. More recently, Sn and W have been investigated as promoters to Pt 

for methanol electrooxidation [73,74] and CO electrooxidation [75]. 
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1.5 Catalysis by the platinum group metals and heterogeneous 

catalysis 

The uses of platinum group metals in catalysis are very varied and constitue important 

applications. These includes the oxidation of ammonia for the production of nitric 

acid [76] the hydrogenation of oleGns [36] and the reduction of Nox in the control of 

car exhaust emissions [77]. In the following, a few of the most important catalytic 

applications of platinum group metals are described and the potential uses of the 

mesoporous metals prepared assessed. 

1.5.1 Heterogeneous catalysis, catalytic hydrogenations 

Heterogeneous catalysts are solids which increases the rates of chemical reactions by 

virtue of the specrGc properties of their surges. All catalytic processes possess 

certain common physico-chemical characteristics and the definition of a catalyst as a 

substance which increases the rate at which a chemical system attains equilibrium 

without itself undergoing chemical change is broadly applicable [78]. It has long been 

appreciated that the activity of a heterogeneous catalyst resides at the interface 

between the solid and the less dense phase and that the reactant must be adsorbed at 

this interface. The role of the catalyst surface is to lower the potential barrier between 

reactants and products (stabilisation of the transition state) and to activate the 

reactants [79]. Of the many methods available fbr reduction of organic compounds 

catalytic hydrogenation is one of the most convenient. Reaction is easily effected 

simply by stirring or shaking the substrate with the catalyst in a suitable solvent in an 

atmosphere of hydrogen. At the end of the reaction, the catalyst is filtered off and the 

product is recovered from the filtrate, often in a high state of purity [80]. Many 

different catalysts have been used fbr catalytic hydrogenations ; they are mainly finely 

divided metals, metallic oxides or sulphides. The most commonly used in the 

laboratoiy are the platinum metals (platinum, palladium and to a lesser extent 

rhodium and ruthenium). Platinum group metals are exceptionally active catalysts and 

promote the reduction of most functional groups under mild conditions with the 

notable exception of the carboxyl, carboxylic esters and amide group [81]. They are 

used either as the finely divided metal or, more commonly supported on a suitable 

carrier such as asbestos, activated carbon or alumina. 
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In general, supported metal catalysts, since ±ey have a larger surface area, are more 

active than the unsupported metal but the activity is influenced strongly by the 

support and the method of preparation, and this provides a means of preparing 

catalysts of varying activity. Platinum is very often used in the form of PtOi," Adams 

catalyst", which is reduced to metallic platinum by hydrogen in the reaction medium 

[80]. It has been also found that very effective catalysts can be obtained by reduction 

of various metal salts with either sodium borohydride [82] or a trialkylsilane [83]. 

Palladium is also very important in organic reactions. Modem palladium chemistry 

started in 1960 with the ingenious invention of an industrial process for acetaldehyde 

production by the air oxidation of ethylene, catalysed by PdCli and CuClz, which is 

called the Wacker process (homogeneous catalysis [84]. In heterogeneous catalysis, 

palladium is often the mildest reducing agent in the metal form and this was exploited 

in producing more selective catalysts [85]. The popularity of this catalyst is due to the 

fact that it is the best catalyst to use for the hydrogenation of olefins and acetylene. 

Palladium is usually used supported on a carrier but is occasionally used as palladium 

oxide or the finely divided palladium black. Palladium oxide is prepared by the fusion 

of chloropallidic acid with sodium nitrate in a procedure similar to that used for the 

preparation of platinum oxide [86]. Common palladium metal catalysed reactions 

includes the decarbonylations of aldehydes and reductions of unsaturated aldehydes, 

aromatic compound and various nitrogen containing compounds. [87,88,89]. 

Palladium catalystare also used in small scale hydrogenations [88] and in the selective 

removal of acetylene from ethene streams [90]. The requirement for this latter process 

is for a catalyst (typical catalyst 0.03% on AI2O3) which will hydrogenate acetylene to 

ethene but not through to ethane [91]. 
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1.5.2 Platinum based catalysts for the control of automotive pollutants 

The past quarter century has witnessed a growing awareness of the hazards of 

atmospheric pollution and of the role that catalysis has to play in combating it. 

Without doubt the largest single contributor to atmospheric pollution is the internal 

combustion engine, emitting carbon monoxide, nitric oxide and unbumt hydrocarbons 

[92]. The first is highly toxic while the last two have been held largely responsible for 

the photochemical smog that has afflicted number of m^or cities. Moves began in the 

United States in the early 1970's to limit exhaust emissions, first simply by catalytic 

oxidation of CO and unbumt fuel. Subsequently, it became mandatory to reduce 

emissions of nitrogen oxides (Nox); this could only be done by causing them to react 

catalytically with CO in the absence of oxigen, which implied control over the air/fuel 

ratio, and the use of lead free petrol. Any excess of reductant was then oxidised in a 

second catalyst bed to which additional air was fed [92]. 

More recently it has been proved possible to combine these functions into a single 

" three way catalyst" by the use of catalytic monoliths [93]: a monolith is just a 

honeycomb structure made from a low area and thermally stable ceramic substance 

(cordierite for instance). It is well suited as a catalyst support for vehicle exhaust 

treatment as it is light in weight, quiet rugged and creates very little resistance to gas 

flow. Although non porous it is possible to fix the active metal directly by firstly 

applying a washcoat of high area alumina suitably stabilised at high temperature 

against sintering at high temperature, to which the metal can adhere [94] .A three way 

catalyst can convert CO, hydrocarbons and Nox simultaneously into harmless 

product: CO2, H2O and Ng. The main reactions occuring at a three way catalytic 

converter are summarised on figure 1.15. This conversion was first observed in 1968 

by Weaver and Lassen who found that a platinum catalyst was able to reduce 

simultaneously these pollutants close to the stoichiometric point [95]. 



Chapter 1 Introduction to synthetic nanoporous materials 

Three- way catalytic converter 

Noble metals (Pt, Pd, Rh) dispersed on porous (surface area - 1 0 0 m^g"') metal -oxide 

(Ce-ZrOz, AI2O3) 

Main reactions: 

® Reduction of Nox 

2 NO + 2 CO » N2 + 2 CO2 

2 NO + 2 H2 N2 + 2 H2O 

® Oxidation of CO and hydrocarbons: e.g., 

2 CO + O2 2CO2 

Hydrocarbons + O2 ^ CO2 + H2O 

Figure 1.15 Main reactions observed during the three way catalytic process. 

Reproduced from reference [96]. 

It was not until 1978 that a three way catalyst was actually implemented , when Volvo 

used it in conjunction with electronically controlled fuel injection [97]. The three way 

catalyst system has been developed as a result of the strict automobile emission 

regulations (especially for NOx) which came into force in the USA in 1981 [98]. 

Initially, platinum and palladium were used but platinum /rhodium soon became the 

standard catalyst; Pt/Rh three way catalysts have been the most extensively studied to 

lower emissions from automobiles. Pt is used as the catalyst for hydrocarbons and CO 

oxidation while Rh is recognised as the best catalyst to promote the reduction of NO 

to N2 [99]. The performance of the Pt/Rh TWC has been described in terms of a Pt/Rh 

synergism [100]. Three way catalysts need to withstand high temperature operations. 

Exposure of catalysts to oxidising conditions at high temperature results in activity 

decrease, particularly for NO reduction and CO oxidation which are generally 

attributed to Rh deactivation through transformation to the hard to reduce Rh-

aluminate. 
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In the Pt/Rh bimetaUic catalyst, Pt facilitates regeneration of the inerte Rh-aluminate 

species to active Rh metal particles in the exhaust cycling between net oxidising and 

reducing compositions through a Hi spillover mechanism [101,102], To obtain highly 

active catalyst, the preparation method was shown to be crucial: stepwise metal 

impregnation of the two noble metals on the alumina support was shown to be more 

effective than the simultaneous impregnation of the noble metals (physical mixture of 

Pt and Rh monometallic catalysts, same amount of noble metal) [102]. The 

synergystic enhancement of activity in the bimetallic catalyst can be rationalized by 

visualising the catalyst surface structure as a statistical mixture of Pt and Rh sites 

[102]. Formulations have reached a high level of sophistication. A very small amount 

of noble metal is used in the washcoat (1 wt % Pt , 99 wt % AI2 O3) and when 

Rhodium is used, it is added in even smaller quantity (1/5 Rh/Pt for example).Further 

development have lead to the use of base metal promoters such as cerium additives. A 

ceria containing three way catalytic converter is described on figure 1.16. 

Titree-way catalytic co t i iwi f« 
(20, l i e db 

wramit 
honevfomb 

wWKual I dmpk'rsrtf 
infMls. 

Coi i ta iaed MgE-surface-area & CeO^ 

Ceria so lu te provides o x y g e n capaMlity 

Figure 1.16 Ceria containing three way catalytic converter reproduced from reference 

[96]. 

Ceria can be incorporated into the TWC formulation to enhance CO and NOx 

performance; ceria improves indeed the stability of noble metals, promotes some 

35 



CAopfer 7 /MZrotfucfzoM fo MaMopofozty morerW:; 

catalytic reactions, particularly the Nox reductions and allows the catalyst to work in 

oscillatory regime as a consequence of its oxigen storage capacity: the noble metals 

are continuously fed in oxygen species even when the ox/red ratio decreases in the gas 

phase [103, 104]. While significant advances in Pt/Rh TWC formulations have been 

accomplished, the use of Pd containing catalysts for 3 way emission control are 

currently of interests for overall noble metal cost reduction, lower Rh usage and 

potential durability improvements [105, 107]. 

Future technology in TWC relies on the development of more effective catalysts 

formulations to meet the more stringent emissions targets; the development and use of 

mesoporous Pt and Pt based alloys catalysts can be considered as an alternative to 

existing materials for future applications. 

1.5.3 Application of mesoporous metals to heterogeneous catalysis and fuel 

cells development 

As shown previously, noble metals especially platinum and palladium are extensively 

used in heterogeneous catalysis. Because of their exceptional activity, particularly for 

reactions involving hydrogen, their uses are very varied. In the catalytic processes 

reported, it is evident that adsorption on the surface and surface area of the different 

catalysts used are key factors for conversion or selectivity in the reactions 

investigated. The possibility of producing mesoporous platinum and palladium 

powders with inherently high surface areas is particularly attractive in the vast field of 

heterogeneous catalysis. 

The development of fuel cell technology is linked to the development of effective 

electro-catalyst technology. Research over decades has shown that Pt or Pt containing 

catalysts are the best materials. The ability to produce high surface area mesoporous 

materials with ordered pore systems makes mesoporous platinum or platinum-based 

alloys a very attractive alternative to current porous platinum based materials used in 

fuel cell technology. 
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/Iŵ o/MÔ Zvg foZZw/aM ĵ' CoM/T-oZ Aw<;̂ zgj'm & ^ c g 5'czgMce anaf Câ aZyj'Zj', 116, 
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Chapter 2 The preparation of mesoporous platinum 

2.1 Background and objectives 

Extending the range of mesoporous materials beyond inorganic oxides has been little 

studied. Some exceptions to this include the preparation of mesoporous CdS, CdSi [1] 

and Pt [2-7] 6om lyotropic liquid crystal phases. A new family of metal germanium 

sulphide mesostructured materials prepared by a non-aqueous surfactant templated 

assembly of cluster precursors has also been reported [8]. Mesoporous metals are of 

particular interest because they offer a whole new range of materials that have potential 

applications as catalysts, battery materials and sensors. In 1997 Attard et al reported that 

mesoporous platinum powders could be prepared by the chemical reduction of 

hexachloroplatinic acid (HCPA) in the aqueous domains of Ci^EOg + HiO mixtures [2]. 

Subsequently it was shown that these same mixtures could be used to electrodeposit 

platinum films that had an ordered mesoporous structure [3-6]. Following this work, a 

detailed study of the chemical synthesis and characterisation of mesoporous platinum 

6om CigEOg and CuEOg was reported recently [7]. 

The subject of the work described in this chapter is an in depth study of the chemical 

synthesis, characterisation and properties of mesoporous platinum prepared from Brij 

surfactant systems. The objectives of the work are described below: 

1. To characterise the liquid crystal phase behaviour of polyoxyethylene surfactant 

(Brij 56, Brij 76 and Brij 78) + HCPA + H2O mixtures. This was important to 

optimise the conditions for the preparation of mesoporous platinum and also to 

gain some insight into the way in which platinic acid interacts with the surfactant. 

2. To investigate methods of preparing mesoporous platinum from cheap surfactants 

and assess how easy it would be to scale up the processes. For any future work on 

the application of mesoporous platinum it will be important to be able to produce 

a high quality material in gram quantities. 
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J . To show that it was possible to prepare micellar cubic (I,) and cubic (Vi) 

mesoporous platinum in addition to Hi platinum. Vi platinum was of particular 

interest because of the total 3D interconnectivity of the structure resulting in a 

more accessible surface than the 2D pore structure of Hi platinum. 

4. To characterise the mesoporous platinum in terms of structure on a micron and 

nanometer scale, surface area, regularity of the structure and crystal structure. 

5. To compare the surface area and nanostructure of mesoporous platinum over 

commercially available, high surface area, materials such as platinum black. 
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2.2 Experimental 

The experimental work was divided into four sections. The first of these was the 

determination of the phase behaviour of ethylene oxide based surfactants in platinic acid 

solutions. Following on from this the best method for preparing Hi mesoporous platinum 

was determined and materials &om different Brij surfactants prepared. Ii and V; 

mesoporous platinum were also investigated and finally the materials were fully 

characterised. 

2.2.1 Phase behaviour of ethylene oxide based surfactants in platinic acid 

solutions 

Phase diagrams were constructed using polarised light microscopy as outlined in 

appendix 1. Ethylene oxide surfactants (Brij 56, 76 and 78) and HCPA (H2PtCl6.xH20, 

Pt 38-40%, purity = 99.9%) were used as supplied by Aldrich. For the purpose of these 

studies, the stoichiometry of the HCPA was assumed to be HzPtClg 6H2O. Deionised 

water was used to make up the phases. In calculating the weight percentage of surfactant, 

with respect to the total water content, the water content of the HCPA acid was included. 

Mixtures containing HCPA, surfactant and deionised water were made up by adding the 

surfactant to a solution of HCPA. The phase diagrams that were prepared are summarised 

below and the exact compositions studied are given in appendix 2A. 

# Phase diagram of Brij 76 + H2O + HCPA where the concentration of HCPA was 

fixed with respect to the water content at 1.95M. 

# Phase diagram of Brij 56 + H2O + HCPA where the concentration of HCPA was 

fixed with respect to the water content at 1.95M. 

# Phase diagram of Brij 78 + H2O + HCPA where the concentration of HCPA was 

fixed with respect to the water content at 1.95 M. 

# Phase diagrams of Brij 76+ H2O + HCPA where the concentration of Brij 76 was 

fixed with respect to the water content at 40 wt % and 75 wt %. 
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2.2.2 Investigating methods of preparing H/ platinum 

A number of different methods were used to prepare mesoporous platinum from 

surfactant + HCPA + H2O mixtures. Essentially they all involved a reducing agent which 

reduced the Pt(IV) salt to platinum metal. The same chemicals were used as described in 

the phase diagram studies. 

2.2.2.1 Steel reduction 

The reduction of HCPA acid by a less noble metal than platinum was the basis for this 

method. By using a sheet of steel it was possible to maximise the exposed surface area of 

metal while still making it possible to remove unreacted metal after reduction was 

complete. 

Steel sheets, as supplied by RS, were cleaned with acetone. A n Hi phase containing 

HCPA (1.5 g), H2O (1.42 g) and Brij 76 (4.5 g) was prepared. A thin layer of the phase 

(ca. 1-2 mm thick) was then spread onto a glazed ceramic tile and a thin sheet of steel 

placed over the top and weighted down. Reduction occurred at the interface between the 

phase and steel sheet (figure 1,1). 

Pressure applied 
using weights Sheet steel 

y . 

H| phase containing 
HCPA 

, Glazed ceramic tile 

Figure 1.1 Reduction of HCPA, by steel, in the presence of an hexagonal phase. 

Reduction of the HCPA to platinum, by the oxidation of iron, was complete within three 

hours at room temperature. The thick black mixture produced was scraped off the 

ceramic tile and steel sheet. 
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Removal of the template was carried out by stirring in acetone (200 ml) for 3 hours and 

decanting off the solution leaving platinum. This was followed by four washes in water 

(200 ml), 6M HCl (200 ml), water (200 ml) and acetone (200 ml). Separation of the 

platinum powder from the solutions was achieved by using a centrifuge. The purpose of 

the HCl wash was to remove any iron that may have been present in the mixture. 

Extraction of the template was also enhanced by the use of an ultrasound bath. Mixtures 

were placed in an ultrasound bath for 5 minutes before stirring for 3 hours. After the final 

extraction the black platinum powder was dried at 90°C for 24 hours. The yield of 

platinum after extraction and drying was -500 mg and this equated to - 6 0 wt% of the 

platinum that was put into the reaction. This reaction was repeated four times to make 2g 

of mesoporous platinum, 

2.2.2.2 Other metals reduction 

To investigate the reduction of HCPA by a metal that is less noble than platinum, 

cadmium and zinc sheets were investigated. Cd and Zn as supplied by Aldrich were 

cleaned with acetone. The same experimental procedure was employed. 

2.2.2.3 Hydrazine reduction 

An Hi phase containing HCPA (1.5 g), water (1.42 g) and Brg 76 (4.5 g) was prepared, as 

described previously, by adding the surfactant to an aqueous solution of platinic acid. To 

this phase was added another H, phase containing hydrazine hydrate (0.24 g, 55 wt% 

N 2 H 4 ) , water (0.72 g) and Brij 76 (1.00 g). The two phases were mixed using a glass rod 

for ca.l minute before leaving to stand for 2 hours at room temperature. The orange 

HCPA rapidly reduced to platinum metal and the mixture turned black. The platinum 

was extracted by washing in water (200ml) followed by acetone (200ml). 
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2.2.2.4 Sodium citrate reduction 

An Hi phase of Brij 76 (4.5g) containing platinic acid (1.5 g in 1.42 g water) was 

prepared and coated on the inside of a round bottom flask. An Hi phase of sodium citrate 

(citric acid trisodium salt dihydrate 50 % solution in water) with Brij 76 was prepared and 

mixed with the HI platinic acid (2.78 g sodium citrate in 3.95 g Brij 76). The mixture 

was heated for 6 hours at 50 °C under mechanical stirring. 

2.2.2.5 Preparation of !| and V i Platinum 

Preparations of Ii and Vi materials were carried out by using the steel sheet reduction 

method outlined above. The only difference was the decrease of the amount of surfactant 

(Brij 78) used for the Ii material in the initial mixture or the elevated temperature of 

reduction used for the V, material A-om Brij 76. Compositions were based on the phase 

diagrams reported. To prepare the micellar cubic Ii material from Brij 78, 1.5g HCPA 

was dissolved in 1.42g deioinised water and mixed with 1.5g Brij 78. Steel reduction was 

carried out at 20°C and 40 °C. The preparation of the cubic Vi material from Brij 76 was 

similar to the one reported for the H| material (same composition) but the steel reduction 

was carried out at 85 °C. 

2.2.2.6 Characterisation 

Characterisation of the mesoporous platinum materials was carried out by nitrogen 

adsorption/desorption experiments to determine surface area and pore size, x-ray 

diffraction to deduce pore to pore distance and mesophase structure. TEM and SEM 

were used to determine structure on a nanometer and micron level respectively. 

49 



Chapter 2 The preparation o f mesoporous platinum 

2.3 Results and discussion 

2.3.1 The phase behaviour of ethylene oxide based surfactants in piatinic 
acid solutions 

2.3.1.1 Changes in phase behaviour for a fixed concentration of HCPA 

The phase transition data obtained for the ternary mixture Brij 76 + HCPA + HzO are 

shown schematically in figure 2.1a. The HCPA concentration was fixed at 1.95 M for all 

the compositions. As explained in the description of phase determination (appendix 1) 

the boundaries were drawn based on visual observations of the phases down the polarised 

light microscope. Consequently, the precise locations of the boundaries are only 

qualitative and this is reflected in the broad lines used to represent the boundaries. In any 

case, the transition between two homogeneous phases is likely to occur via a small 

biphasic domain. 

Figure 2.1b shows the phase diagram for the binary Brij 76 + H2O system. Comparison 

of the binary system with the HCPA containing system revealed that HCPA had a 

considerable effect on the phase behaviour of Brij 76. From the two diagrams it was 

observed that HCPA resulted in a dramatic increase in the temperature ranges over which 

the Hi phase was stable. Viscous Ii and Vi phases were also noted in the presence of 

HCPA. When viewed under a polarised light microscope these phases appeared 

isotropic, although a few small areas of weak birefringence were noticed, suggesting that 

residual Hi phase might have been present. On the phase diagram, the existence of a 

homogeneous Ii phase was inferred &om these observations although not observed 

directly. However, the biphasic Hi + I, domain, which was observed directly, made a 

large contribution to the phase diagram. In summary: 

# The Ht phase, which was only stable up to 60°C in the binary phase diagram, was 

stable to temperatures greater than 95°C in the presence of HCPA and was present 

over a much wider range of compositions resulting in a much smaller lamellar region 

than the binary system. 
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The Vi phase not reported for the binary system was observed in the presence of 

HCPA (narrow region, viscous and isotropic between H; and lamellar phases). 

The I, phase, which was not observed in the binary system over the composition and 

temperatures studied, was found in the presence of HCPA. In addition, a large 

biphasic Hi +1] region made up a considerable area of the phase diagram. This 

biphasic region was characterised on the polarized light microscope by a viscous 

isotropic phase (Ii) containing small regions of birefringence (Hi). 

110 

100 -

90 -

C) 80 -

(1) 

D 70 -

P 
0) 
O. 60 -
F 
a) 

H 50 -

4 0 -

30 -

20 -
30 40 50 60 70 

wt % surfactant (Brij 76) 

80 90 100 

Figure 2.1a Phase diagram of Brij 76 + water + HCPA where the concentration of HCPA 

is kept fixed at 1.95 M 

51 



Chanter 2 The preparation o f mesnporous platinum 

o 
(D 

110 

100 

9 0 

80 

d) 
a. 7 0 

60 

5 0 

4 0 

\ 
Li + w \ \ 

La \ \ 
r A 

s * 
1 0 2 0 3 0 4 0 5 0 6 0 7 0 8 0 9 0 1 0 0 

w t % sur factant (Brij 75) 

Figure 2.1b Phase diagram of the binary system Bry 76 + water reproduced 6om 

reference [7]. 

The effects of HCPA on the phase boundaries of Brij 76 in water were not just limited to 

this one surfactant. The phase transition data fbr the ternary mixture Brij 56 + HCPA + 

water are shown schematically in figure 2.2 a. The HCPA concentration was fixed at 

1.95 M fbr all the compositions. Fig 2.2 b shows the phase diagram fbr the binary Brij 56 

+ water system reproduced from reference [7]. HCPA added to the Brij 56 lyotropic 

system resulted in significant stabilisation of the Hi phase. 

In summary: 

. The H; phase, which was only stable up to 65 °C in the binary mixture, was stable to 

temperatures greater than 80 °C in the presence of HCPA. 
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. The Vi phase was stable up to 70 °C in the presence of HCP A (65 °C in the binary 

system) but appeared at much higher surfactant concentration in the system (shiA in 

phase boundary). 

. The lamellar region in the presence of HCP A was also considerably smaller than the 

one observed for the binary mixture. 

The overall effect of platinic acid in the phase behaviour of Brij 56 was again to stabilise 

the higher curvature structure such as Hi phase. Consequently the low curvature phase 

which made up a considerable part of the binary phase diagram, occurred over a reduced 

range of temperatures and compositions in the HCPA system. 
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Figure 2.2a. Phase diagram of Brij 56 + water + HCPA where the concentration of 

HCPA in water is kept constant at 1.95 M. 
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Figure 2.2b Phase diagram of the binary system Brij 56 + water redrawn from reference 

[7]. 

Changes in phase behaviour fbr a fixed concentration of HCPA were also studied for 

another surfactant from the Brij series; namely Brij 78. The HCPA concentration was 

again fixed at 1.95 M for all the compositions. Fig 2.3 a shows the phase diagram 

obtained fbr the ternary Brij 78+ HCPA + water. Comparison with the phase transition 

data fbr the binary Brij 78 + water system (fig 2.3 b) revealed the influence of HCPA on 

the phase behaviour of Brij 78. 

In summary: 

. A viscous I] phase was also observed in the presence of HCPA though this region is 

smaller than the one observed fbr the binary mixture. 
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. A larger Hi phase than the Hi phase observed in the binary system was identified in the 

presence of HCPA and consequently the L2 phase is much smaller and observed only at 

temperatures higher than 75 °C. 

U 80 

0) 70 

CD 60 

9- 50 

10 20 30 40 50 60 70 80 90 100 

\M%Brij78 

Figure 2.3a Phase diagram of Brij 78 + water + HCPA where the concentration of HCPA 

is kept constant at 1.95M. 
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Figure 2.3b Phase diagram of the binary system Brij 78 + water. 

2.3.1.2 Changes in phase behaviour for changing HCPA concentration 

Changes in phase behaviour for a fixed concentration of HCPA were observed for the 

ethylene oxide surfactants studied. To complete the study, investigations were carried out 

as to how the phase boundaries changed as a fimction of HCPA concentration for two 

ternary mixtures made fi-om Brij 76 in which the surfactant weight fraction was kept 

fixed at 40 % and 75 %. It must be noted that the HCPA was not included in the 

calculation of these weight fractions. The results are presented in figure 2.4 and 2.5. From 

these plots it was observed that when the amount of HCPA in the mixtures increased the 

transition temperatures of the phases increased. At high HCPA mole factions the Hi and 

I] phases dominated over the V] and L .̂ 
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Figure 2.4 Phase diagram of Brij 76 + water + HCPA where the concentration of HCPA 

is varied and the Brij 76 content is fixed at 40 wt %. Both the HCPA and the surfactant 

contents are given with respect to the water content only. 
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Figure 2.5 Phase diagram of Brij 76 + water + HCPA where the concentration of HCPA 

is varied and the Brij 76 content is kept fixed at 75 wt %. Both the HCPA and the 

surfactant contents are given with respect to the water content only. 

2.3.1.3 Discussion of the phase behaviour of Brij surfactants + H2O + HCPA mixtures 

It was clear from the phase diagram studies that HCPA had a significant effect on the 

phase behaviour of Brij surfactants. While there have been a number of studies on the 

effects of ionic species on micellar solutions [9], the effects on liquid crystal phase 

behaviour have not been well documented. Generally the effect of adding an ionic 

species to a micellar solution of a POE surfactant is to induce phase separation. The 

phase separation is characterised by regions rich in surfactant and regions rich in water. 

A similar phase separation is found upon heating binary mixtures of surfactant and water. 

This behaviour has been interpreted in terms of a lowering of the activity of water. In 

other words, at a local level, the mixtures behave as if there was less water present. At 

the extreme, the surfactant can be sufficiently concentrated that the phase separated 

mixture contains small domains of Hi or La phases surrounded by water. 
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The observations that have been made for micellar solutions appear not to apply for the 

ternary mixtures that have been studied in this chapter. In fact, HCPA appeared to have 

the opposite effect from dehydrating the system. The more HCPA present in the mixture 

the greater the dominance of the higher curvature structures. One possible explanation for 

these observations is an interaction between the ethylene oxide headgroups of the 

surfactant and the HCPA. This results in an increase in the steric cross section of the 

headgroups, while at the same time increasing the electrostatic repulsion between 

headgroups. The net effect is to stabilise aggregates and phases with a high positive 

mean curvature (figure 2.6). 

EO headgroup 
P f P f 

HCPA 

w 
Greater headgoup repulsion 
Higher positive mean curvature 

Figure 2.6 The interaction between HCPA and EO headgroups in the formation of high 

curvature aggregates. 

Similar effects have also been reported and discussed while studying the effect of HCPA 

on the binary CiiEOg (or Cî EOg) + water mixtures where the net effect was to stabilise 

aggregates and phases with a high positive mean curvature [7]. Clearly, this has important 

implications for the choice of formulations to be used in preparing mesoporous materials 

from liquid crystal phases. The phase diagrams, characterised above, were used as 

guides, in finding compositions, for the synthesis of mesoporous platinum. 
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2.3.2 The physical properties and structure of mesoporous platinum 
prepared from the Hi phase of Brij 76 

The following describes the results that were obtained from the various analytical 

methods used to determine the nanostructure, chemical composition and porosity of the 

prepared H; platinum materials. Commercially available platinum black was used as a 

reference material to compare with the properties of mesoporous H; platinum. 

2.3.2.1 General visual appearance 

All the Hi platinum materials that were prepared were very dark grey/black powders. The 

appearance was slightly different from platinum black, which was pitch black in colour. 

In addition, a similar mass of platinum black to Hi platinum appeared to take up 

considerably more volume. 

2.3.2.2 TEfVI 

Transmission electron microscopy was useful in determining the morphology of the pore 

structure. For the material produced by zinc reduction of platinic acid in the Hi phase 

a dendritic platinum was produced which consisted of a disordered arrangement of 

elongated platinum crystals (figure 2.7a). The cadmium reduction produced a porous 

material which was not ordered (figure 2.7b). Both the hydrazine hydrate and steel 

reduction methods produced materials that were considerably more ordered than the one 

prepared by zinc or cadmium reductions (figure 2.7 c and d respectively). For the 

materials prepared from steel reduction, the Hi structure was clearly visible on the smaller 

platinum particles but only at the edges of the larger platinum particles (figure 2.7d). 

Transmission of the electron beam through the larger particles was poor because platinum 

absorbs or back-scatters the m^ority of the electrons in the beam. Particles ranged 6om 

50-500 nm in size and tended to be elongated along the axis parallel to the cylindrical 

tubes of the Hi structure. The repeat distance between the pores was measured from the 

micrographs as ca. 6.0 nm. 

The sodium citrate reduction method produced a platinum with a more ordered stmcture 

to that of the cadmium reduction method but less ordered than that of the iron reduction 

methods (figure 2.7e). In the TEM less than -10 % of the sample was observed to have 
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an ordered Hi structure compared to the steel reduction case where greater than -80 % 

of the sample was ordered. For comparison, the TEM of platinum black showed that this 

material was very finely divided crystallites of platinum (figure 2.7f). Typically the 

crystals were 2-10 nm in size and joined to other crystals to form larger structures. 

i 

Figure 2.7.TEM micrographs of a) Hi Pt prepared by Zn reduction b) Hi Pt by Cd 
reduction c) Hi Pt by hydrazine hydrate reduction d) Hi Pt by steel reduction e) Hi Pt by 
sodium citrate reduction and f) Pt black as supplied by Aldrich. 
Scale bars are given for each micrograph. 
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Of the different reduction methods investigated, reduction using steel appeared to be the 

most successful method to produce an ordered mesoporous Platinum. Using the steel 

reduction method at 40 "C, several compositions (wt % surfactant) were investigated and 

the materials characterised. Figure 2.8 and 2.9 show the TEM micrographs obtained for 

the various catalysts prepared when varying the amount of Brij 76 in the initial mixture. 

Figure 2.8. TEM micrographs of HI Platinum prepared while varying the amount of 
surfactant in the templating mixture: a,b)50 wt %; c,d)60wt %; e,f) 70 wt % Brij 76. 
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Figure 2.9. TEM micrographs of Hi Platinum prepared while varying the amount of 
surfactant in the templating mixture: a,b) 75 wt %; c,d) 80 wt % Brij 76. 

These results demonstrate that ordered mesoporous platinum can be obtained from a 

precursor mixture with a range of composition. Nevertheless, it is important to note that 

only a small amount of material is characterised by microscopy and the ordered particles 

analysed are usually mixed with more disordered ones. Therefore, the higher surface area 

obtained for 75 wt % surfactant can be explained by a larger number of particles with 

high regularity of structure as seen from TEM studies. 
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The TEM micrographs analysis of the various Hi materials prepared while varying the 
amount of Brij 76 in the templating mixture are summarised in table 1. 

Wt % Brij 76 Pore diameter Wall thickness 
(nm +/- 1 nm) (nm +/-1 nm) 

50 3 5 
60 3 5 
70 3 2.5 
75 3 3.5 
80 3 2.5 

Table 1. Pore size and wall thickness of various H; Platinum samples prepared while 
varying the amount of surfactant in the templating mixture. 
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2.3,2.3 SEM and EDAX 

SEM pictures of the Hi platinum prepared by the steel reduction method (Figure 2.11) 

were compared with those obtained for platinum black (as supplied by Aldrich, 

Figure2.12). At low magnification (XI000), no major difference in the structure was 

observed. 

4 

Figure 2.11 SEM images of HI Platinum particles prepared by the steel reduction 

method (scale bar =10 pm). 

Figure 2.12 SEM image of Platinum black (scale bar=10 pm). 
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At higher magnification (X 10000), the SEM of the platinum black showed rough 

irregular particles which contrast with bigger regular particles observed for the Hi 

material. 

0 K V 

Figure 2.13 SEM image of Hi Platinum prepared by steel reduction (scale bar Ij^m). 
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Figure 2.14 SEM image of Platinum black (scale bar Ijam). 
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X-ray microanalysis revealed that the Hj Platinum prepared by the steel reduction 

method contained small amount of iron impurities (figure 2.15). This showed that not all 

the iron is removed in the extraction process. For comparison, ED AX was also carried 

out on Platinum black and this showed no m^or impurities (figure 2.16). 

B.O 5 . 0 1 0 . 0 1 5 . 0 2 0 . ( 

kcV 

Figure 2.15 ED AX spectra fbr HI Pt prepared by the steel reduction method. 

5 . 0 1 0 . 0 
I 

1 5 . 0 2 0 . ( 

keV 
Figure 2.16 ED AX spectra fbr Pt black as supplied by Aldrich. 
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2.3.2.4 Small angle XRD 

Small angle XRD was used to determine the repeat distance between pores and the order 

of the phase. For the HI Platinum described in this chapter, only one peak was observed 

in the diffraction patterns. This corresponded to the 100 reflection. The X-ray 

diHractogram in figure 2.17 for Hi Pt ( surface area 33 m ĝ'̂  ) shows only one diffraction 

peak with a lattice parameter of 6nm which was in good agreement with the TEM 

results. 
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Figure 2.17 Small angle XRD pattern for Hi Pt prepared by steel reduction 

(surface area =33 m^g''). 
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2.3.2 .5 Wide angle XRD 

In order to clari^ oiir studies of the diffraction patterns and assess the broadness of the 

peaks observed (peak widths at half height) XRD results were plotted as intensity of the 

dif&actions against 2 8 (dif&action angle), these eased the study o f the reflections for 

comparison with database and Platinum black. 

The wide angle XRD of mesoporous platinum, prepared by the steel reduction method, 

was recorded and compared with the one obtained for Platinum black (Figure 2.18). 

The wide angle XRD of mesoporous Platinum confirmed the fee crystal structure of the 

platinum (Figure 2.19). 
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Figure 2.18 Wide angle powder XRD for Platinum black 
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c 30 

Figure 2.19 Wide angle powder XRD fbr Hi platinum prepared by the steel reduction of 
HCPA 

Peaks ICDS platinum Platinum black H] platinum 

(hkl) 28 Relative 28 Relative Peak 28 Relative Peak 

/degrees Intensity /degrees Intensity width /degrees Intensity width 

/degrees /degrees 

111 39.763 100 39.9 160 0.9 40.1 100 1.7 

200 46.243 53 46.3 55 1.1 46.6 45 2.1 

220 67.454 31 67.9 42 1.4 68.1 28 2.4 

311 81.286 33 - - - - - -

222 85.712 12 - - - - -
-

Table 2.1 XRD data for Hi platinum and platinum black compared to the ICSD values for 

crystalline fee platinum. Note that the 311 and 222 diffraction data were not recorded 

fbr platinum black and Hi platinum. 
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For both mesoporous platinum and platinum black the dif&action peaks were broad. 

Generally, broadness of dif&action peaks is associated with a powder containing small 

crystallites and this is consistent with a mesoporous material with a polycrystalline wall 

structure. The breadth of a diffraction peak is related to the thickness of a crystal by the 

Sherrer equation: 

t = 
0.9A 

where r is the crystallite thickness, A the x-ray wavelength, ^ the Bragg angle (half the 

measured diffraction angle) and and .8̂  are the width, in radians, of the diffraction 

peaks of the sample and a standard at half height. For the value of the half height 

width for the first reflection of a KCl sample was used. This gave the instrumental 

broadening of the peaks, which could be subtracted Aom the broadening due to crystallite 

size. For Hi platinum, the thickness of the crystallites, as calculated from the width of the 

(111) peak, was calculated as 5nm. For platinum black the crystallite size was almost 

double that for H; platinum (table 2.2). 

Reflections Platinum black Hi platinum 

for Fm3m e Crystallite 0 Crystallite 

(hkl) /degrees /radians size (t) / nm /degrees /radians size 

(t) /nm 

111 20.0 0.016 9 20.1 0.030 5 

200 23.2 0.019 8 23.3 0.037 4 

220 34.0 0.024 7 34.1 0.042 4 

Table 2.2 Crystallite size for high surface area platinum materials, X=0.15406 nm, = 
0.0016 radians. 
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2.3.2.6 BET Nitrogen adsorption studies 

Nitrogen adsorption studies were carried out on the mesoporous Platinum prepared from 

Brij 76 to study the surface area and the type of isotherms associated for different Hi 

Platinum. 

Figure 2.20 shows the isotherms obtained for different mesoporous materials prepared 

using different reducing agents. For the Hi platinum prepared by the steel reduction 

method, there was a distinct inflection in the isotherm, which was characteristic of a 

mesoporous material. Mesoporous Platinum prepared by hydrazine hydrate reduction 

method resulted in an isothem characteristic of a material with only a small amount of 

mesoporosity. At the extreme, the sodium citrate reduction method leads to Platinum 

with virtually no porosity of any form. 
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Figure 2.20 Nitrogen adsorption isotherms for different Platinum samples prepared 

using different reducing agents. 
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Figure 2.21 shows the isotherms for different Platinum prepared using different metals as 

reducing agents. The distinct inflection observed for the mesoporous Platinum prepared 

by steel reduction is not observed for the materials prepared using others metals such as 

cadmium and zinc. Cadmium reduction leads to a material with only a small degree of 

mesoporosity whereas virtually no porosity of any form was observed for the material 

prepared by Zn reduction. 
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Figure 2.21 Nitrogen adsorption isotherm for different Platinum prepared using different 

metals as reducing agents 

The phase diagram of Brij 76 + HCPA + water has been reported and exhibits large Hi 

region from -45 to 85 wt% surfactant in water. Five different compositions 50, 60, 70, 75 

and 80 wt % Brij 76 were investigated to prepare the mesoporous materials. 
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Figure 2.22 shows the isotherms for the mesoporous platinum prepared by steel reduction 

at 40 "C while varying the amount of surfactant in the Hi initial mixture according to 

these compositions. 
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Figure 2.22 Nitrogen adsorption isotherms for different Platinum samples prepared at 

40^3 while varying the amount of Brij 76 in the templating mixture. * Highest surface 

area obtained 46 m^g"'; Average of 3 measurements each made from a different batch 

from the same material. 

A distinct inflection in the isotherms is observed for the Platinum samples prepared from 

60 and 75 wt% Brij 76 in the initial mixture but is less pronounced for the three other 

materials. As the concentration of surfactant in the initial mixture increases, the surface 

area of the material increases with a maximum for 75 wt% Brij 76. Then, as the 

concentration increases even more (80 wt%), the surface area decreases. The results 

obtained emphasise the importance of the stability of the Hi phase during the process. 

Optimum results were obtained when using 75 wt% Brij 76. 
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Hence although the precursor mixture may be in an H, domain, if the amount of 

surfactant is lower or higher than 75 wt % in the initial mixture, the surface area of the 

material obtained is smaller. 

Pore size distributions, calculated from the adsorption branches of the isotherms as 

explained in Appendix 1 (Dollimore and Heal pore size distibution), revealed a very 

broad distribution of pores characteristic of disordered mesoporous materials as shown in 

figure 2.23 and 2.24. In general, a maximum in the distribution was observed at around 3 

to 3.5 nm for all the materials prepared &om different Brij 76 compositions in the initial 

templating mixture which is in good agreement with the TEM studies. The peak observed 

at less than 2 nm in the pore size distribution of the material prepared fi-om 70 wt % 

composition in the templating mixture can be explained as artefacts from the pore size 

calculation. Irregularity of the structure of the material obtained for this composition 

explained the strange distribution observed and confirmed the TEM studies. 

From these results, it was interesting to note that the pore size distribution for the Hi 

material prepared from 75 vyt % Brij 76 , which had the highest surface area, had the 

broadest distribution in all the compositions investigated. The high surface area measured 

is the result of a non homogeneous distribution of pores which confirmed the TEM 

studies. 
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Figure 2.23 Pore size distribution for H, platinum prepared by tbe steel reduction of 
HCPA while varying the amount of Brij 76 in the templating mixture. Pore size 
distributions were calculated fi-om the adsorption branch of the isotherms. 

76 



Chapter 2 The preparation of mesoporous platinum 

b 0 . 0 3 

1 0 1 5 2 0 2 5 3 0 3 5 4 0 4 5 5 0 5 5 6 0 6 5 7 0 7 5 

Diameter /Angstroms 

e) 75 wt % surfactant 

0. 

0.08 

0 . 0 7 

0 .06 

0 . 0 5 

0 . 0 4 

0 . 0 3 

0.02 

0.01 

2 0 2 5 3 0 3 5 4 0 4 5 5 0 5 5 6 0 6 5 7 0 7 5 8 0 

Diameter /Angstroms 

f) 80 wt % surfactant 

Figure 2.24 Pore size distribution for Hi platinum prepared by the steel reduction of 
HCPA while varying the amount of Brij 76 in the templating mixture. Pore size 
distributions were calculated from the adsorption branch of the isotherms. 

77 



Chapter 2 The preparation o f mesoporous platinum 

Studying various compositions at a given temperature was crucial to optimise the surface 

area of the materials prepared. With the most favorable composition obtained, 

investigating the influence of the reduction temperature was then the next step to optimise 

the results. 

Figure 2.25 shows the isotherm and surface area measured for different platinum 

prepared by steel reduction at different temperatures while fixing the amount of 

surfactant at 75 wt% in the initial mixture. These reductions were carried out on the 

templating mixtures just after their preparations. Another set of experiments investigate 

the stability of the templating mixtures by leaving the prepared samples at room 

temperature for 2 days before carrying out the steel reduction at the same temperature 

(40 °C). An inflection in the isotherm is observed for the platinum prepared at 40 °C. 

Leaving the templating mixture at room temperature for 2 days before doing the 

reduction tend to produce a material with higher surface area. Carrying out the steel 

reduction at lower or higher (25 and 70 °C respectively) lead to platinum with smaller 

surface area (33 and 16 m̂ g"̂  respectively). 
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Figure 2.25 Nitrogen adsorption isotherm on different Platinum samples prepared at 

different temperatures 
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These results demonstrate the ability to optimise the preparations and obtain higher 

surface area materials while varying the amount of surfactant or changing the reduction 

temperatures. 
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2.3.3 The physical properties and structure of m e s o p o r o u s Platinum 
prepared from the H, phase of Brij 56 

The following describes the results that were obtained from the various analytical 

methods used to determine the nanostructure and porosity of the Hi materials prepared 

while using Brij 56. Steel reduction was carried out on different templating mixtures at 

40 °C since this was shown to be the most successful method investigated. 

2.3.3.1 Visual appearance 

All the materials prepared from Brij 56 were very dark grey/black powders similar to the 

one prepared from Brij 76. 

2.3.3.2 TEM 

Figure 2.26 shows the TEM micrographs for the various catalysts prepared by steel 

reduction at 40 °C while varying the amount of Brij 56 in the initial mixture. 

Figure 2.26 TEM micrographs of Hi platinum prepared while varying the amount of Brij 

56 in the templating mixture: a) 50 wt %; b,c) 60 wt %;d) 75 wt % Brij 56. 
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As apparent from the TEM micrographs, the materials prepared from either 40 or 75 

wt % Brij 56 in the templating mixture exhibit porous structures which were not ordered 

( figure 2.26 a and d respectively). Using 60 wt % in the initial mixture, the materials 

were considerably more ordered: the Hi structure was clearly visible at the edges of the 

platinum particles (figure 2.26 b and c). The repeat distance between the pores was 

measured from the micrographs as ca.6.0 nm, similar to the one reported for the Hi 

platinum powders prepared from Brij 76. 

2.3.3.3 BET Nitrogen adsorption studies 

Nitrogen adsorption studies were carried out on the materials prepared from Brij 56 to 

study the surface area and compared the type of isotherms associated for different Hi 

materials to the one obtained for the materials prepared from Brij 76. 

In figure 2.27, a distinct inflection in the isotherm was observed for the Hi material with 

the highest surface area (60 wt % Brij 56, 31 mVg) whereas the other isotherms were 

characteristics of materials with only a small amount of mesoporosity (40 and 75 wt % 

surfactant). 
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Figure 2.27 Nitrogen adsorption isotherms for different Platinum samples prepared at 

40 °C while varying the amount of surfactant, Brij 56, in the templating mixture. 

81 



Chapter 2 The preparation of mesoporous platinum 

The effect of the temperature was then investigated using 60 wt % Brij 56 in the initial 

templating mixture (figure 2.28) but no major difference in surface area and type of 

isotherms was observed when the reduction was carried out at 40 or 60 °C (31 and 

33 m /̂g respectively). 
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Figure 2.28 Nitrogen adsorption isotherms for different Platinum samples prepared at 

different temperatures. 

The pore size distribution was calculated from the adsorption branches of the isotherms 

for the different materials prepared from different compositions and revealed pores of 

around 3nm. Pore size distribution as shown in figure 2.29 were similar to the one 

obtained for the materials prepared from Brij 76 and revealed a similar broad distribution 

characteristic of slightly disordered materials. As for Brij 76, pore size distribution was 

used to give insight into the range of pores obtained in the materials and used to confirm 

the TEM studies. 
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Figure 2.29 Pore size distribution for H; platinum prepared by the steel reduction of 

HCPA while varying the amount of Brij 56 in the templating mixture. Pore size 

distributions were calculated from the adsorption branch of the isotherms. 
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2.3.4 The physical properties and structure of mesoporous Platinum 
prepared from the H1 phase of Brij 78 

The following describes the results that were obtained from the various analytical 

methods used to determine the nanostructure and porosity of the prepared HI materials. 

As reported previously, Steel reduction was carried out on different templating mixtures 

at different temperatures since this was shown to be the most successful method 

investigated. 

2.3.4.1 General visual appearance 

All the materials prepared from Brij 78 were dark grey/black powders similar to the one 

prepared from Brij 56 or 76. 

2.3.4.2 TEM 

Figure 2.30 shows the TEM micrographs of the various Hi platinum prepared while using 

Brij 78 in the initial mixture. 

Figure 2.30 TEM micrographs of Hi platinum prepared while varying the amount of 

surfactant in the templating mixture a,b) 60 wt %;c)75 wt %;d) 85 wt% Brij 78 
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TEM micrographs revealed that the Hi platinum catalysts prepared while using 60 wt % 

Brij 78 in the templating mixture had a regular hexagonal nanostructure. The Hi structure 

was clearly visible on the smaller platinum particles but only at the edge of the larger 

platinum particles as shown on figure 2.30 (a ,b).Particles ranged from 50-500 nm in size 

and the repeat distance between the pores was measured 6om the micrographs as ca. 7 

nm which is similar to the one reported for the materials prepared from Brij 56 and Brij 

76 using the steel reduction method. Increasing the amount of Brij 78 in the templating 

mixture (75 and 85 wt % surfactant) produced porous materials with disordered structures 

as shown on figure 2.30 c and d respectively. 

2.3.4.3 BET Nitrogen adsorption studies 

Nitrogen adsorption studies were carried out on the material prepared S-om Brij 78 to 

study the surface area and compare the types of isotherms obtained with the one 

associated with the materials prepared &om Brij 56 or 76. As shown in figure 2.31, a 

distinct inflection in the isotherm was observed for the material with the highest surface 

area (60 wt % Brij 78, 41 m^g'̂ ) which was more attenuated for the other materials 

prepared from 75 or 85 wt % surfactant (13 and 20 m^g ' respectively). 
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Figure 2.31 Nitrogen adsorption isotherms on Platinum samples prepared from Brij 78 

while varying the amount of surfactant in the templating mixture. 

(Steel reduction at 40 °C). 

For 60 wt % in the templating mixture, the effect of the temperature on the reduction 

process was investigated (still in Hi phase) and the results in figure 2.32 showed that the 

surface area of the HI material decreased as the reduction temperature increased with 

40 °C giving the optimum results. 
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Figure 2.32 Nitrogen adsorption isotherms on different Platinum samples prepared at 

various temperatures (60 wt % Brij 78). 

As previously, pore size distribution was calculated for the various materials prepared 

from different compositions at 40 "C and revealed a broad distribution of pores. In 

general, a maximum in the distribution is observed at around 2.5 to 3nm. For the material 

prepared from 75 wt % Brij 78, no distinct maximum from the pore size calculation was 

observed due to the lack of distinct inflection in the adsorption isotherm and lower 

surface area of the material prepared. 
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Figure 2.33 Pore size distribution fbr Hi platinum prepared by the steel reduction of 
HCPA while varying the amount of Brij 78 in the templating mixture. Pore size 
distributions were calculated from the adsorption branch of the isotherms. 
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2.3.5 Discuss ion on the preparation of H| Platinum 

2.3.5.1 Method of HCPA reduction 

The most successful method for preparing mesoporous Hi platinum was the reduction of 

platinic acid using steel. This produced a material with a regular pore structure and a 

high surface area of 46 m^g'\ The sodium citrate reduced material was less ordered and 

had a lower surface area of 29 m^g'\ The hydrazine hydrate reduction and other metals 

methods produced the lowest surface area materials. There are two likely hypotheses as 

to why the different reduction methods produced very different materials: 

i) Rate of reduction 

All the different methods, that were tested, reduced the HCPA at different rates. The 

hydrazine reduction method was very fast whereas the sodium citrate reduction method 

was relatively slow. In the liquid crystal phase the surfactant aggregates are not in a rigid 

state and over short time scales the surfactant molecules can reorganise. If the platinum 

is forming slowly then it is likely that the structure becomes more disordered as the 

surfactant molecules reorganise. At the other extreme, where the platinum is being 

deposited very rapidly, the structure may grow regardless of the phase and produce a 

disordered material. The steel reduction method reduced the HCPA moderately quickly 

and so the pore structure of the resulting platinum was ordered. 

ii) Effect of reducing agent on the phase 

Although the phase behaviour of the different Brij surfactants studied in the presence of 

HCPA was well known, the effect of the reducing agent was not well characterised. For 

example, it would have been expected that hydrazine might significantly alter the phase 

behaviour of Brij 76. Under the conditions of the experiment the addition of hydrazine 

could have destroyed the Hi phase. Considering the dynamic state of all the species 

present in the reaction mixture further complicates the situation. During the reduction, 

the HCPA concentration is depleted and reaction by-products formed. 

Therefore, at a local level, it is likely that the phase behaviour of the surfactant is 

changing throughout the reduction. 
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Steel reduction was shown to be the most successful method for reducing HCPA. 

Cadmium and Zinc produced materials much less ordered with a much lower surface 

area. Cadmium and zinc foils were mainly studied to compare their influence on the 

templating process and see if any correlation of their reducing activity with their redox 

potentials could be involved in the process. 

Cadmium and iron have similar redox potentials -0.401 V and -0.441 V respectively 

(standard potential at 298K) but the platinum catalyst prepared by cadmium reduction at 

20 or 40 °C (same initial composition) had much lower surface area than the Hi platinum 

prepared by steel reduction. Zinc is a strong reducing agent (-0.762, standard potential at 

298K) and the catalyst obtained had an even smaller surface area. Compared to steel 

reduction, the kinetics of the reaction and the side products such as ZnCl^ and CdCl2 must 

play an important role in the templating process and are believed to be responsible for the 

lower surface area observed (reduction too quick with Zinc foil as stronger reducing 

agent, side products at interface between foil and Hi Phase). 

iii)Effect of reduction Temperature 

The results obtained while changing the reduction temperature at given compositions for 

the different surfactants studied demonstrated that precise control of the reduction was 

crucial for successful preparations of the Hi material. For the three surfactants studied, 

although in an Hi phase, if the reduction temperature is too high or too low, the material 

prepared is less ordered and exhibits a much lower surface area. This emphasises that the 

surfactant molecules are not in rigid state and can reorganise with changing temperature. 

As already mentioned, the rate of reduction is important and can also be considerably 

modified by altering the temperature. At lower temperature the platinum is forming 

slowly then it is likely that the structure becomes more disordered as the surfactant 

molecules reorganise. At the other extreme, at high temperature where the platinum is 

being deposited very rapidly, the structure may grow regardless of the phase and produce 

a disordered material. 

90 



Chapter 2 The preparation o f mesoporous platmum 

2.3.5.2 Comparison of the different Brij surfactants used in the production of Hi 

Platinum 

From the 3 different surfactant systems investigated, Brij 76 gave the best results in terms 

of producing mesoporous platinum with higher surface area and regularity of structures. 

From the polarising microscope studies in the presence of HCPA, the phase diagram 

reported for Brij 76 exhibits a wider and more stable hexagonal phase than the one 

depicted for Brij 56 or Brij 78 ternary mixtures. This greater stability could explain the 

higher surface area and regularity of structures produced using this surfactant. In the 

direct liquid crystal mechanism reported, it is evident that a right balance between alkane 

chain length and head group size of the surfactant is necessary to optimise the production 

of nanostructured platinum. 

2.3.5.3 Tlie polycrystalline structure of H| platinum 

Evidence from electron diffraction and wide angle XRD showed that the Hi platinum was 

polycrystalline. The size of the crystallites, as determined by peak broadening, was 

relatively small (average size - 4 nm) compared to platinum black (average size - 8 nm). 

In the H] phase the growing platinum crystals were confined by the dimensions of the 

aqueous phase and this must limit the crystal size. It is proposed that the pore walls are 

made up of small crystallites of platinum that are heavily agglomerated. The possibility 

of a colloidal assembly of platinum particles, forming the H, structure, can be ruled out 

because experience shows that the pore structures can survive harsh washing procedures 

and temperatures in excess of 100°C. If the Hi platinum were a result of a colloidal 

assembly then the structure would be susceptible to temperature and different solvent 

conditions. For the mesoporous structure to remain intact there must be a reasonable 

amount of cohesion between the platinum crystallites. 
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2.3.5.4 Surface area of H| platinum 

The surface area of Hi platinum (46 m^g'̂ ) was considerably less thpn for example the 

analogous Hi silica materials (1400 m^g'̂ ). This could partly be explained by the greater 

density of platinum (21.5 gcm'^) compared to that of silica (2.2 gcm'^). However, it was 

also necessary to consider the pore geometry's of the two materials to complete the study. 

The equivalent Hi silica was observed to have a wall thickness o f only 1.2 nm, whereas 

Hi platinum had walls that were 3.5 nm thick. 

In appendix B a model of the Hi structure is described that shows how density, pore size 

and wall thickness can effect surface area. From the model it was shown that as the wall 

thickness for Hi platinum was greater than for silica the predicted surface area was 

reduced for platinum. By combining this with the greater density of platinum it was 

possible to rationalise the surface areas of the Hi platinum materials. Ultimately, 

microporosity in the polycrystalline pore walls, and the external surface of the particles, 

were also important in determining the surface area. 
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2.3.6 Mesoporous Platinum from // and Vi phase 

The following describes the results that were obtained from the various analytical 

methods used to determine the nanostructure and porosity of the prepared Ii and Vi 

materials. As reported previously, Steel reduction was carried out using different 

templating mixtures at different temperatures. 

2.3.6.1 Visual appearance 

All the Ii and V] materials that were prepared were very dark grey powders similar to the 

Hi Platinum prepared from Brij surfactants. 

2.3.6.2 TEM 

TEM provided the most direct method of examining the Vi and Ii mesostructures of 

Platinum. For the Platinum prepared from the Vi Phase of Brij 76, there was evidence for 

a cubic mesoporous structure, with pore systems running at 90 degrees to one another as 

depicted in figure 2,34a. However, there was also a lot of disordered material (porous but 

disordered in the same samples, as shown on figure 2.34b). 

K - # 

Figure 2.34 TEM micrographs of Vi Platinum prepared from Brij 76 ( 75 wt % 
surfactant, steel reduction at 85 °C). 
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The TEM micrographs for the Ii material depicted in figure 2.35 a and b show the 
porosity of the catalyst obtained characteristic of disordered structure ( small pores with 

large walls). 

Figure 2.35 TEM micrographs of I] Platinum prepared from Brij 78 (50 wt % surfactant, 
steel reduction at 40 °C). 

2.3.6.3 BET Nitrogen adsorption studies 

BET nitrogen adsorption were carried out on the mesoporous V, Platinum prepared from 

Brij 76 and the I] materials prepared from Brij 78 to study the surface area and the type of 

isotherms associated for different Platinum powders. For the Platinum prepared from the 

Vi Phase of Brij 76 (75 wt %, steel reduction carried out at 85 °C), BET nitrogen 

adsorption on the material obtained revealed a surface area of 38 m^g"^ with a maximum 

in the pore size distribution of around 1.7 nm (figure 2.36). 
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Figure 2.36 Nitrogen adsorption isotherm and pore size distribution for V] Platinum 
prepared from Brij 76 

BET nitrogen adsorption on the 11 material revealed a surface area of 11 m^/g. Pore size 

distribution calculated G-om the adsorption branch of the isotherm (figure 2.37) was very 

broad and revealed pores of around 3.5 rmi. 
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Figure 2.37 Nitrogen adsorption isotherm and pore size distribution for the 1% material 
prepared from Brij 78 at 40 °C. 

2.3.6.4 Discussion of the results for the li and Vi preparations 

By using the phase diagram constructed for Brij 76 + water + HCPA, it was possible to 

prepare Vi form of mesoporous Platinum. The total connectivity of the Vi stucture 

resulted in a surface area of 38 m^g'\ smaller than the one for the Hj Platinum prepared 

(46 m ĝ '). A higher surface area was expected for the Vi material because the 3D 

Intercoimectivity should lead to a more accessible surface than the 2D pore structure of 

the Hi Platinum. Moreover, using purer surfactant such as CigEOg, this total coimectivity 

resulted in an increased surface area of 74 m^g ' compared to the Hi Platinum prepared 

&om the same surfactant (60 m ĝ'̂ ) [7]. 
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2.4 Conclusion and further work 

The work described in this chapter showed that it is possible to use lyotropic liquid 

crystal phases as moulds for the formation of mesoporous platinum. Typically the 

materials had almost double the surface areas of commercially available, high surface 

area, platinums (e.g. platinum black). 

Phase diagram studies of the HCPA + Brij surfactants + H2O mixtures, that are used in 

the preparation of mesoporous platinum, revealed that platinic acid did not adversely 

efkct the phase behaviour of the surfactant. In fact the stability of the H, phase was 

increased considerably particularly at elevated temperatures. The predominance of the 

higher curvature structures such as the Hi aggregates was attributed to an interaction 

between the ethylene oxide headgroups of the surfactant and the HCPA. 

In the synthesis of mesoporous Hi platinum it was shown that the method used to reduce 

HCPA to platinum metal was critical in obtaining an ordered mesopore structure. 

Reduction with steel sheet was shown to be the most successful method of preparing Hi 

materials and it was proposed that the method of reduction was important because the 

synthesis was sensitive to the rate of reduction. Generally, very fast and veiy slow 

methods of reduction resulted in disordered mesoporous platinum structures. 

By using the phase diagram constructed for the HCPA + Brij 76 + water system it was 

possible to prepare Vi form of mesoporous platinum. The total connectivity of the Vi 

structure resulted in surface area of 38 m^g ' smaller than the Hi Platinum prepared 

(46 m^/g). A higher surface area was expected for the Vi material because of the 3D 

interconnectivity resulting in a more accessible surface than the 2D pore structure of Hi 

material. Moreover, using purer surfactant such as CigEOg, an increased surface area for 

the Vi Platinum compared to the Hi material from the same surfactant was reported. 

Using the phase diagram constructed for the HCPA + Brij 78 + water system, it was also 

possible to prepare Ii form of the mesoporous Platinum. 
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All the mesoporous platinum materials were micron sized black powders. Electron 

diffraction studies of one of the platinum particles revealed the structures to be made up 

of polycrystalline fee platinum. XRD studies also confirmed that the platinum was fee 

and that the crystallite size was very small at around 5 nm. From these observations, it 

was concluded that the pore walls were made up of polycrystalline fee platinum and not a 

single platinum crystal containing pores. Although the material was polycrystalline the 

adhesion between crystallites must have been strong to resist thermal and chemical 

treatments. Studies of electrodeposited platinum have shovm that similar 

mesostructures can be formed but as metallic films rather than pow^ders [3]. 

Mesoporous Platinum was only formed at high concentrations of surfactants. From these 

observations it is proposed that lyotropic phase acts purely as a structure directing agent 

or mould. Initially, reduction of the HCPA affords small colloidal platinum particles in 

the aqueous domains of the phase. Subsequently, these primary particles agglomerate 

and coalesce, until a wall thickness is reached at which the structure is mechanically 

stable. Although interactions between the HCPA and the surfactant were shown to be 

present in the phase diagram studies these are thought not to be important in the 

formation of the platinum structure. The HCPA only effects the phase behaviour of the 

surfactant and not the reduction process. 

Table 3.1 summarises some of the m^or differences between our novel mesoporous Hi 

platinum and commercially available platinum black. The m^or advantage of Hi 

platinum over platinum black for catalytic applications is the much higher surface area of 

Hi platinum. In addition, the larger particle size of Hi platinum is also attractive because 

of the problems associated with separating finely powdered catalysts from reagents and 

products. As outlined in the introduction, it has also been possible to prepare mesoporous 

platinum films by electrodeposition. These mesoporous electrode materials may find 

applications where the tailored pore structure and size is important in addition to the 

inherently high surface area of the material. 
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Comment H i platimum Platinum black 
Method of Reduction of HCPA in an Hi Reduction of HCPA in a 
formation phase of Brij 76 + water mixture solution of ethanol 

Structure 
On a mm scale Fine black powder Fine very dark black powder 
On a ]xm scale Oval shaped micron sized Sub micron sized irregular 

particles particles 
On a nm scale Ordered H; pore structure with Partially agglomerated platinum 

Pores: 3 nm crystals 
Walls: 3.5 nm 

Crystal structure fee polycrystalline platinum fee polycrystalline platinum 
Crystallite size: 4 nm Crystallite size: 8 nm 

Surface area -46 m^g'' -30 m^g'^ 
Some external surface area with All external surface area 
a large mesopore contribution 

Table 3.1 A comparison of mesoporous Hi platinum and platinum black. 

The major cost associated with preparing mesoporous Hi platinum was the platinic acid 

precursor. The use of Brij surfactant series offers an attractive route for the production of 

the mesoporous material when compared to the far more expensive Ci^EOg reported. 

In summary, it has been shown that in preparing a mesoporous metal it is important to 

consider the interactions between the surfactant and the metal salt, and the resulting 

effects on phase behaviour. Furthermore the method of reducing the metal salt is critical 

in obtaining an ordered mesoporous structure. The elements that make the mesoporous 

platinum system successful are the high solubility of HCPA, the positive effect of HCPA 

on the stabilisation of the Hi phase of the surfactant and the steel reduction method. It is 

also important note that platinum is a relatively inert metal and can withstand the 

extraction procedure used to remove the surfactant. For some of the more reactive 

metals, extraction of the surfactant may be more of a problem. Oxidation could also be 

an issue because of the materials inherently high surface area. 
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Further work 

* Although the preparation of mesoporous platinum has been fairly exhaustive there are 

still a number of issues that need to be addressed. Firstly, confirmation of the phase 

diagram studies of HPCPA + Brij 76 + water by small angle XRD would help to 

identify the symmetry of the V] phase and provide more direct evidence of the I, 

phase ( Brij 78). Small angle XRD studies of the HCPA mixtures before reduction 

should help in improving the order of the V] phases. Choice of a suitable surfactant, 

with a large Vi domain, may also help in improving the order of the Vi phase. Our 

work focused on the use of HCPA as the source of platinum because of its high 

solubility in water. Investigating other platinum sources could also considerably 

improve the quality of the catalysts prepared. (NH4)2PtCl6 was investigated briefly as 

the platinum source for example but the material obtained had a smaller surface area. 

In addition to the work on mesoporous platinum there are a number of applications where 

other mesoporous materials might find uses. The challenges in extending the range 

mesoporous metals cover three m^or areas: 

of 

Identifying suitable metal salts that are highly soluble in water but do not significantly 

disrupt the phase forming properties of the surfactant. Identifying suitable surfactants 

that on the water + surfactant + metal salt phase diagram have large domains 

containing the phase of interest. 

Identifying suitable methods of reducing the metal salt that do not disrupt the phase 

forming properties of the surfactant and carry out reduction at the correct rate to 

replicate the aggregate structures of the surfactant. In addition, the reaction by 

products must be easily removed from the final mesoporous metal. 
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In the last case, the reduction method, electrodeposition is perhaps the most attractive 

route as the rate of reduction can be controlled and the reaction by-products are 

minimised because the reaction is electrochemical. However, electrodeposition, does not 

produce gram quantities of material and the films that are deposited are only 1-100 |.im 

thick. Work has already been carried out on the preparation of mesoporous tin films for 

lithium ion insertion batteries [10] and mesoporous palladium films for gas sensors [11]. 
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3.1 Background and objectives 

The most widely studied noble metal is certainly platinum; however the properties of 

other metals such as palladium have also received a great deal of interest. 

Palladium has been recognized as one of the best catalysts for methane oxidation [1]. 

Unlike other noble metals, palladium has the ability to adsorb hydrogen in large 

quantities [2]; it adsorbs 935 times its own volume of hydrogen gas when heated [2]. 

Palladium forms divalent and tetravalent compounds and resembles platinum 

chemically [3], Palladium is also very important in organic synthesis. Its major uses 

are typically in homogeneous catalysis, through complexes such as Pd (PPh3)4. are 

used in carbon-carbon bond forming chemistry. Metal salts, such as palladium 

chloride, are used in the Wacker process (PdClVCuCb catalyzed air oxidation of 

ethylene, 1960) [4,5]. Heterogeneous catalysis with Palladium metal is also used 

industrially, although more frequently it is supported on a carrier such as carbon 

(5-10%Pd). This form of the catalyst has high surface areas, typically of ca.l20 m ĝ'̂  

[6]. 

Of the platinum metals it is often the mildest reducing agent in metal form; while 

platinum and ruthenium are capable of reducing aldehydes to alcohols palladium does 

not. This property is exploited in producing more selective catalysts [5]. The most 

useful reactions of palladium metal are those involving absorption of C=C bonds 

leading to chemical reduction. Common palladium metal catalyzed reactions are 

decarbonylations of aldehydes and reductions of unsaturated aldehydes, aromatic 

compound and various nitrogen containing compounds [4,7,8]. 

The subject of the work described in this chapter is an investigation into the chemical 

preparation of mesoporous palladium from Brij surfactant system. The objectives of 

the work are descibed below: 

1- To characterise the liquid crystal phase behaviour of polyoxyethylene surfactant 

Brij 76 + palladium acetate + water mixtures. 
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2- To characterise the liquid crystal phase behaviour of polyoxyethylene surfactant 

Brij 76 + ammonium tetrachloropalladate + water mixtures. 

In both cases, it was important to optimize the conditions for the preparation of 

mesoporous palladium and to investigate the way in which the palladium precursors 

interact with the surfactant. 

3- To investigate methods for the chemical preparation of mesoporous palladium in 

terms of palladium precursors and reducing agents. 

4- To characterise the mesoporous palladium obtained in terms of structure on a 

nanometer scale, surface area and regularity of the nanostructure. 
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3.2 Experimental 

The experimental work is presented in 3 sections. The first of these describes the 

study of the phase behaviour of Brij 76 that contains palladium acetate or ammonium 

tetrachloropalladate solutions. Following jGrom this, the use of several reducing agents 

is described. This work was aimed at optimizing the reduction process. Finally the 

structural characterisation of the mesoporous palladium is presented. 

3.2.1 Phase behaviour of Brij 76 in palladium ace ta te and ammonium 

tetrachloropalladate solutions. 

Phase diagrams were constructed using polarised light microscopy as outlined in 

Appendix 1. Brij 76, palladium acetate and ammonium tetrachloropalladate were used 

as supplied by Aldrich. Deionised water was used to make up the phases. In all cases, 

mixtures were made up by adding the surfactant to a solution of the palladium 

precursor. Phase diagrams were constructed for the following systems: (Details of the 

compositions are given in appendix 2 B). 

- Phase diagram of Brij 76 + water + palladium acetate where the concentration of 

palladium acetate was fixed with respect to the water content at 0.26M. 

-Phase diagram of Brij 76 + water + ammonium tetrachloropalladate where the 

concentration of ammonium tetrachloropalladate was fixed with respect to the water 

content at 1.1 M. 
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3.2.2 A study of the chemical preparation of Hi palladium 

A number of different methods were used to prepare mesoporous palladium 6om Brij 

76+ palladium precursors + water. Essentially they all involved the use of a reducing 

agent to reduce the palladium (II) precursors to palladium metal. 

3.2.2.1 Steel reduction 

As reported in the previous chapter, it is possible to prepare mesoporous platinum by 

the chemical reduction of HCPA by the steel sheet method. On a similar basis, the 

reduction of the palladium precursors by a less noble metal than palladium was 

therefore investigated. By using a steel sheet it was possible to maximise the exposed 

surface area of the metal while making the removal of unreacted metal possible after 

reduction. 

Steel sheets as supplied by RS, were cleaned with acetone. An Hi phase containing 

ammonium tetrachloropalladate (ATCP) (Ig), HzO (3.25g) and Brij 76 (4g) was 

prepared by adding the surfactant to the ATCP solution. As for the reduction of 

HCPA, a thin layer of the phase was spread onto a glazed ceramic tile and a thin sheet 

of steel placed over the top and weighted down. Reduction occurred at the interface 

between the phase and steel sheet. Reduction of the palladium precursor to palladium 

by the oxidation of iron was complete within three hours at room temperature. The 

thick black mixture produced was scraped off the ceramic tile and steel sheet. 

Removal of the template was carried out by stirring in acetone (200 ml) for 3 hours 

and decanting off the solution leaving palladium. This was followed by three washes: 

water (2 X 200 ml) and acetone (200 ml). As previously, separation of the platinum 

powder from the solution was achieved by using a centrifuge. When comparing with 

the platinum washing process, no acid washing step was used in the palladium 

preparation because of potential problems vyith palladium dissolving in acidic 

conditions. After the final extraction the black palladium powder was dried at 90 °C 

for 24 hours. Using the same reduction method and the same palladium precursor, the 

preparation of mesoporous palladium was also investigated for an Hi phase of 
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CieEOg. The aim of this study was to compare the effect of using a purer surfactant on 

the templating process. An Hi phase containing ATCP (Ig), deionised water 

(3.25 g) and C16EO8 (9.75g) was prepared by adding the surfactant to the ATCP 

solution ( 75 wt % CieEOg). Steel reduction was carried out at room temperature for 3 

hours and the palladium material extracted as before. 

The same experimental procedure was used for the production of palladium from the 

steel reduction of palladium acetate by preparing an initial templating mixture of 

palladium acetate (0.4g), H2O (7g) and Brij 76 (10.95g) by adding the Brij surfactant 

to the palladium acetate solution ( 60 wt % Brij 76, Hi phase). 

3.2.2.2 Hydrazine hydrate reduction 

An Hi phase containing ammonium tetrachloropalladate (Ig), H2O (3.25g) and Brij 76 

(4g) was prepared by adding the surfactant to an aqueous solution of the palladium 

precursor (60 wt % surfactant). To this phase was added another Hi phase made up 

G-om hydrazine hydrate (0.5g, 10 % solution), H2O (3g) and Brij 76 (5g). This phase 

was obtained by adding the surfactant to the aqueous solution of reducing agent. The 

two phases were mixed using a glass rod for ca. 1 minute before leaving at to stand at 

room temperature for 3 hours. The brown palladium salt rapidly reduced to palladium 

metal and the mixture turned black. The palladium was extracted by washing in water 

(2X 200 ml), followed by acetone (200 ml). 

3.2.3 Characterisation 

Characterisation of the mesoporous palladium was carried out by nitrogen adsorption/ 

desorption experiment to determine surface area and pore size distribution, X- ray 

diffraction and TEM to determine structure on a nanometer level. 
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3.3 Results and discussion 

3.3.1 The phase behaviour of ethylene oxide b a s e d surfactant in 

ammonium tetrachloropalladate solut ions 

The phase transition data obtained tor the ternary mixture Brij 76 + ammonium 

tetrachloropalladate + H2O are shown schematically in figure 3.1. The ammonium 

tetrachloropalladate concentration was fixed at 1.1 M for all the compositions. As 

explained in chapter 2 , the boundaries were drawn based on visual observations 

through a polarised light microscope. Consequently, the precise locations of the 

boundaries are only qualitative and this is reflected in the broad lines used to represent 

the boundaries. It should also be noted that the transition between two homogeneous 

phases is likely to occur via a small biphasic domain. 
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Figure 3.1 Phase diagram of Brij 76 + water + ammonium tetrachloropalladate where 

the concentration of the palladium salt is kept constant at 1.1 M. 

In the previous chapter, the phase diagram of the binary Brij 76 + H2O system was 

described (Figure 2.1b). 
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Comparison of the binary system with the ammonium tetrachloropalladate containing 

system revealed that the ammonium salt had a considerable eSect on the phase 

behaviour of Brij 76. When compared to the binary Brij 76 + water system, it was 

observed that the presence of the ammonium tetrachloropalladate salt resulted in a 

dramatic increase in the composition range over which the lyotropic Hi phase was 

stable. The emergence of a viscous Ii phase was also noted. When view under the 

polarised light microscope, this viscous phase appeared isotropic with only a few 

small areas of bire&ingence suggesting that residual Hi phase was present. In 

summary: 

# The Hi phase, which is stable up to 58 °C in the binary system from 30 to 60 wt% 

Brij 76, had a similar temperature stability in the presence of the additional salt 

but was present over a much wider range of compositions. (From 45 to 95 wt% 

brij 76). 

# This larger Hi domain resulted in a much smaller La region being observed only 

&om 70 to 90 wt % brij 76 and at higher temperature than in the binary system. 

e A viscous II phase in a significant Hi + Ii domain was noted in the presence of the 

palladium salt. This was not observed for the binary system. 

3.3.2 The phase behaviour of ethylene oxide based surfactant in 

palladium acetate solut ions 

The change of phase behaviour for Brij 76 in the presence of the ammonium 

tetrachloropalladate salt was not just limited to this palladium precursor. The 

transition data for the ternary Brij 76 + water + palladium acetate systems are shown 

schematically in figure 3.2. 

110 



Chapter! The preparation of mesoporous palladium 

CL 40 

0 10 20 30 40 50 60 70 80 90 100 

wt % Brij 76 

Figure 3.2 Phase diagram of Brij 76 + water + palladium acetate where the 

concentration of the palladium salt is kept constant at 0.26M. 

The phase diagram for the ternary system that contained palladium acetate salt was 

very similar to the one reported previously for the ternary Brij 76 + ammonium 

tetrachloropalladate + water system. Addition of palladium acetate to the Brij 76 

lyotropic system resulted in the stabilization of the Hi phase over a wider range of 

composition. In summary: 

# When comparing to the binary system, the Hi phase was present over a wider 

range of compositions in the presence of palladium acetate resulting in an 

important contraction of the domain over which the La was stable. 

• The biphasic Hi + I, domain was also observed in the presence of the palladium 

acetate precursor 
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3.3.3 Discussion of the phase behaviour of Brij 76+ H2O+ palladium 

precursors 

The phase behaviour of ethylene oxide based surfactants in platinic acid solutions has 

been reported in chapter 2.The results showed that the interactions betvyeen the 

platinum salt and the lyotropic systems led to a stabilisation of aggregates and phases 

vyith a high positive mean curvature, hi the phase diagram of Brij 76 in platinic acid 

solution reported for example, the net efkct was to stabilise the Hi phase over a wider 

range of compositions and temperatures than the one observed in the binary Brij 76 + 

water system, hi the case of the ternary brij 76 + H2O + Palladium precursors 

investigated, similar behaviour was observed. When compared to the binary Brij 76 + 

H2O system, the ternary system containing ammonium tetrachloropalladate or 

palladium acetate show an Hi phase stability with temperature that is similar to the 

binary system, the lyotropic Hi phase was stabilised over a wider range of 

compositions when the palladium salt was added. One possible explanation for these 

observations is an interaction between the ethylene oxide headgroups of the surfactant 

and the palladium precursors. The overall effect is to stabilise the higher positive 

mean curvature phases such as the Hi phase resulting in a much smaller lamellar 

region, initially predominant in the binary system. 

Phase studies of the ternary Brij 76 + H2O + palladium precursors mixtures revealed 

that the phase forming properties of the Brij 76 + H2O mixtures can be altered by the 

addition of a metal salt. This clearly has important implications for the choice of 

formulations to be used in the direct liquid crystal templating of mesoporous 

palladium. 
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3.3.4 The physical properties and structure of mesoporous palladium 

prepared f rom the Hi phase of Brij 76 

The following describes the results that were obtained from the various analytical 

methods used to determine the nanostructure, chemical composition and porosity of 

the prepared Hi palladium materials. 

3.3.4.1 General visual appearance 

All the Hi palladium materials that were prepared were very dark grey powders which 

were very similar in appearance to the Hi platinum materials described in chapter 2. 

3.3.4.2 TEIVI 

As for the Hi platinum powders analyzed in chapter 2, TEM was used to determine the 

morphology of the mesopore structure. Hi palladium prepared by the steel reduction of 

ammonium tetrachloropalladate in the presence of CieEOg (65 and 75 wt % 

surfactant had a characteristic hexagonal pore morphology as shown on figure 3.3a 

and 3.3b respectively. The wall thickness was found to be 4 nm and the diameter of 

the holes 4 imi. The materials prepared G-om the same precursor in the Hi phase of 

Brij 76 (50 and 60 wt %) were also characterized by TEM and the micrographs are 

shown of figure 3.3c,d and 3.3e,f respectively. Although the porosity of the catalyst 

was clearly visible, the structure of the Hi powders prepared from Brij 76 were less 

ordered than the materials prepared from CieEOg 

Although only visible on the edge of the sample, a more ordered mesoporous structure 

was obtained for 50 wt % Brij 76. 
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Figure 3.3 TEM micrographs of Hi Pd prepared by steel reduction of ammonium 

tetrachloropalladate at room temperature in Hi phases containing a) 65 wt % CiaEOg; 

b) 75 wt % CieEOg; c)d) 50 wt % Brij 76;e)f) 60 wt % Brij 76 in the templating 

mixture. Scale bars are given for each micrograph. 
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The materials prepared from palladium acetate were investigated by TEM The results 

are shown on figure 3.4. A highly porous but disordered structure was observed for 

the material prepared from 50 wt % Brij 76 as shown on figure 3.4a and 3.4b. 

Although only visible on the edge of the sample, an ordered nanostructure was 

obtained when using 60 wt % of Brij 76 in the templating mixture, (figure 3.4 c,d). 

The wall thickness was found to be 3 imi and the pore diameter was found to be ~ 

2nm, slightly smaller than the diameter of the hole observed for the materials prepared 

using the ammonium tetrachloropalladate precursor. 

mm 
' - C 

Figure 3.4 TEM micrographs of Hi Pd prepared by steel reduction of palladium 

acetate at room temperature in Hi phases containing a)b) 50 wt % Brij 76; c)d) 60 wt 

% Brij 76 in the templating mixture. All these materials were prepared while using 

palladium acetate as palladium precursor. Scale bars are given for each micrograph. 
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3.3.4.3 SEM and EDAX 

Scanning electron microscopy was carried out on the Hi palladium prepared by steel 

reduction of ammonium tetrachloropalladate at room temperature. The results are 

shown on figure 3.4 and 3.5. At higher magnification, a sponge-like porosity of the Hi 

catalyst was visible. 

mm 

Figure 3.5 SEM picture of Hi Pd prepared by steel reduction. Scale bar 100 pxn. 

i 

Figure 3.6 SEM picture of Hi Pd prepared by steel reduction. Scale bar 1 |im. 
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X-ray microanalysis was carried out on the HI powders prepared from steel reduction 

and confirmed the purity of the palladium powders prepared as shown on figure 3.6. 

When comparing with the Hi platinum prepared by steel reduction where a small 

amount of iron impurities were present (chapter 2), no residual iron was detected in 

the HI palladium powder. 

" "t " 

Figure 3.7 ED AX spectra of HI Pd prepared by steel reduction. 

3.3.4.4 Small angle XRD 

Small angle XRD was used to determine the repeat distance between pores and the 

order of the phase. The HI Palladium prepared by steel reduction did not produce such 

a characteristic Hi (100) dif&action peak as the one observed for the Hi platinum 

reported in chapter 2. The X-ray diffractogram in figure 3.7 for Hi Pd (surface area 60 

m ĝ"' ) prepared from ammonium tetrachloropalladate as palladium precursor in the 

HI phase of Brij 76 (60 wt%) shows only one weak and very broad diffraction peak 

The approximate position of the peak could be used to determine a hole to hole 

distance of -8.5 nm which is in agreement with the TEM analysis. 
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2-Theta - Scale 

Figure 3.8 Small angle XRD pattern of the mesoporous palladium prepared by steel 

reduction. dioo= 85.8 angstroms. 60 wt % Brij 76, ATCP as palladium precursor. 

3.3.4.5 Wide angle XRD 

Wide angle XRD of mesoporous palladium prepared by steel reduction of ATCP in 

the Hi phase of Brij 76 (60 wt%) was recorded and compared to polycrystalline 

palladium (ICSD database). The di&actogram shown in Ggure 3.9 indicates that the 

HI Pd has the same cubic structure as bulk palladium. The results are summarised in 

table 3.1. 
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2-Theb-Sca 

Figure 3.9 Wide angle XRD for mesoporous palladium, 60 wt % Brij 76, ATCP as 

palladium precursor (wider peaks) and polycrystalline palladium powders (straight 

line: ICDS data). 

Peaks Polycrystalline Palladium Mesoporous Palladium 

(hkl) 28 Relative 28 Relative 

/degrees Intensity /degrees Intensity 

111 40.119 100 40.05 100 

200 46.659 60 46.9 47 

220 68.121 42 68.2 37 

311 82.100 55 82.2 39 

Tables. 1 XRD data for Hi Palladium prepared by steel reduction of ATCP in the Hi 

phase of Brij 76 (60 wt%) compared to ICDS values for polyciystalline cubic (Fm3m) 

palladium. 
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3.3.4.6 BET Nitrogen adsorption 

Nitrogen adsorption studies were carried out on the mesoporous palladium prepared 

&om Brij 76 using the two different palladium salts as precursors. In the case of 

ammonium tetrachloropalladate ATCP, the surface area and the type of isotherms 

associated for the different materials were compared to the isotherms obtained for the 

materials prepared while using the purer surfactant CieEOg in the templating process. 

Figure 3.10 shows typical adsorption/desorption isotherms for the mesoporous 

palladium prepared by the steel reduction of ATCP in the Hi phase of Brij 76(50 wt % 

room temperature) which is characteristic of a mesoporous material. Adsorption was 

small for low relative pressure and increased gradually at intermediate relative 

pressure. The presence of the hystresis loop, characteristic of a mesoporous material, 

indicates that the pore size and shape was not well defined. 
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Figure 3.10 BET nitrogen adsorption/desorption isotherms for Hi Pd prepared by steel 

reduction of ATCP in the Hi phase of Brij 76 (50 wt %) at room temperature. Surface 

area = 60 m g . 
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Using ATCP as palladium precursor, the influence of the initial templating 

composition and the reduction temperature were investigated to optimise the 

preparations and increase the surface areas of the materials. The results are reported 

on figure 3.11. 

By increasing the reduction temperature from room temperature to 40 "C, an 

important decrease in surface area was observed for the compositions investigated. 

This can be explained by a much quicker reaction occuring at higher temperature. 

When the palladium is being deposited rapidly, the structure may grow regardless of 

the phase and produce a disordered material. At higher temperature, a change in the 

order of the Hi phase may also affect the direct liquid crystal mechanism. 

50 wt % Brij 76/ 13 m^g"'; 
Reduction at 40°C 

50 wt % Brij 76/ 54 m^g'̂ ; 
Reduction at room 
Temperature * 

. 2 - 1 6 0 w t % B r i j 7 6 / 2 5 m Y ; 
Reduction at 40°C 

6 0 w t % B n j 7 6 / 4 7 m y ; 
Reduction at room 
Temperature 

0.4 0.6 

Relative Pressure 

Figure 3.11 BET nitrogen adsorption on Hj Pd samples prepared using ATCP as 

palladium precursor while varying the amount of Brij 76 in the initial composition 

and the reduction temperature. * Average of 3 measurements each made from a 

different batch from the same material. 
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The material prepared from 50 wt % Brij 76 at room temperature was characterised 

by the highest surface area (54 m ĝ'̂ ; average of 3 measurements made from a 

different batch). An inflection in the isotherm at intennediate relative pressure was 

observed characteristic of a material with a high degree of mesoporosity. Using 

ATCP as palladium precursor, the influence of using a purer surfactant such as 

CieEOg on the chemical preparation of mesoporous palladium was investigated and 

the adsorption isotherms for the materials prepared are shown on figure 3.12. 

For 65 and 75 wt % CisEOg in the templating mixtures nitrogen adsorption studies 

revealed adsorption isotherms that are characteristic for materials with a high degree 

of mesoporosity. Surface areas of 44 and 60 m ĝ ' were obtained respectively. 
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Figure 3.12 BET nitrogen adsorption on Hi Pd samples prepared using ATCP as 

palladium precursor and CieEOg in the templating mixture.* Average of 3 

measurements each made from a different batch from the same material. 

For the material exhibiting the highest surface area 60 m ĝ'̂  prepared from 75 wt % 

CieEOg in the templating mixture, the pore size distribution, calculated from the 

adsorption branch of the isotherm, showed a maximum in the distribution at 

3.5 nm. (Dollimore and Heal pore size distribution; Appendix 1). 
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Figure 3.13 shows a narrow distribution of pores and indicates that the structure of the 

material obtained from CieEOg is ordered.These results confirmed the TEM studies. 
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Figure 3.13 Pore size distribution for the HI Pd powder prepared using ATCP as 

palladium precursors. 60 wt % Cie EOg in the templating mixture. Surface area of the 

HI Pd material= 60 m^g'\ 

When comparing the results obtained using CigEOg to the results obtained for the H] 

materials prepared from the much cheaper Brij 76 surfactant, similar surface areas 

were obtained; the Hi powder prepared from 50 wt % Brij 76 had a maximum surface 

area of 54 m^g'\ as reported on figure 3.11. This indicated that the purity of the 

surfactant was not the crucial parameter to optimise the preparation and increase the 

surface area of the material obtained. When compared to the production of 

mesoporous platinum described in chapter 2 where the purity of the surfactant was an 

effective parameter to increase the surface area of the HI Pt catalysts obtained, this 

tend to show that the preparation of mesoporous palladium was less affected by this 

parameter. This can be seen as an advantage for a relatively cheap production of high 

surface area Pd powders. 
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Figure 3.14 shows the nitrogen adsorption isothenns for the Hi palladium powders 

prepared by the chemical reduction of ATCP in the Hi phase of Brij 76 while using 

different reducing agents at room temperature. For the hydrazine hydrate reduction, 

the adsorption occurred at high relative pressure and the isotherms obtained were 

characteristic of materials with a small amount of mesoporosity. The maximum 

surface area of the material was measured to be 23 m^g"\When compared to the Hi 

materials prepared from N2H4, the Hi Pd prepared by steel reduction was 

characterised by a much higher area (47 m ĝ'̂ ) and the adsorption isotherm had a 

definite inclination at intermediate relative pressures characteristic of a mesoporous 

material. Steel reduction produces higher surface area materials than the hydrazine 

method. 
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Figure 3.14 BET nitrogen adsorption isotherms for different palladium samples 

prepared by different reducing agents at room temperature.* Average of 3 

measurements each made from a different batch from the same material. 

Pore size distributions were calculated from the adsorption branches of the isotherms 

for the Hi materials prepared using the two reducing agents. The results are shown on 

figure 3.15. 
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When compared to the pore size distribution calculated for the HI Pd materials 

prepared &om CieEOg where a maximum was observed at 3.5nm, the distribution 

observed were characteristic of disordered materials with smaller pores. These results 

confirmed the TEM studies where smaller pores were observed when Brij 76 was 

used instead of CieEOg in the templating mixture (steel reduction method). 
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b) Steel reduction. Surface area of Hi Pd = 47 m ĝ'̂  

Figure 3.15 Pore size distribution for Hi palladium prepared using ATCP as palladium 

precursor. Reduction at room temperature by a) Hydrazine hydrate using 70 wt % Brij 

76; b) Steel using 60 wt % Brij 76 in the templating mixture. 
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BET Nitrogen adsorptions were carried out on the mesoporous Pd catalysts prepared 

from Brij 76 while using palladium acetate as the palladium precursor. Using steel 

reduction, the influence of the initial templating composition and reduction 

temperature was investigated and the results are shown on figure 3.16. As for the 

production of Hi Pd from ATCP, increasing the reduction temperature from room 

temperature to 40 "C resulted in a smaller surface area of the powders prepared. The 

adsorption isotherms were characteristic of materials with a small degree of 

mesoporosity. (12 and 25 m̂ g"̂  for 50 and 60 wt % Brij 76 respectively). 

The Hi materials prepared at room temperature from 50 and 60 wt % Brij 76 had 

much higher surface area, 49 and 63 m ĝ'̂  respectively with distinct inflections in the 

isotherms characteristic of materials with higher degree of mesoporosity. 

y 50 wt % Brij 76 / 12 mV' 

/ Reduction at 40°C 

/ 50wt%Brij 76 /49 m y 
Reduction at room 
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Figure 3.16 BET nitrogen adsorption on mesoporous Pd catalysts prepared from 

palladium acetate while varying the amount of Brij 76 in the templating mixture and 

the reduction temperature. * Average of 3 measurements each made from a different 

batch from the same material. 
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For the material with the highest surface area 63 m ĝ"' prepared from 60 wt % Brij 76 

in the templating mixture, pore size distribution was calculated from the adsorption 

branch of the isotherm and revealed a maximum in the distribution at around 2 nm 

(figure 3.17) similar to the value calculated for the material prepared by steel 

reduction from ATCP. These results emphasised that similar materials were prepared 

by the steel reduction of either of the palladium precursors investigated in the HI 

phase of Brij 76. 
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Figure 3.17 Pore size distribution for the HI Pd powder prepared using palladium 

acetate as palladium precursors. 60 vyt % Brij 76 in the templating mixture. Surface 

area of the Hi Pd catalyst =63 m^g"\ 
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3.3.5 Discussion on the preparation of HI palladium 

3.3.5.1 Methods of reduction 

The most successful method for preparing mesoporous Hi palladium was the 

reduction of the palladium precursors by steel. In the presence of CieEOg, this 

produced a material with a regular pore structure and a surface area of 60 m^g"\ The 

materials prepared using the cheaper Brij 76 surfactant had a pore structure that was 

less ordered, but their surface area was similar in magnitude to the one obtained while 

using CieEOg (63 m ĝ'̂  as optimum value). For comparison, BET nitrogen adsorption 

was carried out on commercially available palladium black and revealed a surface area 

of - 45 m^g'\ The hydrazine hydrate reduced material was porous but less ordered 

and had a lower surface area of 23m^g'\ As for the production of Hi platinum 

powders, a few hypotheses can be made as to why different materials were obtained 

by the different reduction methods investigated: 

i) Rate of reduction 

As mentioned in chapter 2 for the production of mesoporous platinum, the two 

methods investigated reduced the palladium precursors at different rates: the 

hydrazine reduction was very fast compared to the steel method. In the lyotropic 

phases used, the surfactant molecules are in a dynamic state and can reorganise over 

short tune scales. Control of the reduction kinetic is believed to be a crucial parameter 

to obtain material with structure which is a cast of the host mesophase. In the case of 

hydrazine reduction (fast reduction even at room temperature), the structure may grow 

regardless of the phase and produce a disordered material. 

ii) Effect of the reducing agent on the phase 

Although the phase behaviour of the ethylene oxide based surfactant in the presence 

of the palladium precursors was known, the effect of the reducing agent was not 

characterised. As for the preparation of mesoporous platinum in the Hi phase of Brij 

76, it would have been expected that hydrazine hydrate being strong reducing agent 

might alter the template mixture made of palladium precursor dissolved in the Hi 

phase of Brij 76 surfactant. 
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iii) Effect of reduction temperature 

The results obtained while changing the reduction temperature for given Brij 76 

compositions demonstrated that careful control of the reduction temperature was 

important ibr successful preparation of the Hi palladium catalysts fbr the palladium 

precursors investigated. This was already observed during the studies concerning the 

chemical reduction of a platinum salt (HCPA) in the Hi phase of the same surfactant. 

For the materials prepared from ATCP as palladium precursor, the surface areas of the 

Hi Pd powders were higher when steel reduction was carried out at room temperature 

fbr the various compositions studied. Increasing the reduction temperature to 40 °C 

tend to produce materials with much smaller surface areas. Similar behaviour was 

observed fbr the materials prepared G-om palladium acetate where the materials with 

higher surface areas were obtained by steel reduction at room temperature. As aheady 

noted, the rate of reduction during the templating process is important and can be 

modified by changing the temperature. Although in an stable Hi phase at 40 °C, the 

palladium is being deposited more rapidly at this temperature than at room 

temperature leading to materials with smaller surface areas. Altering the temperature 

was shown to be one of the key factor to optimise the reduction conditions in order to 

produce higher surface areas materials. 

3.3.5.2 Comparison of the different surfactants investigated in the production 

of HI palladium 

Using the same palladium precursor (ATCP), Hi Pd materials were prepared while 

using Brij 76, a cheap commercially available surfactant, and the pure but very 

expensive CieEOg. These enabled us to investigate the effects of using a purer 

surfactant for the chemical preparation of mesoporous palladium. TEM studies 

showed that the material prepared 6om CieEOg were nanostructured and BET 

adsorption revealed a maximum surface area of 60 m^g'^with a maximum in the pore 

size distribution at 3.5 nm which confirmed the TEM analysis ( - 4 nm pore diameter 

separated by - 4 nm walls). Although the Hi materials prepared from Brij 76 had a 

less ordered structure from the TEM micrographs, similar surface areas were obtained 
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using Brij 76 (54 m ĝ'̂  with smaller pores ~2nm separated by ~ 3nm walls from TEM 

measurements). Although the study was not exhaustive, these results demonstrated 

that it was possible to prepare high surface area Pd catalyst from cheap surfactant 

system and that the higher purity of CieEOg did not have significant affects on the 

templating process. Moreover, using palladium acetate as precursor dissolved in the 

Hi phase of Brij 76, slightly higher surface area materials than the one prepared from 

CieEOg were obtained (63 as maximum value) which confirmed the ability to 

produce high surface area catalysts 6om cheap surfactant system which is an 

important criterion for a possible commercial production of palladium catalysts. 
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3.4 Conclusion and further work 

In the previous chapter, the preparation of mesoporous platinum powders by direct 

liquid crystal templating was shown to be successful. The work described in this 

chapter showed that it is also possible to use lyotropic liquid crystal phases as moulds 

for the preparation of another mesoporous noble metal such as palladium. 

Phase diagram studies of the palladium precursor (either ammonium 

tetrachloropalladate or palladium acetate) + Brij 76 + water, used in the preparation of 

mesoporous palladium, revealed that either ATCP or palladium acetate did not 

adversely affect the behaviour of the Brij 76 surfactant used. In fact the stability of the 

Hi phase was increased over a wider range of composition in the presence of the 

palladium precursor when compared to the binary Brij 76 + water system. 

Nevertheless similar stability was observed with temperature. The predominance of 

the higher curvature structure was attributed to an interaction between the ethylene 

oxide headgroups of the surfactant and the palladium precursor. 

In the preparation of mesoporous palladium, numerous similarities to the preparation 

of mesoporous platinum were observed. It was shown that the method of reducing the 

palladium precursor was critical in obtaining a mesoporous structure. Reduction with 

steel sheet at room temperature was shown to be the most successful method of 

preparing high surface area Hi materials. The reduction method and the temperature 

were described as crucial parameters for the templating mechanism since the synthesis 

was sensitive to the rate of reduction Higher reduction temperature or stronger 

reducing agent tend to produce disordered mesoporous palladium materials 

characterised by smaller surface areas. 

XRD studies confirmed that the palladium prepared was polycrystalline and had a 

cubic crystal structure which was in good agreement with the values for 

polycrystalline palladium (ICDS database). Studies of electrodeposited palladium 

have shown that similar mesostructures could be obtained as metallic films rather than 

powders [9]. 
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Further work: 

The aim of this chapter was to show that the chemical preparation of mesoporous 

palladium by direct liquid crystal templating is possible and was not an exhaustive 

study of the area. Indeed there are still a number of issues to be addressed: 

e Both palladium precursors investigated were shown to be suitable precursors for 

the production of Hi Pd but other sources should be investigated. The criteria for 

being a suitable precursor is a high solubility in water without affecting the phase 

forming properties of the surfactant. Palladium(II)chloride could have been used 

for instance. 

# As in the study of mesoporous platinum reported in chapter 2, other suitable 

methods of reducing the metal salt that do not disrupt the phase forming properties 

of the surfactant should be investigated. Reduction must be carried out at a correct 

rate for the direct templating process to occur and the reaction by products must be 

easily removed from the final mesoporous palladium. 

# Our work concentrated on the production of mesoporous palladium &om the Hi 

phase of Brij 76. Other surfactant from the brij series could be investigated (as 

reported for the preparation of the analogous mesoporous platinum). By varying 

the alkane chain length or the ethylene oxide head groups size of the surfactant, it 

should be possible to optimise the process and obtain nanostuctured palladium 

with higher surface area than the one reported. 
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4.1 Background and objectives 

Mesoporous metals are of particular interests because of their potential applications as 

catalysts, sensors and batteries. As demonstrated in chapter 2, it is possible to prepare 

mesoporous platinum powders by the chemical reduction of platinic acid in the 

aqueous domain of cheap surfactants fi-om the Brij series. The ability to electrodeposit 

platinum films that had an ordered mesoporous structure has led to considerable 

interests in investigating the electrochemical preparation of other metals. Recently, 

the preparation of mesoporous tin and palladium films have indeed been reported 

[1,2]. 

The subject of the work described in this chapter is an investigation into the chemical 

and electrochemical preparation of mesoporous lead from surfactants systems. The 

unique physical and chemical properties of lead make it one of the most widely used 

non ferrous metals [3]. Lead finds the m^or part of its uses in chemicals and 

compounds: most important are the lead alkyls used as antiknock additives in gasoline 

and the lead oxides used in acid storage batteries and pigments [3]. The continued 

dependence on lead is due largely to society's growing need for portable energy. At 

present it is the lead/acid battery which underpins the continued growth in lead 

consumption: more than 70 % of lead is consumed in the western world by this sector 

[4], Analysis of the chemical properties of Pb and the commercial applications of its 

compounds indicate that the key properties of the element of commercial importance 

are: 

High ability to fbrm carbon metal bonds useful in antiknock compounds 

Favorable oxidation-reduction potentials useful in electrochemistry or as catalysts 

for the unsaturated oils and chemicals used in coatings and inks 

- Formation of crystal structures desirable in pigments 

Relatively low cost per mole despite its relatively high atomic weight 
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Finally, lead has also generated great interests because of its superconductivity 

properties. The metal has been used as a model in research on this phenomenon 

because it is relatively easy to prepare in very pure form and because its transition 

temperature to superconductivity is considerably higher than that of other metals [5]. 

The objectives of the work are described below: 

1- To characterise the liquid crystal phase behaviour of polyoxyethylene surfactants 

Brij 76 + lead acetate + water mixtures. This is important to optimise the conditions 

for the preparation of mesoporous lead and to investigate the way in which lead 

acetate interacts with the surfactants. In a similar way, the ternary system CigEOg + 

lead acetate + water was studied. 

2- To investigate methods for the chemical preparation of mesoporous lead in terms of 

choice of lead precursors and reducing agents. 

3- To investigate the electrochemical preparation of mesoporous lead. 

4- To characterise the mesoporous lead obtained in terms of structure on a micron and 

nanometer scale, surface area, regularity of the structure for the chemical and 

electrochemical preparations. Quality of the deposit (uniformity, adhesion on the 

working electrode) was also important for the electrochemical method. 
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4.2 Experimental 

The experimental work was divided into 4 sections. 

The first of these was the study of the phase behaviour of ethylene oxide based 

surfactants in lead acetate solution. Following on &om this, in order to optimise the 

process for the chemical reduction, several lead precursors and reducing agents were 

studied. Thirdly, the electrochemical preparation of mesoporous lead films was 

investigated and finally the materials were characterised. 

4.2.1 Phase behaviour of ethylene oxide based surfactants in lead 

acetate solutions. 

Phase diagrams were constructed using polarised light microscopy as outlined in 

Appendix 1. Ethylene oxide surfactants (Brij 76 and C16E08) v^ere used as supplied 

by Aldrich and Fluka respectively. Lead acetate (lead acetate trihydrate purity =99%) 

was used as supplied by Aldrich. Deionised water was used to make up the phases. In 

calculating the weight percentage of the surfactant with respect to the total water 

content, the water content of lead acetate was included. Mixtures containing lead 

acetate, surfactant and deionised water were made up by adding the surfactant to a 

solution of lead acetate. The phase diagrams that were prepared are summarised 

below and the exact compositions given in appendix 2 C. 

- Phase diagram of Brij 76+ water+ lead acetate where the concentration of lead 

acetate was fixed with respect to the water content at 3.5 M. 

- Phase diagram of CigEOg +water + lead acetate where the concentration of lead 

acetate was fixed with respect to the water content at 3.5 M. 
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4.2.2 Chemical preparation of H| lead 

A number of different methods were used to prepare mesoporous lead &om surfactant 

+ lead precursor + water. Essentially they all involved the use of a reducing agent 

which reduced the lead (II) precursor to lead metal. Firstly the chemical preparation 

was used where different lead precursors and reducing agents were investigated. The 

electrochemical preparation of mesoporous was studied in the second approach. 

4.2.2.1 Lead acetate as lead precursor 

4.2.2.1.1 Hydrogen reduction 

The first method was to use hydrogen gas which offered an attractive route to prepare 

lead because it was relatively cheap and easy to use. The same chemicals as the ones 

reported for the phase diagram were used. 

An Hi phase containing lead acetate (0.5 g), water (0.4 g) and Brij 76 (0.5 g) was 

prepared by adding the surfactant to an aqueous solution of lead acetate. A 

homogeneous hexagonal phase was obtained by heating the mixture to -70°C and 

cooling, while agitating on a vortex mixer. The reaction mixture was then flushed 

with argon several times before evacuating and placing under a hydrogen atmosphere 

at 40 °C for 4 hours. 

4.2.2.1.2 Hydrazine hydrate reduction 

Hydrazine hydrate was used as supplied by Aldrich. An Hi phase containing lead 

acetate (1.0 g), water (0.8 g) and Brij 76 (1.8 g) was prepared, as described 

previously, by adding the surfactant to an aqueous solution of lead acetate. To this 

phase was added another Hi phase containing hydrazine hydrate (0.24 g, 55 wt% 

N2H4), water (0.72 g) and Brij 76 (1.00 g). The two phases were mixed using a glass 

rod for ca. 1 minute before leaving to stand for 2 hours at room temperature. The same 

experiment was repeated but only a few drops of hydrazine hydrate were added to the 

viscous Hi phase and left to stand for 2 hours at room temperature to check if the 

reduction was occuring. 
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4.2.2.1.3 Thiourea as reducing agent 

In a electroless method for the deposition of lead on copper, thiourea was used as a 

complexing and reducing agent for the reduction of lead nitrate in water and DMSO 

[6]. Thiourea was used as supplied by Aldrich. An Hi phase containing lead acetate 

(1.0 g), water (0.8 g) and Brij 76 (1.8 g) was prepared by adding the surfactant to the 

aqueous solution of lead acetate. To this phase was added another Hi phase containing 

Thiourea (0.24 g, 55 wt% N2H4), water (0.72 g) and Brij 76 (1.00 g). The two phases 

were mixed using a glass rod for ca. 1 minute before leaving to stand for 3 hours at 

45 °C. The same experiment was repeated but thiourea was directly used as a powder 

added to the viscous Hi phase. In another set of experiments, the same procedure was 

followed while using Cî EOg (1.8g) to investigate the influence of this purer 

surfactant on the templating process. Thiourea was used in a similar way as reducing 

agent in an Hi phase with CigEOg or as a powder (reduction for 3 hours at 45 °C) 

Each time, the products were extracted and washed with acetone and water. The lead 

material obtained was then dried overnight at 40 °C. 

4.2.2.1.4 Sodium borohydride as reducing agent 

A O.IM solution of sodium borohydride (Aldrich) was prepared by dissolving 3.78 g 

sodium borohydride in 10 ml deionised water. An Hi phase containing Brij 76 (13 g) 

O.IM lead acetate solution (7g) was prepared by adding the surfactant to the aqueous 

solution of lead acetate (65 wt % surfactant). To this phase was added an Hi phase 

containing Brij 76 (8.6g), 0.1 M NaBH4 solution (7g) which was separately prepared 

by adding the surfactant to the reducing agent solution (55 wt % surfactant). This 

mixture was added in tiny amounts with continuous mechanical stirring until the all 

mixture turned black and left for 3 hours at room temperature to make sure the 

reaction was completed. The surfactant was then extracted by acetone. The lead 

precipitate was then filtered, washed by water and left to dry overnight at 40 °C. The 

reduction of ions in the presence of NaBH4 in the hexagonal domain of Brij 76 

can be summarised as follows [7]: 

Pb̂ + + 2NaBH4 + nL (L)nPb(BH4)2 + 2Na+ {1} 

(L)nPb(BH4)2 ^ Pb +H2+ B2H6+ nL {2} 

where the surfactant molecule L acts as a lieand. 
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4.2.2.2 Lead nitrate as lead precursor 

Lead nitrate was investigated as lead precursor (highly soluble in water) and was used 

as supplied by Aldrich (99% purity). 

The same reducing agents as reported previously were investigated using the same 

experimental procedures. Before carrying out any reduction, the stability of the H, 

phase lead nitrate + Brij 76 + water was checked under polarizing microscope to 

check that the change of lead precursor did not affect the Hi mixture. 

4.2.2.3 Lead tetrafluoroborate as lead precursor 

Lead tetrafluoroborate (50wt % solution in water) was finally investigated as lead 

precursor and used as supplied by Aldrich. Sodium borohydride was investigated as 

reducing agent. An Hi phase containing lead tetrafluoroborate (1.0 g), water (1.0 g) 

and Brij 76 (1.8 g) was prepared, as described previously, by adding the surfactant to 

an aqueous solution of lead acetate. To this phase was added another Hi phase 

containing sodium borohydride (0.24 g, 55 wt% NaBH4), water (0.72 g) and Brij 76 

(1.00 g). The two phases were mixed using a glass rod for ca. 1 minute before leaving 

to stand for 3 hours at 45 °C. The same experiment was repeated but only a few drops 

of sodium borohydrate were added to the viscous Hi phase. 
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4.2.3 Investigations into the electrochemical preparation of mesoporous 

lead 

As mentioned before, Attard er aZ. [9] have developed a nevy method to obtain 

platinum thin 61ms with a mesoporous structure. These films have been obtained by 

the electrodeposition of platinum on a gold electrode from a lyotropic liquid crystal 

templating solution. Reduction of the platinum on the gold electrode leads to the 

electrodeposition of a platinum film without losing the hexagonal structure of the 

liquid crystal. The authors claimed that the size of the pores and therefore the size of 

the wall thickness can be tailored by the choice of the surfactant, as well as the 

geometry of the liquid crystalline structure used for deposition. 

Recently, the electrodeposition of mesoporous palladium films using the same 

templating mechanism has also been reported, hence our interest in using the 

electrochemical approach to produce thin mesoporous lead films. 

Lead and lead alloy coatings can be applied to metallic substrates by a wide variety of 

techniques (dip coating, spray coating, hot and cold rolling, electrodeposition) and for 

a diversity of industrial purposes such as corrosion protection, architectural purposes, 

resists for printed circuit boards [9], Lead may be electrodeposited from aqueous 

media at high cathodes efficiencies. Several electrolytes notably the fluoroborate, 

silicofluoride and sulphamate baths have achieved technical importance for 

commercial lead electrodeposition. Lead may be deposited from the aqueous solutions 

of its soluble salts such as the acetate and nitrate but the resultant electrodeposits have 

no technical usefulness because they are fibrous in texture and possess a degree of 

porosity. In fact, complex solutions (that is those containing complex anions such as 

the fluoroborate) are necessary to produce satisfactory smooth and coherent 

electrodeposits [9]. hi our experiments, lead tetrafluoroborate was investigated as the 

lead precursor. 
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4.2.3.1 Experimental 

Electrochemistry experiments were performed with a three electrode system under 

potentiostatic control, the cyclic voltammograms and current transients were recorded 

by computer using a software designed and written by P.R Birkin, Southampton 

University,UK. 

4.2.3.2 Electrodes used 

All counter electrodes were made of platinum gauze. They were washed with 

deionised water and flamed over a bunsen flame just before use in order to remove 

any contaminants. 

The reference electrodes used were Saturated Calomel Electrodes (SCE). All 

electrochemical potentials are given with respect to the saturated calomel electrode. 

The SCE has a value of - 0.268 V comparatively to the widely used hydrogen 

reference electrode (RHE). The electrodes were checked against a commercial SCE 

electrode from Russel, a difference of less than +/- 4mV was tolerated for our 

experiments. All reference electrodes were stored in saturated potassium chloride 

solutions and rinsed with deionised water prior use. 

The working electrode consisted of a 1mm 0 Au disc electrode for the cyclic 

voltammetry studies. These electrodes were polished using sand paper and alumina 

with particle size ranging from 25 pm to 3 pm. After polishing the electrodes were 

rinsed with deionised water. Electrodeposidon (current transient experiments) were 

performed on these electrodes and also on Au electrodes that were made by 

evaporating a thin layer of gold onto a glass substrate. 
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4.2.3.3 Cyclic voltammetry 

Lead tetrafluoroborate PbTFB (50 % solution in water) was used as supplied by 

Aldrich. For the cyclic voltammetry in solution, 1 ml PbTFB solution was mixed 

with 1.75g deionised water to prepare a 0.77 M solution. For the cyclic voltammetry 

studies of the lead salt in the H, phase of Brij 56, the templating mixtures were 

prepared by adding 3.25g Brij 56 to 2.75 g 0.77 M aqueous solution of PbTFB 

(55 wt% surfactant). The templating mixture was analysed using polarising 

microscopy to determine the phase. This was also confirmed by XRD studies. Cyclic 

voltammograms were recorded at room temperature at a scan rate of 20 mV/s. 

4.2.3.4 Current transient experiments 

During the electrodepositions, the current transients were carried out on the same 

templating mixture consisting of 55 wt % Brij 56 and 45 wt% (0.77 M) PbTFB in 

water at room temperature. Various deposition times depending on the geometry of 

the Au working electrode (surface area) were investigated. 
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4.3 Results and d i scuss ion 

4.3.1 The phase behaviour of ethylene oxide based surfac tants in lead 

acetate so lut ions 

The phase transition data obtained for the ternary mixture Brij 76 + lead acetate + 

water are shown schematically in Ggure 4.1.The lead acetate concentration was fixed 

at 3.5 M for all the compositions. As previously, the boundaries were drawn based on 

visual observations of the phases down the polarised light microscope. The broad 

lines used to represent the boundaries reflect the only qualitative location of these 

boundaries. 

Comparison of the binary system Brij 76 + water reported in chapter 2 ( Figure 2.1a) 

with the lead acetate containing system revealed that lead acetate had a considerable 

effect on the phase behaviour of Brij 76. In the presence of lead acetate, no lamellar 

(La ) nor cubic Vi phases were observed. The presence of a viscous Hi + Ii phase was 

also noted in the presence of lead acetate, this biphasic domain was observed directly 

and made a large contribution into the phase diagram. In summary: 

- No lamellar (L^) nor cubic Vi phases were observed in the presence of lead 

acetate. 

- Presence of a viscous Ij phase in a significant biphasic Hi +Ii domain not observed 

in the binary system 

- The Hi phase has similar stability with temperature as the Hi phase in the binary 

phase diagram but is stable over a wider range of composition (Hi domain shifts 

over a wider range of compositions when compared to binary mixtures). 
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Figure 4.1 Phase diagram of Brij 76 + water + lead acetate where the concentration of 

lead acetate is kept constant at 3.5 M. 

As reported previously, the change of behaviour for Brij 76 in the presence of lead 

acetate were not just limited to this surfactant. The transition data for for the ternary 

Cî EOg + lead acetate + water are shown schematically in figure 4.2. The lead acetate 

concentration was fixed at 3.5M for all the composition. Figure 4.3 shows the phase 

diagram for the binary system CigEOg + water system reproduced from reference[10]. 

Addition of the lead precursor to the CigEOg lyotropic system resulted in the 

stabilisation of the Hi phase over a wider range of composition. 

In summary: 

- The Hi phase was only stable up to 50 °C in the presence of lead stable (stable up 

to 60 °C in the binary system) but was stable over a wider range of composition 

(Hi domain shifted over a wider range of compositions when compared to the 

binary system). 

A small Vi domain was observed in the presence of lead acetate at higher 

compositions than the binary system, stable up to 50 °C. 
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Figure 4.2 Phase diagram of the ternary system C16E08+ lead acetate + water system 

where the concentration of lead acetate is kept constant at 3.5M. 
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Figure 4.3 Phase diagram of the binary system C16E08 + water system reproduced 

from reference [10]. 
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4.3.2 Chemical preparation of mesoporous lead 

The following describes the results that were obtained Aom the various chemical 

methods to prepare mesoporous lead. When the reduction was successful, the 

materials prepared were characterised by BET nitrogen adsorption, x-ray dif&action , 

SEM and TEM. 

4.3.2.1 Chemical reduction investigations 

Using lead acetate as lead precursor, Hydrogen gas and hydrazine hydrate were 

unsuccessful in reducing the lead precursor under the conditions used. Nevertheless, 

thiourea added as a powder reduced lead acetate in the lyotropic Hi phase of Brij 76 to 

produce after extraction an ordered mesoporous lead. Using the same reducing agent, 

the preparation of mesoporous lead by the chemical reduction of lead acetate in the 

lyotropic phase of CigEOg was successful. 

Among the different reducing agents investigated, sodium borohydride dissolved in 

the H; Phase of Brij 76 reduced successfully lead acetate but produce after extraction a 

porous but disordered material. This might be attributed to the gases evolved during 

the reduction process that affected the stability of the templating hexagonal phase or 

to the kinetics of the reduction (reaction very fast at room temperature). 

Finally, the different reducing agents used for the chemical reduction of lead nitrate 

and lead tetrafluoroborate were unsuccessful in reducing the lead precursors under the 

conditions reported. 
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4.3.2.2 TEM 

TEM was used to determine the order of the structure and pore morphology of the 

materials prepared and the results are shown in figure 4.4. 

Figure 4.4 TEM micrographs of Hi Pb prepared by the chemical reduction of lead 

acetate a,b)in the Hi phase of Brij 76 using thiourea as reducing agent; c,d) in the Hi 

phase of CigEOg using thiourea a reducing agent; e,f) in the Hi phase of Brij 76 (65 

and 75 wt % surfactant respectively) using NaBH4 as reducing agent. 
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The TEM micrographs depicted in figure 4.4(a,b) for the Hi Pb prepared from the 

chemical reduction of lead acetate in the Hi phase of Brij 76 (75 wt% surfactant) 

revealed a nanoporous structure with thick walls between the pores. Transmission of 

the electron beam through the larger particles was poor and the ordered Hi structure 

was only visible on the smaller particles. From the edge of the smaller particle 

observed on figure 4.4b, the repeat distance between the pores was measured from the 

micrographs as ca 9 imi. Nevertheless, as can be seen on figure 4.4a, the sample 

contained also disordered mesoporous structure. 

The Hi Pb prepared G-om the lyotropic Hi phase of CigEOg (75 wt % surfactant) 

revealed an ordered nanostructure (figure 4.4c,d), clearly visible on the edge of the 

sample. Particles ranged from 50-300 nm in size and tended to be elongated along the 

axis parallel to the cylindrical tubes of the Hi structure. As previously, other parts of 

the sample appeared porous but non ordered under the transmission electron 

microscope. The TEM micrographs depicted in figure 4.4 e,f) for the materials 

prepared firom NaBH4 while using the Hi phase of Brij 76 (65 and 75 vyt% 

respectively) revealed a porous but non ordered structure. From the TEM analysis, the 

structure of the Hi lead powders produced by thiourea were much more ordered than 

the one obtained while using NaBH4 as reducing agent. 

4.3.2.3.SEIVI and EDAX 

SEM pictures of the Hj Pb prepared by the chemical reduction of lead acetate 

dissolved in the Hi phase of Brij 76 using thiourea as reducing agent are shown on 

figure 4.5 a and b (magnification X 1000 and XI0000 respectively). At high 

magnification, the SEM showed an average of small regular particles mixed vyith 

bigger irregular particles (left and bottom of the picture). 
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Figure 4.5 SEM picture of Hi Pb prepared while using thiourea as reducing agent 

a) X 1000 b)X 10000 

150 



Chapter 4 The preparation of mesoporous lead 

X- ray microanalysis revealed that the Hi lead prepared by thiourea method contained 

a small amount of oxygen on the surface ( - 3%) as depicted in figure 4.6 whereas the 

material prepared from NaBH4 was more easily covered by oxygen ( - 10% as shown 

on figure 4.7). 
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Figure 4.6 ED AX spectra of Hi Pb prepared while using thiourea as reducing agent. 

15.0 

Figure 4.7 EDAX spectra of HI Pb prepared while using sodium borohydride as 

reducing agent. 
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4.3.2.4 Small angle XRD 

In order to optimise the conditions for the chemical preparation of Hi lead using lead 

acetate and thiourea as reducing agent, small angle XRD were performed for various 

lead acetate/water/surfactant compositions before carrying out the reduction. The lead 

acetate concentration was kept constant at 3.5 M. Recognition of an ordered phase in 

terms of peak intensity, width at half height and repeat distance gave insight into the 

compositions to use to produce an ordered material. 

Figure 4.7a) shows the small angle X- ray dif&actogram of the Hi templating mixture 

lead acetate/water/Brij 76 where the amount of surfactant was fixed at 65 wt %. 

In the small angle region, only one diffraction peak corresponding to an ordered Hi 

phase was observed. This corresponded to a repeat distance dioo= 6.7nm. 

Figure 4.7b) shows the small angle XRD of the templating mixture lead acetate/water/ 

Brij 76 where the amount of surfactant was fixed at 70 vW: %. In the small angle 

region, one dif&action peak corresponding to an ordered Hi phase with a lattice 

parameter of 6.9 nm was observed. When the amount of surfactant was fixed at 75 

wt%, a lattice parameter of 7.2 nm was obtained (figure 4.7c). 

Increasing the amount of surfactant in the templating mixture resulted in a slight 

increase of the lattice parameter. For the various compositions studied, small angle 

XRD confirmed the order of the Hi phase prior chemical reduction and their 

suitability for producing ordered materials as cast of the mesophase upon successful 

reduction and removal of surfactant. 
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Figure 4.7 Small angle X-ray dif&actograms of the H] templating mixture lead 

acetate/water/Brij 76 while varying the amount of surfactant. 
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Figure 4.8 shows the small angle X-ray dif&actogram of the Hi Pb prepared by the 

chemical reduction of lead acetate dissolved in the Hr phase of Brij 76 by thiourea. 

Only a small inflection was observed in the diffraction pattern that corresponds to a 

weak 100 reflection (28 - 1 degree) and confirmed the irregularity of the structure 

observed on the TEM micrographs. 
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Figure 4.8 Small angle X-ray dif&actogram of the mesoporous lead using thiourea as 

reducing agent. dioo= 90.4 Angstroms 
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4.3.2.5 Wide angle XRD 

The wide angle X-ray dif&actogram of mesoporous lead prepared using thiourea as 

reducing agent was recorded and compared to polycrystalline lead. The dif&actogram 

depicted on figure 4.9 revealed the exact cubic crystal structure of the Hi lead powder 

prepared and was in excellent agreement with the ICDS values for polycrystalline 

cubic lead. The results are summarised in table 4.1. 
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Figure 4.9 Wide angle x-ray diffractogram for mesoporous and polycrystalline lead 
powders. 

Peaks ICDS Lead Polycrystalline Lead Mesoporous Lead 

(hkl) 28 Relative 28 Relative 28 Relative 

/degrees Intensity /degrees Intensity /degrees Intensity 

111 31.306 100 31.3 100 31.3 100 

200 36.267 50 36.3 25 36.3 J J 

220 52.230 31 52.1 22.6 52.1 24 

311 62.121 32 62.1 17.4 62.1 20 

222 65.238 9 65.4 8.7 65.4 11 

Table 4.1 XRD data for Hi Pb and polycrystalline Pb compared to ICSD values for 
crystalline cubic (Fm3m) lead. 
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4.3.2.6 BET Nitrogen adsorption 

Nitrogen adsorption studies were carried out on the mesoporous lead prepared from 

Brij 76 and CigEOg to study the surface area and the type of isotherms associated for 

different HI materials. 

Figure 4.10 shows typical adsorption/desorption isotherms obtained for the 

mesoporous lead prepared by the chemical reduction of lead acetate in the H; phase of 

Brij 76 (80 wt % Brij 76, thiourea as reducing agent) which is characteristic of a 

material with only a small amount of mesoporosity that adsorbs at high relative 

pressures. 
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Figure 4.10 BET nitrogen adsorption/desorption isotherms for Hi Pb prepared using 
2 - 1 thiourea as reducing agent. Surface area = 9m g 

Figure 4.11 shows the nitrogen adsorption isotherms for the lead powders prepared 

using thiourea as reducing agent while varying the amount of Brij 76 in the initial 

templating mixture. For the samples prepared 6om 65 and 80 wt % Brij 76 in the 

templating mixture, the isotherms are characteristic of materials with lack of 

mesoporosity (adsorption only at high relative pressure, small surface area). For the 

materials prepared from 75 wt % in the initial mixture, an inflection in the isotherm 

was observed characteristic of a material with a small amount of mesoporosity (higher 

surface area observed 13 m^g'\ average of 3 measurements each made from a 

different batch). 

156 



Chapter 4 The preparation of mesoporous lead 

f 
I 
CD 

I 

25 

20 

15 

10 

5 

0 

/ 
65 wt % Brij 76 : 
6 m V 

J 75 wt % Brij 76 ; 
13 

1 1 1 1 

80 wt % Bnj 76 : 

0.2 0.4 0.6 0.8 

Relative pressure 

Figure 4.11 Nitrogen adsorption isothemis for different lead samples prepared while 

varying the amount of Brij 76 in the templating mixture. 

Figure 4.12 shows the nitrogen adsorption isotherms for the lead powders prepared 

using thiourea as reducing agent while varying the amount of CieEOg in the initial 

templating mixture. 
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Figure 4.12 Nitrogen adsorption isotherms for different lead samples prepared while 

varying the amount of Ci^EOg in the templating mixture. 
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The adsorption isotherms were similar to those observed for the materials prepared 

from Brij 76 and were characteristic of materials with only a small amount of 

mesoporosity (adsorption at relatively high relative pressure). An inflection in the 

isotherm was nevertheless observed for the material with the highest surface area 

measured prepared from 70 wt % CieEOg (average of 3 measurements each made 

from different batch). 

Figure 4.13 shows the nitrogen adsorption isotherms for the lead powders prepared 

using NaBH4 as reducing agent while varying the amount o f Brij 76 in the initial 

templating mixture. 
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Figure 4.13 Nitrogen adsorption isotherms for different lead samples prepared while 
varying the amount of Brij 76 in the templating mixture. 

The adsorption isotherms were similar to those obtained for the materials prepared 

while using thiourea as reducing agent characteristic of materials with only a small 

amount of mesoporosity (adsorption at relatively high relative pressure) even for the 

material with the highest surface area measured prepared from 75 wt % Brij 76 

(13 m^g"' average of 3 measurements each made from different batch). Changing the 

reducing agent did not tend to affect the surface area of the lead powders prepared. 

When compared to the mesoporous platinum powders prepared previously, the 

materials were still characterised by small surface areas with a low degree of 

mesoporosity. 

158 



Chapter 4 The preparation nf mesoporous lead 

4.3.3 Investigations into the electrochemical preparation of mesoporous 

lead 

The ability to electrodeposit platinum films that had an ordered mesoporous structure 

has led to considerable interest in investigating the preparation of other metals. Many 

papers have been devoted to the aqueous crystallization of lead on another metal. In 

weak acidic media, these deposits generally grow through a nucleation process which 

gives well-defined crystallites which are characterised by a cubic lattice (as 

determined by XRD) with different unit cell dimensions depending on the substrate 

metal [11,12]; the formation of metal layer observed in the electrodeposition of Pb on 

inert silver substrate from CI" solution was described for potentiostatic conditions; 

these results showed that in the complex study of the nucleation growth process, 

difficulties arise owing to the structure of the underlying metal itself [13]. The 

electrocrystallization of lead at a gold microelectrode has been reported in DMF 

solutions, the deposit grew through a 3D -nucleation diffusion -controlled process but 

the reduction mechanism of the divalent ion (Pb^ )̂ was not completely understood. In 

order to obtain mesoporous lead films, studies of the electrodeposition of lead in the 

presence of Hi phases have been undertaken. The characteristics of the 

electrodeposition from a solution containing the lead salt (i.e lead tetrafluoroborate 

PbTFB ) and water are shown and compared with another solution containing the 

templating surfactant Brij 56, PbTFB and water. Simultaneously, the influence of 

using several types of gold substrates on the current transient is also shown. As for the 

chemical preparation of mesoporous Pb, XRD and TEM were used to analyse the 

regularity of the structure of the films obtained. 

4.3.3.1 Cyclic voltammetry of the lead salt used for electrodeposition 

The behaviour of the lead based solution was investigated by cyclic voltammetry. 

Lead tetrafluoroborate (50 % in water) was used as the lead precursor. Figure 4.14 

shows a typical cyclic voltammogramm of 0.77 M PbTFB in water at a 1 mm 0 Au 

electrode. The potential was swept between 0 and -0.55 V (starting at 0 V) at 20 

mV/s. 
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Figure 4.14 Cyclic voltammogram of 0.48 M PbTFB in water at 1mm 0 Au electrode. 
Cycled from 0 to -0.55V versus SCE at 20 mV/s. Room temperature. 

It can be seen that hardly any current is passed on the cathodic scan until -0.4 V then 

the current increases suddenly around -0.45 V. The cathodic scan reveals the presence 

of a nucleation loop characteristic of the deposition of lead following the reduction 

Pb^+toPb°. 

Nucleation loops arise &om the deposition of the material onto the electrode: 

deposition induces a physical change of the electrode surface and therefore the 

reactions at its surfaces are changed. This influences the current passed at the 

electrode. In this case, deposition of Pb onto Au occurs first, then when a monolayer 

of Pb has been deposited this is followed by the deposition of Pb onto Pb. Because the 

kinetics of the two reactions are different, the currents are different. When the cyclic 

voltammogram was stopped at -0.4V on the anodic scan and the electrode removed 

from the solution, it was shiny grey in appearance indicating the deposition of Pb on 

the surface. A positive current peak is present in the cyclic voltammogram during the 

anodic scan between -0.17 and -0.35 V which corresponds to the stripping of Pb 6om 

the electrode. As shown on Ggure 4.15, cyclic voltammetry of the same solution while 

sweeping the potential between 0 and -0.6V showed similar behaviour; the potential 

of the reduction of Pb was the same, so was the magnitude of the current. 
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The main difference observed was a larger stripping peak, indicating that a greater 

amount of lead was deposited. 

2.0x10' 

1.5x10' 

1.0x10'^ 

5.0x10" 

-5.0x10' 

.0x10' 

( 1 1 ( 1 

/ n 

1 1 

/ 1 

/ • 
/ 

1 

-0.7 -0 .6 -0.5 -0.4 -0.3 -0.2 0.0 

Evs S C E / V 

Figure 4.15 Cyclic voltammogram of 0.48 M PbTFB in water at 1mm 0 Au electrode. 
Cycled from 0 to -0.6 V versus SCE at 20 mV/s. Room temperature. 

4.3.3.2 Cyclic voltammetry of the lead salt in the H| phase of Brij 56 

The lead precursor was mixed with the nonionic surfactant to produce the templating 

mixture used for the electrodeposition of the mesoporous films. The phase behaviour 

of Brij 56 in water was reported in chapter 2. For 55 wt % Brij 56, a stable Hj phase 

was observed fi-om 25 °C to 62 °C. The phase behaviour of Brij 56 + PbTFB +water 

mixture (55 wt% surfactant) indicated that the lead precursor did not affect the 

mesophase, the Hi phase was even present at higher temperature &om 20 to 74 °C. 

The templating mixture was firstly studied by cyclic voltammetry to investigate the 

effect of the addition of the surfactant on the cyclic voltammograms. Figure 4.16 

shows a typical cyclic voltammogram of the Hi templating mixture made of 55 wt % 

Brij 56 and 45 wt % PbTFB (0.48 M solution in water) at a 1 mm 0 diameter Au 

electrode. The potential was swept between 0 and -0.5 V starting at 0 V at 20 mv/s. 
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Figure 4.16 Cyclic voltammogram of the HI templating mixture made of 55 wt % Brij 
56 and 45 wt% PbTFB (0.48 M in water) at 1mm 0 Au electrode. 
Cycled from 0 to -0.5 V versus SCE at 20 mV/s. Room temperature. 

It can be seen that hardly any current is passed on the on the cathodic scan until 

-0.45V then the current increases suddenly to reach a maximum value at -0.5V. 

Studies in solution showed that scanning towards a more reducing potential from -

0.55 to -0.6 V for instance did not alter the shape of the voltammograms obtained. 

As shown on figure 4.17 a different behaviour was observed in the presence of Brij 

56: when the potential was scanned between 0 and -0.55 V, a nucleation loop was 

observed on the reduction peak (similar magnitude as before with a maximum at 

-0.52 V) but three stripping peaks were observed during the anodic scan between -0.2 

and -0.4V. For the conditions reported, it is suggested that these stripping peaks 

observed correspond to different lead crystal structures deposited during the 

nucleation process which could be confirmed by wide angle XRD studies. 
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Figure 4.17 Cyclic voltammogram of the HI templating mixture made of 55 wt % Brij 
56 and 45 wt% PbTFB (0.48 M in water) at 1mm 0 Au electrode. 
Cycled from 0 to -0.55 V versus SCE at 20 mV/s. 

When compared to the cyclic voltammogram in solution (figure 4.14) while sweeping 

the potential between the same upper and lower values (0 and -0.5V respectively), no 

loop was recorded in the presence of Brij 56 but the main difference is the magnitude 

of the reduction current which is much smaller (-1000 times smaller in the presence 

of surfactant). A positive current is present during the anodic scan between -0.25 and -

0.4 V (stripping of Pb from the electrode) with a magnitude much smaller than the 

one recorded in the absence of surfactant. 

Due to the much higher viscosity of the template mixture compared to the solution, 

slower diffusion through the lyotropic phase is thought to be responsible for the small 

current recorded. Similar behaviour was indeed reported during the electrodeposition 

of mesoporous palladium films from liquid crystal templates [2]. 
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4.3.3.3 Aqueous electrodeposition from lead tetrafluoroborate solution 

The electrodeposition of lead onto a Imm 0 diameter Au disc electrode is described. 

From the cyclic voltammograms obtained in solution (0.77 M PbTFB in water), -0.5 

V was selected as the potential to carry out the electrodeposition. Figure 4.18 shows a 

typical current transient obtained during the electrodeposition of Pb from 0.77 M 

PbTFB in water at room temperature. From the current transient, it can be seen that 

the reduction current rises sharply to -2 mA, as a result of double layer charging 

immediately after the potential step and then decreases quickly to -1.25 mA, where 

nucleation is believed to start. After 20 s, the reduction current increases gradually ( -

plateau until 100s) then increases even more from 100 to 200 s. The rate of 

electrodeposition is still increasing in this region (no steady state reached in this short 

period of time) suggesting a rough deposit on the Au surface. 
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Figure 4.18 Typical current transient for the electrodeposition of Pb 6om 0.77 M 

PbTFB in water at -0.5 V/SCE on a 1mm 0 Au disc electrode at room temperature. 

Charge passed during deposition ca.4 mC 
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4.3.3.4 Electrodeposition of H| Pb using the lyotropic hexagonal phase of 

Brij 5 6 

The following describes the different lead electrodepositions carried out onto different 

substrates. The electrodeposition of mesoporous pb onto a Imm 0 diameter Au disc 

electrode and onto Au evaporated on a glass substrate is described. The latter made 

the analysis by XRD and TEM possible. From the cyclic voltammograms obtained in 

the presence of Brij 56, -0.5 V was selected as the potential to carry out the 

depositions. In the presence of Brij 56, cycling between 0 and -0.5 V revealed only 

one stripping peak which was assumed to correspond to only one form of lead crystal 

structure deposited on the surface of the electrode. 

Figure 4.19 shows a typical current transient obtained during the electrodeposition of 

Pb 6om a templating mixture containing 55 wt % Brij 56 and 45 wt % PbTFB 

(0.77 M in water) at -0.5V on a 1 mm 0 Au disc electrode. Knowing the surface area 

of the electrode (0.785 mm^) a current density of 0.382 mAcm was measured. 
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Figure 4.19 Typical current transient for the electrodeposition of mesoporous Pb fi-om 
55 wt % Brij 56 + 45 wt% (0.77M in water) at -0.5V/SCE on a 1 mm 0 Au electrode 
at room temperature. Charge passed during deposition ca. 0.5 mC 
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From the current transient, it can be seen that the reduction current rises to ca.-15 pA, 

as a result of the double layer charging immediately after the potential step and then 

decreases very sharply to -3pA, where nucleation is believed to start and finally 

reaches a plateau at -4|iA after 40 s. AAer 200 s deposition, the electrode was covered 

by a shiny and adherent grey film visible on the surface. When comparing with the 

aqueous deposition on the same electrode, much smaller currents were recorded in the 

presence of the Brij 56 surfactant due to slower diffusion through the lyotropic Hi 

phase. 

Figure 4.20 shows the current transient obtained during the electrodeposition of 

mesoporous Pb on gold evaporated on glass (1 cm^ surface area). These substrates 

were used to carry out XRD and TEM studies. This time, the current rises quickly to a 

maximum at ca. -480 |iA decreases quickly to -300p.A over 500 s and then decreases 

to reach -150 |iA after 3600s. For a 1 cm^ surface area electrode, a current density of 

0.25 mAcm'^ was measured. 
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Figure 4.20 Typical current transient for the electrodeposition of mesoporous Pb from 
55 wt % Brij 56 + 45 wt% (0.48 M in water) at -0.5V/SCE on an Au substrate made 
&om evaporation of Au on glass. Electrode area Icm^.Charge passed during 
deposition ca.750 mC 

166 



Chapter 4 The preparation of mesoporous lead 

The curve shown in figure 4.20 presents a noticeable difference to the one shown in 

figure 4.19 for the electrodeposition of Hj Pb on An disc electrode. In both cases, the 

current minimum is reached very quickly following a huge drop but in the case of the 

disc electrode the current reaches a plateau very rapidly. 

This can be explained by a slower nucleation and growth process ; alternatively the 

area covered could also account for this difference in the timescales. 

4.3.3.5 Analysis of the films obtained 

The lead deposit on gold has been stored under nitrogen atmosphere to prevent 

oxidation and then was analysed by XRD and TEM. The small angle XRD on figure 

4.21 for the template mixture and the deposit obtained with Brij 56 shows only one 

diffraction peak in the small angle region v îth a lattice parameter of 6.2 nm (lead 

deposit). 
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Figure 4.21 Small angle XRD Hi Pb and template mixture 

dioo= 6.2 nm (lead deposit) 
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The TEM micrographs on figure 4.22 reveals the porosity of the material obtained 

using Brij 56 in the templating mixture. 

Figure 4.22 TEM micrographs of Hi Pb electrodeposited from 55 wt % Brij 56 + 45 
wt% (0.77 M in water) at -0.5V/SCE on an Au substrate made from evaporation of Au 
on glass. 
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4.3.4 Discuss ion on the preparation of H| lead 

4.3.4.1 Chemical preparation of H| lead 

The most successful method for preparing mesoporous Hi Pb was the reduction of 

lead acetate by thiourea. TEM studies of the material revealed a mesoporous structure 

with only a small amount of regularity (porous but disordered). The lack of long range 

regularity in the structure was shown by XRD where only a weak diffraction peak was 

observed in the small angle region. The surface area of the Hi lead powder prepared 

by thiourea (13 m^g'') was considerably less than for example the analogous 

Hi platinum (46 m^g'̂ ). Although similar surface area could be obtained using NaBH4 

as reducing agent, the structure of the lead powder obtained was more disordered as 

was revealed by TEM studies. There are two hypothesis as to why the different 

reduction methods produced different materials: 

i) Rate of reduction: 

The different methods that were tested reduced lead acetate at different rate. The 

sodium borohydride reduction was very fast compared to the thiourea reduction. 

When the lead is being produced very rapidly, the structure may grow regardless of 

the phase and produce a different material. Thiourea reduced the lead precursor 

moderately quickly and so the pore structure of the resulting lead powder was more 

ordered, 

ii) Effect of reducing agent on the phase: 

Although the phase behaviour of the polyoxyethylene surfactants in the presence of 

lead acetate was well known, the effect of the reducing agent was not characterised. 

For instance it would have been expected that sodium borohydride as a stong reducing 

agent might alter the phase behaviour of the surfactants investigated. Moreover, the 

gas evolved during the reduction process might also affect the template mixture. 
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4.3.4.2 Surface area of the chemically prepared H| Pb 

Nitrogen adsorption studies for the materials prepared from different surfactant 

systems revealed adsorption isotherms at high relative pressure which are 

characteristic of materials with only a small amount of mesoporosity. In the best 

cases, only a small inflection of the isotherms in the mesoporous domain was 

observed and the surface area (13 m^g ') was smaller than expected. On the basis of 

lead being less dense than platinum for instance, the Hi lead powders should have an 

higher specific surface area. From the results obtained, a few hypotheses as to why the 

lead powders prepared have small surface area can be made; 

i) Although for the material prepared from thiourea a nanoporous ordered structure 

was observed on the edge of the sample, majority of the particles analysed were 

nanoporous but disordered. This non regular distribution of pores can affect the 

resulting surface area of the material. 

ii) Lead has a great tendency to oxidise readily to lead oxide as was shown from 

ED AX studies where oxygen was detected on the surface of the material. The oxide 

formation could lead to a blocking of the pore system resulting in a decrease of the 

surface area of the powders. 

iii) BET nitrogen adsorption was used to characterise the surface area of the different 

Hi lead prepared. Although this technique is widely used for noble metals where the 

gas can be readily adsorbed and desorbed from the surface, nitrogen might not be as 

inert for a non-noble metal such as lead and might not be a suitable choice of 

adsorbant to characterise the surface area of the powders prepared. The porosity of 

these materials could be evaluated by argon as adsorbant to assess if any difference in 

surface area is noticeable. 
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4.3.4.3 Electrochemical preparation of H, lead 

Investigations on the electrochemical preparation of Hi Pb have shown it is possible to 

prepare mesoporous lead &om Brij 56 lyotropic H; phase. Lead tetrafluoroborate was 

shown to be a suitable precursor for the electrodeposition of a coherent and ordered 

mesoporous fihn on the surface of an Au supporting electrode. Cyclic voltammetry 

studies in solution and in the presence of the surfactant were necessary to evaluate the 

behaviour of the lead precursor and to select a correct potential for the potential step 

deposition. Although these studies were not exhaustive, the results reported the ability 

to produce ordered mesoporous films using this technique. 
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4.4 Conclusion and further work 

The results reported in this chapter showed it is possible to chemically produce 

mesoporous lead using the lyotropic Hi phase of polyoxyethylene surfactants systems. 

Although TEM studies revealed some ordered nanostructure within the materials, 

small angle XRD revealed that this structure was not well ordered. The lead powders 

had a surface area of 13 m^ g'\ From the wide angle dif&action, the material obtained 

was polycrystalline and characterised by an exact cubic crystal structure in good 

agreement with the values for polycrystalline lead (ICDS database). Electrodeposition 

was shown to be a powerfbl technique to prepare coherent and nanostructured films: 

an adherent and homogeneous surface coverage of the supporting electrode was 

observed after an hour electrodeposition at room temperature. XRD revealed a single 

peak in the small angle region characteristic of an ordered periodic structure. TEM 

revealed the porosity of the material obtained. The results obtained during these 

investigations demonstrate the ability to use the templating method to produce 

nanostructured films. 

Further work: 

Although the study of the chemical preparation of mesoporous lead has been fairly 

exhaustive, there are still a number of issues to be addressed: 

# Lead acetate was shown to be a suitable precursor for the production of H; lead 

but other sources should be investigated. The suitable metal salt must be highly 

soluble in water but must not significantly affect the phase forming properties of 

the surfactant. 

# The main difficulty encountered was to identify suitable methods of reducing the 

lead precursor vyithout affecting the phase behaviour of the surfactant. The 

reduction must be carried out at a correct rate to replicate the aggregate structure 

of the template and the reaction by products must be easily removed. Other 

reducing agents should be investigated to optimise the process. 

# To address the stability of the materials, oxidation should be prevented by keeping 

the lead material in a reducing environment. 
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Investigations into the electrochemical preparation of mesoporous lead were 

successful. The aim of the research was to show it is possible to use the direct 

templating method to prepare nanostructured lead fihns electrochemically. Although 

only one system was really investigated, electrodeposition was shown to be an 

attractive route as the rate of the reduction can be controlled and the reaction by-

products are minimised because the reduction is electrochemical. Further work on the 

electrochemical preparation include: 

# Investigating the phase behaviour of Brg surfactants + water + lead 

tetrafluoroborate using polarised light microscopy. 

# Investigating different templating compositions at different temperatures. 

Increasing the lead precursor concentration and the reduction temperature should 

increase the deposition rate [14]. 

# Finally, the potential applications of the nanostructured lead deposit should be 

addressed: porous electrodes have a wide field of applications and are commonly 

used in batteries and fuel cells [15]. Due to their regularity of structure and 

porosity, the mesoporous films prepared could become of commercial importance 

in the lead -acid battery technology. 

173 



Chapter 4 The preparation of mesoporous lead 

4.5 References 

1. A H Whitehead, JMElliott, JROwen, G S Attard, CAem.Co/M/MWM.,331 (1999). 

2. S Guerin, PhD Thesis, Department of Chemistry, University of Southampton 

(1999). 

3. M C Sneed, R C Brasted, Comprehensive Inorganic Chemistry, Vol.VII, The 

Elements and Compounds of Group IVA, D Van Nostrand Company Inc (1958). 

4. J W Winckel, D M Rice, Jo/" fower 73,3 (1998). 

5. D Greninger, Lead Chemicals, International Lead Zinc Research Organisation Inc 

(1958). 

6. B G Slay, B G Carb^al, 306 (1993). 

7. G N Glavee, K J Klabunde, C/ze/M., 32,473 (1993). 

8. G S Attard, P N Bartlett, N R B Coleman, J M Elliott, J R Owen, &zgMcg,278,838 

(1997). 

9. A T Kuhn, The Electrochemistry of Lead, Academic Press (1979). 

10. D J Mitchell, G J T Tiddy, L Waring, T Bostock, M P Mc Donald, 

ZraMj'. 1, 79,975 (1983). 

11. E Lojou, M Devaud, M Troupel, J Perichon,J^ZgcrocAem.5'oc. 140, 8,2157,(1993). 

12. S Fletcher, C S Halliday, D Gates, M Westcott, t Lwin, G Nelson, J 

159,183, 267 (1983). 

13. D J Astley, J A Harrison, H R Thirsk, 19, 325, (1968). 

14. J M Elliot, G S Attard, P N Bartlett, N R B Coleman, D A S Merckel, J R Owen, 

CAg7M.M3rgr,ll, 3602 (1999). 

15. G Lindbergh, 42,8,1239 (1997). 

174 



Chapter 5 The preparation of mesoporous alloys of platinum 

Chapter 5 

The preparation of mesoporous alloys 

of platinum 

175 



Chapter 5 The preparation of mesopnrniis alloys of platinum 

5.1 Background and objectives 

The abihty to produce binary intermetallic materials that have a uniform dispersion of 

the constituents metals is of considerable importance for the development of new 

catalysts. In many cases, alloying affords materials whose catalytic 

activity/performance is enhanced significantly in comparison with that of the 

constituent metals [1]. Recent developments in fuel cell catalysis have shown that the 

modification of platinum by ruthenium in the form of an alloy does improve CO 

tolerance compared with pure platinum over a wide range of conditions [2-6]. 

Moreover the ruthenium alloyed catalyst exhibits lower overpotendals and extended 

lifetime compared to the platinum. In the control of automotive pollutants, Pt/Rh 

three-way catalysts were shown to be very effective to lower emissions from 

automobiles [7]. The performance of the Pt/Rh catalyst was described in terms of 

platinum-rhodium synergism [7]. Thus, it is reasonable to expect that the production 

of binary alloys of platinum that combine high specific areas, controllable pore 

diameters and a uniform distribution of metal species will impact on a wide range of 

catalytic processes. 

The subject of the work presented in this chapter is a study of the chemical synthesis, 

characterisation and properties of mesoporous platinum based alloys from surfactant 

systems. The main focus was the preparation of mesoporous platinum-ruthenium (Hi -

Pt/Ru) and platinum-rhodium alloys (Hi -Pt/Rh) alloys from Brij 76 surfactant. The 

objectives of the work are summarised below: 

1 - To investigate chemical methods of preparing mesoporous Pt-Ru alloys using the 

lyotropic hexagonal phase of Brij 76, while varying the amount of metal salts so 

as to produce alloys with various ratios of platinum to ruthenium. 

2- To investigate chemical methods of preparing mesoporous Pt-Rh alloy using the 

same surfactant. The amounts of salts were chosen so as to produce an alloy with 

a nominal 1:1 atomic ratio of platinum to rhodium. 

3- To investigate the electrochemical preparation of mesoporous Pt-Ru alloy in the 

Hi phase of Brij 76. 
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4- To characterise the mesoporous Pt-based alloys on a micron and nanometer scale, 

specificaly, surface area, regularity of the structure, crystal structure and evidence 

of alloy formations. 
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5.2 Experimental 

The experimental work is divided into three sections. The first of these describes the 

chemical preparation of Hi -Pt/Ru and Hi -Pt/Rh alloys from Brij 76 where several 

methods were investigated. Following on from this, the electrochemical preparation of 

Hi -Pt/Ru is described and finally the characterization data for Hj -Pt/Ru and Hi -Pt/Rh 

materials are presented.. 

5.2.1 Chemical preparation of H| -Pt/Ru and H, -Pt/Rh alloys 

5.2.1.1 Background on chemical preparation of Pt-Ru and Pt-Rh 

Several methods have been used for the preparation of platinum-ruthenium alloys. 

The most convenient method is the reduction of mixed salt solutions at low 

temperature to produce homogeneous alloys: Mc Kee gf a/, reported the chemical 

reduction of platinic acid and ruthenium chloride in water with a 5% solution of 

sodium borohydride (NaBH)) added dropwise to the stirred mixtures [8]. The 

coagulated catalysts were washed to remove traces of chlorides, dried in air at 100 °C 

then reduced in flowing Hz at 300 °C for 3 hours.In some cases, reduction was carried 

out using 85 wt % hydrazine hydrate solution. BET adsorption revealed surface area 

varying from 3 to 12 m^g'\ X-ray dif&action studies of the product showed the alloy 

preparation to be homogeneous and true solid solutions of ruthenium in platinum up 

to 50 wt % ruthenium [8]. Using the same metal precursors, formaldehyde mixed with 

potassium hydroxide was also reported as an effective reducing agent in the chemical 

preparation of Pt-Ru catalysts for the methanol electrode of methanol air fuel cell [9]. 

Bimetallic alloy particles supported on high surface area carbon find widespread 

applications as electrodes materials. The choice of precursor molecules and formation 

conditions in the preparation of the bimetallic Pt-Ru catalysts affect strongly the 

dispersion and the compositional homogeneity of the alloy clusters [10]. As 

mentioned in the introduction, Watanabe ef a/, reported the preparation of highly 

dispersed Pt-Ru alloy clusters based on the co-deposition of fine oxides of platinum 

and ruthenium followed by reduction with hydrogen bubbling. Pt and Ru oxides were 

precipitated from their respective chloride compounds with hydrogen peroxide as the 

oxidation agent. 
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This method produced supported Pt-Ru alloy clusters with specific surface areas of 

around SOm ĝ'̂  [11]. Radmilovic gf aZ. reported similar preparations with the m^or 

difference being that both Ru and Pt were present in the impregnation solution as 

sulfite colloidal complexes [10]. 

5.2.1.2 Preparation of H| -Pt/Ru alloys 

Previous studies in our group showed that in spite of the polydispersity of the 

ethylene-oxide headgroup when compared to the more expensive Ci6 EOg, the Hi 

liquid crystalline phase of Brij 76 can be used to produce high quality hexagonaly 

nanostructured silicas and metals [12]. Our approach to the synthesis of mesoporous 

bimetallic platinum alloys is very similar to the method reported fbr the synthesis of 

Hi Pt. The only modification was the co-reduction of two metals salts in the Hi phase 

of Brij 76. 

Hexachloroplatinic acid hydrate, HCPA, (3.0g) and ruthenium trichloride (1.52g) 

were dissolved in 2.84 ml of deionised water contained in a sealable glass vial. The 

amounts of salts were initially chosen so as to produce an alloy with a nominal 1:1 

atomic ratio of platinum to ruthenium. Brij 76 (9.0g) was added to the solution and 

the mixture was mixed vigorously using a plastic spatula. The vial was sealed, heated 

to ca 80°C using a hot air gun, and while hot was mixed using a vortex mixer. The 

heating/mixing process was repeated three times and the mixture was allowed to stand 

fbr 4 hours at room temperature. A sample was withdrawn 6om the clear dark grey-

green mixture and viewed as a thin film under polarising microscope. The sample 

exhibited a uniform optical texture characteristic of the H, phase of Brij 76. Sodium 

borohydride (0.3g dissolved in 6 ml water) was added dropvyise to the mixture with 

vigorous stirring over a period of 20 minutes. The reaction mixture was sealed and 

allowed to stand at room temperature for 2 hours. The contents of the vial were 

transferred to a conical flask and stirred with 200 ml deionised water for 3 hours. 

Solids were isolated by centrifugation (2500 rpm fbr 20 min). The 

washing/centrifugation procedure was repeated six times, and after the final wash the 

solids were dried in an oven for 12 hours to afford a fine black powder. This material 

is refered to as Hi-Pt/Ru. In a separate experiment, HCPA (3.0g) and ruthenium 

trichloride (0.586g) were dissolved in 2.84g deionised water in a sealable glass vial so 

as to produce an alloy with 5:1 atomic ratio of platinum to ruthenium. Brij 76 (9g) 

was added to the solution and the same reduction method as before was used. In order 
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to prepare a 3:7 atomic ratio of platinum to ruthenium using the same reducing agent, 

1.75 g ruthenium trichloride and 0.657g HCPA were dissolved in 2.84 g deionised 

water. Finally, using a nominal 1: 1 atomic ratio of platinum to ruthenium another 

reducing agent consisting of a mixture of 0.5g KOH in 2.5 ml deionised water mixed 

with 2.5 ml formaldehyde (40 % solution in water) was used in place of sodium 

borohydride. 

5.2.1.3 Preparation of HI -Pt/Rh alloy 

The synthetic procedure to produce the Hi -Pt/Rh alloy was identical to that for Hj-

Pt/Ru alloy but employed rhodium sulfate (4.5g) instead of ruthenium trichloride. The 

amounts of salts were chosen so as to produce a 1:1 atomic ratio of platinum to 

rhodium. Sodium borohydride was used as reducing agent (0.3g dissolved in 6 ml 

water). Due to the cost of the metal salts precursors, one only one composition of the 

alloy was prepared. 

5.2.2 Investigations on the electrochemical preparation of H| -Pt/Ru 

Electrochemistry experiments were performed with a three electrode system under 

potentiostatic control. The cyclic voltammograms and current transients were 

recorded by computer.All counter electrodes were made of platinum gauze. They 

were washed with deionised water and flamed over a bunsen flame just before use in 

order to remove any contaminants. The reference electrodes used were Saturated 

Calomel Electrodes (SCE). All electrochemical potentials are quoted with respect to 

the saturated calomel electrode. The working electrode consisted of a 1mm 0 Au disc 

electrode for the cyclic voltammetry studies. These electrodes were polished using 

sand paper and alumina with particle size ranging from 25 pm to 3 |im. After 

polishing the electrodes were rinsed with deionised water. Electrodeposition (current 

transient experiments) were performed on these electrodes and also on 1 cm^ Au 

electrodes that were made by evaporating a thin layer of gold onto a glass substrate. 

180 



Chapter 5 The preparation of mesopnrniis alloys of platinum 

5.2.2.1 Cyclic voltammetry 

For the cyclic voltammetry in solution, HCPA (0.1 M) and ruthenium trichloride 

(O.IM) in H2SO4 (2M) were used (nominal 1:1 atomic ratio of platinum to 

ruthenium). Cyclic voltammograms were recorded at room temperature at a scan rate 

of 20 mV/s. 

5.2.2.2 Current transient experiments 

During the electrodepositions, the current transients were recorded on isotropic 

solutions identical to the solutions used for cyclic voltammetry (HCPA (0.1 M) and 

ruthenium trichloride (0.1 M) in H2SO4 (2M)). Potential step depositions were then 

carried out on templating mixtures consisting of 65 wt % Brij 76 and 35 wt% (O.IM) 

H2PtCl6/RuCl3 in H2SO4 2M at room temperature (nominal 1:1 atomic ratio of 

platinum to ruthenium). When using higher surface area electrodes, electrodepositions 

were also carried out at 40 '̂ C using the same templating mixture. Various deposition 

times depending on the geometry of the Au working electrode (surface area) were 

investigated. 

5.2.3 Characterisation 

Characterisation of the chemically prepared Pt alloys was carried out by TEM to 

determine the materials'structure on a nanometer level. Nitrogen 

adsorption/desorption was used to determine the specific surface areas of the powders 

prepared, small angle X-ray diffraction to deduce pore to pore distance and 

mesophase structure, wide angle X-ray diffraction and Extended X-ray Fine Structure 

Adsorption (EXAFS) were employed to conclude whether or not HrPt/Ru and Hi-

Pt/Rh were intermetallic materials. 

For the electrochemical preparations, the thin films deposited on the Au electrode 

were analysed by cyclic voltammetry in 2M H2SO4. Small angle and wide angle X-

ray diffraction were carried out to study the mesophase structure and crystal structure 

of the deposited film. Finally, the thin fihns were grounded and investigated by TEM 

to determine the structure on a nanometer level. 
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5.3 Results and discussion 

This section contains the results that were obtained from the various analytical 

methods used to determine the nanostructure, porosity and chemical composition of 

the Hi Pt alloys. 

5.3.1 Chemical preparations of Hi -Pt/Ru and H| -Pt/Rh 

5.3.1.1 TEM 

Representative TEM micrographs obtained for the mesoporous Hi-Pt/Ru prepared 

using NaBH4 as reducing agent with a 1 .T atomic ratio of platinum to ruthenium are 

depicted in figure 5.1. 

Figure 5.1 TEM micrographs of Hj-Pt/Ru prepared by NaBH4, 1:1 atomic ratio of 
platinum to ruthenium. 

Using NaBH4 as reducing agent and a nominal 1:1 atomic ratio of platinum to 

ruthenium in the templating mixture, the material exhibits an ordered nanostructure 

consisting of cylindrical pores of uniform diameter disposed in an hexagonal 

arrangement with respect to one another. 

Measurements taken from the micrographs indicate that Hi -Pt/Ru has a pore diameter 

of 17 (±1) A and a wall thickness at the point of nearest contact between the pores of 

34(±2) A. 

182 



Chapter 5 The preparation of mesopnrniis allovs of platinum 

Figure 5.2 (a-b) show the TEM results for the Hi-Pt/Ru prepared using the same 

reducing agent while varying the atomic ratio of platinum to ruthenium.The results 

obtained from the Hi material prepared from HCHO+ KOH while using a nominal 1:1 

Pt/Ru atomic ratio are also shown on figure 5.2 (c-d) for comparison. 

Figure 5.2 TEM micrographs of a) Hi -Pt/Ru 5:1 Pt/Ru atomic ratio, b) Hj-Pt/Ru 3:7 
Pt/Ru atomic ratio. The 2 materials were prepared by NaBH4 reduction. c,d) Hi-Pt/Ru 
1:1 Pt/Ru atomic ratio prepared by HCHO+KOH reduction. 

For a 5:1 atomic ratio of platinum to ruthenium, the micrograph in figure 5.2 a) 

reveals the porosity of the material obtained. Though porous, the material has a less 

ordered structure than that obtained for the alloy with a 1:1 ratio of platinum to 

ruthenium. 

In a similar way, the porosity of the material prepared when increasing the amount of 

ruthenium in the initial mixture (3:7 atomic ratio of platinum to ruthenium) is evident 
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60111 figure 5.2 b) but the structure of the material is less ordered than the one 

obtained with a 1:1 Pt/Ru atomic ratio (figure 5.1). 

For a 5:1 atomic ratio, measurements taken from the micrographs indicate that Hi Pt-

Ru is characterised by a pore diameter of 20 (±2) A and a wall thickness at the point 

of nearest contact of 40 (±2) A whereas the catalyst prepared &om a 3:7 Pt/Ru atomic 

ratio can be characterise by 25 (±2) A diameter pores separated by 20 (±2)A walls. 

Although for these 2 materials it is difficult to determine pore size with accuracy 6om 

the micrographs (very dark materials), the catalysts seems to become more porous as 

the ruthenium content in the initial mixture is increased. 

The TEM results of the Hj Pt-Ru prepared from a nominal 1:1 atomic ratio of 

platinum to ruthenium using a mixture of HCHO + KOH (figure 5.2c and d) confirm 

the porosity of the material but are characteristic of a disordered structure. 

TEM was also employed to visualise the nanostructure of the H, Pt-Rh powders 

prepared from a nominal 1:1 atomic ratio of platinum to rhodium while using the 

same reducing agents as before .The results are shown in figure 5.3. 
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Figure 5.3 TEM micrographs of a) Hi -Pt/Rh prepared by Na BH4 reduction, 
b) Hi -Pt/Rh prepared by HCHO+KOH reduction. For the 2 materials, the amount of 
salt was chosen so as to produce a nominal 1:1 Pt/Rh atomic ratio. 

The TEM micrograph in figure 5.3a shows the porosity of the catalyst obtained using 

NaBH4 as reducing agent. A more disordered structure than the one observed for Hi 

Pt-Ru (1:1 atomic ratio) is evident. Measurements taken from the micrograph indicate 

that Hi Pt-Rh has a pore diameter of 20 (±2) A and a wall thickness at the point of 

nearest contact of 40 (±2) A. Although porous, the Hi Pt-Rh prepared from HCHO+ 

KOH is characterised by a similar disordered structure with similar pore diameter 25 

(±2) A but the wall thickness is smaller 20 (±2) A than the material prepared from 

NaBH4 (figure 5.3b). Table 1 summarises pore diameters and wall thicknesses for the 

various Hi Pt/Ru and Hi Pt/Rh alloys prepared by varying the atomic ratio and 

reducing agent. 

Alloy Atomic ratio Reducing agent Pore diameter 

A(± 2 A ) 

Wall thickness 

A(± 2 A) 

Hi Pt/Ru 1:1 NaBHzi 17 34 

Hi Pt/Ru 5:1 NaBH4 20 40 

Hi Pt/Ru 3:7 NaBH4 25 20 

Hi Pt/Rh 1:1 NaBH4 20 40 

Hi Pt/Rh 1:1 HCHO + KOH 25 20 

Table 1. Pore c iameters and wal thicknesses for various Hi Pt/Ru and Hi Pt/Rh alloys 

chemically prepared by varying the atomic ratio and reducing agent. Measurements 

obtained from the TEM micrographs. 
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5.3.1.2 Small angle XRD 

Small angle XRD was used to determine the repeat distance between pores and the 

order of the phase. For the Hi Pt-based catalysts described in this chapter, only one 

peak was observed in the difGraction patterns. This corresponds to the (100) reflection. 

Before carrying out the reduction, small angle XRD were obtained from the 

"templating mixture" consisting of H2PtCl6/RuCl3/Brij 76 (75 wt % in water). 

The X-ray diffractogram (figure 5.4) exhibits only one diffraction peak in the small 

angle region corresponding to an ordered hexagonal phase with a lattice parameter of 

7.2 nm. 
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Figure 5.4. Small angle XRD : H; phase templating mixture (75 wt % brij 76) 
dioo= 7.2 nm 

The product obtained by the chemical reduction of the templating mixture by NaBHL* 

has also been characterised by small angle XRD to study the order of the structure of 

the material obtained. The X-ray dif&actogram in figure 5.5 shows only one 

dif&action peak in the small angle region corresponding to an ordered hexagonal 

structure with a lattice parameter of 6nm. 
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Figure 5.5. Small angle XRD of mesoporous Pt-Ru catalyst dmo = 6nm 

The products obtained by the chemical reduction of the templating mixture by NaBH4 

(Pt/Ru=5/land Pt/Ru=3/7 molar ratio) were also characterized by small angle XRD 

The X ray diffractogram in figure 5.6 for Pt/Ru=5/1 (molar ratio) shows a broad 

dif&action peak in the small angle region with a smaller intensity than the one 

recorded for the nominal 1:1 material depicted in figure 5.5.The broad diffraction 

corresponds to a less ordered hexagonal structure which confirmed the less odered 

structure observed by TEM. The lattice parameter was estimated to be around 6.3 nm. 

The X ray diffractogram in figure 5.7 (Pt/Ru=3/7) shows only one diffraction peak in 

the small angle region corresponding to an ordered hexagonal structure with a lattice 

parameter of 5.2 nm. 
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Figure 5.6. Small angle XRD of mesoporous Pt/Ru catalyst (Pt/Ru-5/1 molar ratio) 

dioo=6.3 nm. 
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Figure 5.7. Small angle XRD of mesoporous Pt/Ru catalyst (Pt/Ru=3/7 molar ratio) 
dioo= 5.2 nm. 
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Small angle XRD results obtained on the materials prepared while varying the atomic 

ratio of platinum to ruthenium in the initial templating mixtures tend to show^ that, as 

the ruthenium content in the initial mixture increased, a contraction in the lattice 

parameter is observed. For comparison the Hi platinum prepared by steel reduction 

using the lyotropic H; phase of Brij 76 (75 wt %) was also characterised by a single 

100 small angle diffraction peak corresponding to a lattice parameter of around 6 nm. 

This result is very similar to the results obtained for the Hi -Pt/Ru materials prepared 

6om NaBH4 as reducing agent. 

5.3.1.3 Wide angle XRD 

Wide angle X-ray diffraction was employed to investigate whether or not Hi -Pt/Ru 

was indeed an intermetallic material. The diffractogram depicted in figure 5.8 for Hi -

Pt/Ru (1:1 atomic ratio of platinum to ruthenium) shows four reflections that are in 

excellent agreement with those reported for nanoparticulate Pt/Ru alloy with a 

nominal Pt/Ru ratio of 1:1 which was prepared by co-reduction in an isotropic 

reaction mixture[13]. 
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Figure 5.8. Wide angle XRD of mesoporous Pt/Ru catalyst (Pt/Ru =1:1 molar ratio) 

prepared from NaBH4. 
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Comparison of the wide angle dif&action data of Hi Pt/Ru, with that of bulk platinum 

or platinum black indicates that Hi Pt/Ru has an fee stucture (Fm3m space group). 

The X-ray dif&action data are summarised in table 2. 

Bulk platinum 

(Fm3m) 

Platinum black Hi-Pt Hi" Pt/Ru 

hkl d/A I/a.u. d/A I/a.u. d/A I/a.u. d/A I/a.u. 

111 2.2650 100 2.26 100 2.25 100 2.24 100 

200 1.9616 53 1.96 54 1.96 54 1.95 48 

220 1.3873 31 1.38 29 1.38 2 9 1.37 27 

311 1.1826 33 1.18 31 1.19 31 1.18 30 

Table 2. Summary of wide angle X-ray diffraction data obtained using Cu K î 

radiation (A, = 1.5405 A) for bulk platinum [14], platinum black, Hi-Pt and Hi-Pt/Ru. / 

denotes the intensity of the dif&action peaks, and their position in real space. 

The contraction in the lattice parameter, evidenced by the shift of the reflections to 

shorter distances, is consistent with the smaller size of ruthenium compared to 

platinum. Confirmation of the intermetallic nature of the Hi Pt/Ru material, as well as 

of the uniform distribution of the metallic components was achieved using EXAFS. 

5.3.1.4 Extended X-ray Fine Structure Adsorption 

Confirmation of the intermetallic nature of the Hi-Pt/Ru material, as well as of the uniform 

distribution of the metallic components was achieved using EXAFS. The weighted Fourier 

transforms of the Pt Lni and Ru K edge EXAFS data are shown in Figure 5.9 and 5.10 

respectively. Structural parameters obtained by fitting the data are summarised in Table 2. The 

fit to the Pt Liii edge data Hi-Pt/Ru indicates that the first shell Pt-Pt co-ordination number is 

5.4 (±0.3) while the first shell Pt-Ru co-ordination number is 2.9 (±0.2). The Pt-Pt co-

ordination distance obtained from the fit is 2.737 (±0.002) A, compared with a distance of 

2.742 (±0.002) A for Hi-Pt prepared from Brij76 (data not shown). This reduction in co-

ordination distance on alloying is consistent with previous EXAFS investigations of Pt/Ru 

particles supported on carbon [15], and with the wide angle X-ray diffraction data. 

190 



Chapter 5 The preparation of mesonnrnns alloys of platinum 

The fit to the Ru K edge data indicates a Ru-Ru first shell co-ordination number of 3.2 (±0.3) 

and a Ru-Pt first shell co-ordination number of 2.7 (±0.4). The latter is in excellent agreement 

with the value obtained &om the fit to the Pt Lm edge data, confirming that Hi-Pt/Ru consists of 

a well-mixed 1:1 alloy of the two metals. 

The presence of an oxygen neighbour in the first co-ordination shell of Ru indicates that Hi-

Pt/Ru is slightly oxidised, with the oxide forming preferentially at the ruthenium sites. 

<C 20 

R/A 
Figure 5.10 weighted (%(^ x Â ) Fourier transform of Pt Lm EXAFS data for Hr 

Pt/Ru (dark curves) and theoretical fits to data (pale curves); the fitting parameters are 

defined in the legend to Table 3. The Fourier transforms have been phase corrected 

for backscattering by the Pt and Ru near-neighbour contributions respectively. Hi-

Pt/Ru powder was mixed with boron nitride in an amount which gave an edge step of 

0.5 in the hi(7o/7) plot at the Pt Lm edge. The mixture was pressed into a wafer which 

was mounted in a cryostat. XAS data were collected using the transmission data 

collection mode with the sample at liquid nitrogen temperature. All data were 

collected on Wiggler station 9.2 of the Synchrotron Radiation Source (SRC) at 

Daresbury, UK. The ring operated with 2.0 GeV energy and 100-250 mA current. 

191 



Chapter 5 The preparation of mesopnrnns alloys of platinum 

The station was operated with a Si(220) double crystal monochromator, which was 

detuned to 50% intensity for the Pt Lm edge and to 70% for the Ru K edge, to 

minimise the presence of higher harmonics. Three ion chambers, optimised for the 

appropriate edge energy, were used in series to measure the intensities of the incident 

beam (/o), the beam transmitted by the sample (/,) and the beam subsequently 

transmitted by a Pt foil or Ru powder sample (7;̂ ). The reference materials were used 

for internal calibration of the X-ray beam energy. 

Figure 5.11. weighted x Fourier transform of the Ru K edge EXAFS data 

for Hi-Pt/Ru (dark curves) and theoretical fits to data (pale curves); the fitting 

parameters are deGned in the legend to Table 3. 
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Sample 

(Edge) 

Neighbour N R/A 2 a W Ef/eV R(EXAFs)/ 
% 

Hi-Pt/Ru 

(Pt Lni) 

Pt-Pt 5.4 (±0.3) 2.737 

(±0.002) 

0.013 -10.1 38 Hi-Pt/Ru 

(Pt Lni) 

Pt-Ru 2.9 (±0.2) 2.709 

(±0.003) 

0.014 

-10.1 38 Hi-Pt/Ru 

(Pt Lni) 

Pt-Pt 1.4 (±0.7) 3.81 (±0.02) 0.015 

-10.1 38 

Hi.Pt/Ru 

(RuK) 

Ru-Ru 3.2 (±0.3) 2.668 

(±0.006) 

0.013 1.33 49 Hi.Pt/Ru 

(RuK) 

Ru-Pt 2.7 (±0.4) 2.714 

(±0.008) 

0.014 

1.33 49 Hi.Pt/Ru 

(RuK) 

Ru-0 1.2 (±0.3) 1.95 (±0.02) 0.011 

1.33 49 

Table 3. Structural parameters for Hi-Pt/Ru obtained from theoretical fits of the EXAFS data. 

The absorption spectra were processed using EXBROOK [16]. The zero point energy scale was 

taken to be the point of inflection in the absorption edge. The pre-edge region was fitted by a 

straight line and extrapolated to zero energy. A polynomial spline was fitted to the non-

oscillatory component of the post-edge region and was extrapolated to zero energy. The 

difference between the extrapolated values was taken to be the step height and the spectrum was 

normalised to this value. The EXAFS components were then isolated &om the absorption 

spectra and subsequently analysed using EXCURVE98 [76], a least squares fitting programme 

based on curved-wave theory, using a Z+1 2p core hole approximation. is the co-ordination 

number, is the distance to the near neighbour, 2cr̂  the Debye-Waller term, and ^ is the shift 

in the Fermi energy. It was assumed that the Hedin-Lundqvist potential accounted for any 

amplitude reductions due to absorption processess which do not result in EXAFS features. 

which is a measure of the goodness of the fit between the EXAFS data ( y ^ ) and the 

theoretical model (y^), is defined as: 

R 100 

where # is the number of data points and (3;̂ ^ is the standard deviation for each data point. 
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5.3.1.5 BET Nitrogen adsorption 

Nitrogen adsorption studies were carried out on Hi -Pt/Ru prepared from Brij 76 to 

study the surface area and type of isotherms. These results were compared with those 

obtained for Pt/Ru particles prepared by co-reduction from an isotropic reaction 

mixture using the same reduction method and the results are shown on figure 5.12. 

a) Pt /Ru prepared by HCHO +KOH reduction 
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b) Hi Pt Ru prepared while using HCHO + KOH as reducing agent. 

Figure 5.12 BET nitrogen adsorption/desorption isotherms on Pt/Ru materials 

prepared from HCHO +KOH mixtures. 
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The isotherms obtained for the material prepared from the isotropic reaction 

mixtures by HCHO + KOH reduction showed adsorption at high relative pressure. 

This type of isotherm is similar to the one obtained for macroporous solids that do 

not exhibit pore filling until high relative pressures. The surface area of the Pt/Ru 

particles was measured to be 31 m^g'\ By reducing with HCHO + KOH within the 

lyotropic phase of Brij 76, a much higher surface area was obtained (83 m^g'̂ ) and 

the isotherms were characteristic of a material with high degree of mesoporosity.The 

adsorption occurred mainly for small relative pressure (P/Po between 0 and 0.4) to 

reach a plateau at medium relative pressure. 

Figure 5.13 shows the nitrogen adsorption isotherms for the HrPt/Rh material 

prepared while using HCHO + KOH as reducing agent. 
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Figure 5.13 BET nitrogen adsorption isotherms on mesoporous Pt/Rh material 

prepared by HCHO + KOH reduction. 

The adsorption isotherm depicted in figure 5.13 was typical of a mesoporous 

material with pore filling at intermediate relative pressures. 
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The isotherm was characterised by an inclination in the mesoporous domain and the 

surface area was measured as 58 m^g'\ It was interesting to note that both H| -Pt/Ru 

and Hi -Pt/Rh materials prepared by HCHO +KOH mixtures exhibited higher surface 

areas than the Hi platinum materials prepared in chapter 2 by steel reduction. This 

might be explained by a more suitable method of reduction or simply because the 

alloy has a lower density than pure platinum (appendix 3). When comparing to the 

reduction of a single metal, a different mechanism of reduction might be involved 

during the co - reduction of the two metallic precursors and alloy formation. 

5.3.1.6 Electrochemical characterisation of H, -Pt/Ru catalyst 

The influence of the ruthenium content on the electrochemical properties of the alloy 

was investigated by cyclic voltammetry using carbon fibre microdisc electrodes. 

Briefly, the metallic powder was rubbed onto the carbon fibre microdisc which was 

then immersed in 2 M sulfuric acid. The potential was cycled from - 0.26V to +1.3 V 

versus SCE at a sweep rate of 1 Vs'\ The currents passed during the cycle were 

recorded. 
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Figure 5.14 Cyclic voltammograms of nanostructured Pt/Ru alloy rubbed onto 7 jam 

diameter C-fibre microdisc in 2 M H2SO4 (v=l V/s). 

196 



Chapter 5 The preparation of mesopnrnns allovs of platinum 

The shape of the voltammogram was observed to change continuously as the material 

was cycled repeatedly in sulfuric acid (Figure 5.14). In particular, after some 27 

cycles the trace is very similar in appearance to that obtained from Hi Pt. In the case 

of Hl-Pt/Ru (first cycle) the peak corresponding to the stripping of the oxide layer 

occurs at +0.3 V and this shifts progressively to +0.42V, which compares with + 

0.5V fbr the oxide stripping peak in Hi Pt. These observations are consistent with 

previous reports of the electrochemical behaviour of Pt/Ru alloys, in which cycling in 

sulfuric acid causes the ruthenium to leach out of the system [17]. 

197 



Chapter 5 The preparation of mesopormis alloys of platinum 

5.3.2 Investigations into the electrochemical preparation of H| -Pt/Ru 

Platinum ruthenium electrodes have been known for a long time to exceed the 

electrocatalytic activity of pure platinum electrodes towards the electrooxidation of 

methanol in acid electrolytes. Even today, these electrodes are considered to be the 

most effective electrocatalysts for this reaction [18, 19]. Many different electrode 

materials have been tested for their activity towards the oxidation of methanol and 

several methods of preparations have been reported [19]. In their studies, Gasteiger ef 

aZ. reported the catalytic activity of single phase polycrystalline Pt/Ru bulk alloys 

using sputter-cleaned and annealed alloys prepared in ultra high vacuum (UHV)[19]. 

In another approach, black platinum surfaces with adsorbed submonolayer equivalents 

of Ru adatoms were also reported. Lee aZ. used in their preparation the deposition 

of Ru adatoms on Pt surfaces using an organometallic reaction between surface Pt-

hydrides and a ruthenium-hydrocarbonyl compound dissolved in hexanes solutions at 

low temperature under I atmosphere of dihydrogen gas. The hydrogenation allowed 

for real time control over the equivalents of Ru adatoms deposited on platinum and 

provided a convenient method to generate platinum surfaces with known amounts of 

adsorbed Ru adatoms [20]. At present the electrochemical co-deposition of Pt-Ru 

electrodes is still extensively used with a vast amount of potentiodynamic and 

potentiostatic performances data of Pt-Ru alloys reported on methanol oxidation in 

the literature [19]. Pt-Ru electrodes are usually prepared by co electrodeposition on 

gold substrates. Platinic acid (H2PtCl6) and ruthenium trichloride (RuClg) are 

extensively used as metal precursors [21-23] and the depositions are usually carried 

out in acidic solution. Perchloric acid (HCIO4, IM) was employed for example during 

the CO electrodeposition of Pt/Ru on gold to prepare electrodes for the 

electrooxidation of ethanol [21], the use of sulfuric acid electrolytes (0.5M) to prepare 

similar electrodes for methanol electroxidation were also reported [22-23]. 

In order to obtain mesoporous Pt/Ru films, studies of the co electrodeposition of 

platinum and ruthenium have been undertaken. Platinic acid and ruthenium chloride 

were used as the metal salts precursors. For a nominal 1:1 atomic ratio of platinum to 

ruthenium in the initial mixture, the characteristics of the electrodepostion from a 

solution containing the platinum and ruthenium salts in 2M H2SO4 are shown and 

compared to the results obtained for the electrodeposition from a templating mixture 
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containing Brij 76 and the metal salts in 2M H2SO4. The influence of using several 

types of gold substrates on the current transient is also shown. As for the chemical 

preparation of mesoporous Pt-Ru alloys, XRD and TEM were used to analyse the 

regularity of the structure of the films obtained. X-ray microanalysis was also used to 

study the composition of the deposited films. 

5.3.2.1 Studies in2l\/l H2SO4 

The behaviour of the platinum-ruthenium based solution was investigated by cyclic 

voltammetry. Figure 5.15 shows a typical cyclic voltammogramm of O.IM 

(H2PtCl6/RuCl3) in 2M H2SO4 at a 1 mm 0 disc Au electrode. The potential was 

swept between 0.6 and -0.4 V starting at OV at 20 mV/s. 
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Figure 5.15 Cyclic voltammogramm 0.1 M (H2PtCL6/RuCl3) in 2M H2SO4 at a 1 mm 

0 disc Au electrode. Cycles between 0.6 to -0.3 V versus SCE at 20 mV/s. 

It can be seen that a small current (-0.25 mA) is passed on the cathodic scan then the 

reduction current increases gradually around -O.IV to reach — 0 . 5 mA at -0.25V. A 

sharp increase to -2 mA was then recordered around -0.3 V. In the first sweep, no 

definite peak corresponding to the deposition of the metals on Au was observed. 
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After 10 min of cycling between 0.6V and -0.4V vs SCE the voltammogram depicted 

on figure 5.15 was similar to the first one recorded on the first cycle and was similar 

to the voltammogram of platinum and ruthenium electrodeposition 6om HiPtCl^ 

5mM and RUCI3 5mM on Au wire in H2SO4 IN [23]. The voltammogram shows the 

description of the hydrogen region overlapped with the double- layer resembling that 

one for ruthenium voltammetric response [23]. 

The following describes the results obtained during the potential step depositions on 

various Au substrates from a solution containing the platinum and ruthenium salts in 

2M H2S04.The electrodeposition of platinum and ruthenium onto a 1 mm 0 Au 

electrode was firstly investigated. From the cyclic voltammograms obtained in 2M 

H2S04,-0.2 V was selected as the potential to carry out the electrodeposition. Figure 

5.16 shows a typical current transient obtained during the electrodeposition of Pt and 

Ru from (0.1 M HzPtCle^O.lM RuClg) in 2M H2SO4 at room temperature. 
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Figure 5.16 Typical current transient obtained during the electrodeposition of Pt and 

Ru 60m (0.1 M H2PtCL6,0.1M RuCb) in 2M H2SO4 at -0.2Vvs SCE (room 

temperature). 1mm diameter electrode. Charge passed = -1.8 mC. 
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From the current transient, it can be seen that the reduction current rises to ca. 

-0.5 mA, as a result of the double layer charging immediately after the potential step 

and then decreases very sharply to -0.4 mA where nucleation is believed to start. A 

sharp decrease of the current is then observed to -2 mA where the current reaches a 

plateau after 40 s . After 900 s deposition, the surface of the electrode was covered by 

a shiny and adherent grey film. 

The potential step deposition was then carried out from the same intial mixture on 1 

cm^ Au electrode evaporated on glass. Figure 5.17 shows the current transient 

obtained during the electrodeposition of the 2 metal salts (O.IM) in H2SO4 2M on Au 

evaporated on glass (1 cm^ surface area). These substrates were used to carry out 

ED AX and TEM studies. This time, the reduction current rises quickly to a maximum 

at ca. -21 mA decreases quickly to -14 mA where nucleation is believed to start and 

finally reaches -11 mA after 50s. A small increase in the reduction current is then 

observed to reach -12 mA after 600s. After 600s deposition, the surface of the 

electrode was fully covered by a shiny grey film. 
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Figure 5.17 Typical current transient obtained during the electrodeposition of Pt and 

Ru ft-om (0.1 M H2PtCL6, O.IM RuCl]) in H2SO4 2M on Au evaporated on glass 

(Icm^ surface area). Deposition at -0.2Vvs SCE at room temperature. 

Charge passed = -7.62 C. 
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The deposit obtained on the 1 mm 0 disc An electrode as prepared above was then 

analysed by cyclic voltammetry in 2M H2SO4 and the results are shown on figure 

5.18. 
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Figure 5.18 Cyclic voltammogram of PtRu deposit on 1 mm 0 Au electrode, scanning 

from 0.6 to -0.3 V versus SCE in 2M H2SO4 at 20 mV/s. 

The potentiodynamic response attained a steady state after the first cycles and the 

overlap of hydrogen desorption and oxide formation region v̂ êre observed. The 

voltammetry of the electrodeposits with 50 % ruthenium in the electrodeposition 

electrolyte did not show any features of platinum. The cyclic voltammograms 

obtained were similar the cyclic voltammograms of Pt/Ru electrodeposits prepared in 

solution at -0.2Vvs SCE in 0.5 M in H2SO4 with a 1:1 atomic ratio [23] where the 

"double layer" currents were also important and no distinct feature in the "hydrogen 

region" was observed [23]. These results were also confirmed by Richardz er a/, who 

investigated the preparation and electrochemical characterisation of Pt -Ru alloys of 

different compositions electrodeposited on Au [22]. In their studies, after 1 hour 

potential step deposition at -0.2 V/SCE in H2SO4 0.5 M, the electrodes were 

characterised by cyclic voltammetry in H2SO4 0.5 M at 20 mV/s. Their results 

showed that the cyclic voltammograms changed slowly from pure ruthenium to pure 

platinum with increasing the platinum content in the deposition solution. The cyclic 

voltammograms were dominated by Ru -like structures up to relatively high amounts 
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of platinum in the solution [22]. For a nominal 1:1 Pt/Ru atomic ratio, the cyclic 

voltammograms exhibited the same characteristic behaviour (double layer current 

important, no distinct feature in the hydrogen region) as was observed in our studies. 

Cyclic voltammetry of the deposits obtained in 2M H2SO4 was the first evidence that 

the CO reduction of the metal salts was successful. 

5.3.2.2 Electrodeposition of H| -Pt/Ru using the lyotropic H| phase of Brij 76 

The following describes the different electrodeposition of nanostructured platinum 

ruthenium carried out onto 1 cm^ Au electrodes evaporated on glass substrates. These 

made the analysis by XRD, ED AX and TEM possible. The metal salts (O.IM in 2M 

H2SO4) were mixed with the non ionic surfactant to produce the templating mixture 

used for the electrodeposition (65 wt % Brij 76). 

The templating mixture was firstly studied by cyclic voltammetry to investigate the 

effect of the addition of the surfactant on the cyclic voltammograms. Figure 5.19 

shows a typical cyclic voltammogram of the Hi templating mixture made of 65 wt % 

Brij 76 and 35 wt % H2PtCl6/RiiCl3 (0.1 M ) in H2SO4 2M at a 1mm 0 Au electrode. 

The potential was swept between 0.6 and -0.3 V starting at OV at 20 mV/s. 
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Figure 5.19 Cyclic voltammogramm of the Hj templating mixture made of 65 wt % 

Brij 76 and 35 wt % 0.1 M (HzPtCLg/RuClg) in H2SO4 2M at a 1 mm 0 Au electrode. 

Cycles between 0.6 to -0.3 V versus SCE at 20 mV/s. 
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When compared to the cyclic voltammogram in acidic solution (H2SO4 2M) reported 

on figTire 5.15, the shape of the voltammogram was very similar but the main 

difference is the magnitude of the current which is much smaller (-100 to 1000 times 

smaller in the presence of Brij 76). Similar behaviour was observed during the 

electrochemical deposition of mesoporous lead reported in chapter 4 and palladium 

Rhns 60m different surfactants systems [24]. The small intensity of the current 

recorded can be explained by a much slower difksion through the highly viscous 

lyotropic phase. 

From the cyclic voltammogram, -0.2 V was selected as the potential to carry out the 

electrodeposition ( same potential as electrodeposition in solution). Potential step 

depositions were carried out at room temperature and at 40 °C to assess the effect of 

the temperature on the deposition process. Figure 5.20 shows a typical current 

transient obtained during the electrodeposition of platinum and ruthenium from a 

templating mixture containing 65 wt % Brij 76 and 35 vyt % HiPtClg/RuCl] (0.1 M) in 

2M H2SO4 at -0.2V on a 1 cm^ Au electrode. 

-1.0x10 

-2.0x10^ 

-3.0x10 

-4.0x10^ 

-5.0x10' 
6000 

Figure 5.20 Typical current transient obtained during the electrodeposition of 

platinum and ruthenium from a Hi templating mixture containing 65 wt % Brij 76 and 

35 wt % H2PtCl6/RuCl3 (0.1 M) in H2SO4 2M at -0.2Vvs SCE on a 1 cm^ Au 

electrode. Charge passed -5 mC. 
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From the current transient, it can be seen that the reduction current rises quickly to a 

maximum at ca. - 500 îA decreases quickly to -300 pA over 1000s, then decreases 

slowly with time to reach -50 pA after 8000s. At room temperature, the transients 

obtained were reproducible (shape, magnitude of the current). 

Using the same surface area electrode and templating mixture as before, current 

transients of the electrodepositions were recorded at 40 °C. Potential step deposition 

was carried out in exactly the same conditions as before (ie: deposition at -0.2 V, 

same deposition time) and a typical current transient is shown on figure 5.21. 

2.0x1 cr 

4.0x10 

6.0x10 

1.0x1(7-

6000 

-8.0x10 

-1.2x10 

-1.4x104 

Figure 5.21 Typical current transient obtained during the electrodeposition of 

platinum and ruthenium at 40 °C from a H] templating mixture containing 65 wt % 

Brij 76 and 35 wt % H2PtCl6/Rucl3 (0.1 M) in 2M H2SO4 at -0.2Vvs SCE on a 1 cm^ 

Au electrode. Charge passed -7 mC. 

Immediately after the potential step, the reduction rises sharply to -1.2 mA as a result 

of the double layer charging and then decreases very sharply to -200 pA where 

nucleation is believed to start just after a few seconds. Finally the reduction current 

reaches a plateau at around -100 pA after only ~ 500s. 
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When comparing this current transient to the one obtained in sulfuric acid electrolyte 

at room temperature, differences can be found. At room temperature, after the 

potential step, the current decreases slowly with time and no plateau was observed. 

At 40 °C, the current decreases and reaches an equilibrium very quickly. The current 

transients obtained at 40 °C were reproducible (shape, current magnitude) and were 

similar in shape to the typical current transient obtained in solution. This may be 

attributed to the decrease of the viscosity in the template mixture at higher 

temperature. Nevertheless, similar current magnitudes were obtained throughout the 

various depositions using the template mixture which were much smaller than the 

currents recorded in solutions. 

5.3.2.3 Analysis of the film deposited from 65 wt % Brij 7 6 

The film deposited from the templating mixture (65 wt % Brij 76, deposition at -0.2 V 

at room temperature) was analysed by XRD. The X ray dif&actogram on figure 5.22 

shows only one diffraction peak in the small angle region corresponding to an ordered 

Hi phase with a lattice parameter of 6 nm similar to the lattice parameter obtained for 

the chemically prepared Hi-Pt/Ru. 
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Figure 5.22 Small angle XRD of mesoporous Pt-Ru catalyst electrodeposited on 

1 cm^ Au electrode at room temperature.dioo= 6 nm. 
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The wide angle X-ray dif&actogram of the mesoporous Pt/Ru Him deposited on Au 

electrode was recorded and compared to the wide angle dif&action data obtained for 

the chemically prepared H] -Pt/Ru alloy particles. The diffractogram depicted on 

figure 5.23 shows five reflections in the wide angle region studied. The biggest 

reflection observed for 2 theta = 38.2 degrees corresponds to a gold peak as confirmed 

by the ICDS database due to the thiimess of the deposit. The four others reflections 

were in good agreement with those reported for the chemically prepared HI Pt-Ru 

particles. The X-ray diffraction data are summarised in table 4. 

M 20 

20 30 40 50 60 

2 theta / degrees 

7 0 80 

Figure 5.23 Wide angle dif&action XRD of mesoporous Pt-Ru fihn electrodeposited 

on Au electrode at -0.2 V/SCE (room temperature). 
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HiPt 

Chemically prepared 

(Steel reduction) 

Hi-Pt/Ru 

Chemically prepared 

(NaBH4 reduction) 

Hi-ePt/Ru 

Electrochemically 

prepared 

hkl d/A I/a.u. d/A I/a.u. d/A I/a.u. 

111 2.25 100 2.24 100 2.23 100 

200 1.96 54 1.95 48 1.94 61 

220 1.38 29 1.37 27 1.37 61 

311 1.19 31 1.18 30 1.18 61 

Table 4. Summary of wide angle X-ray diffraction data obtained using Cu K î 

radiation (X, = 1.5405 A) for H; Pt chemically prepared by steel reduction, Hi-Pt/Ru 

chemically prepared by NaBH4 reduction, electrodeposited H; -Pt/Ru (H; -ePt/Ru) 

obtained by potential step deposition at -0.2 V vs SCE. / denotes the intensity of the 

diHraction peaks and their position in real space. 

X -Ray microanalysis was carried out on the Pt/Ru films deposited on Au electrode to 

confirm whether or not both metals were electrodeposited. Figure 5.24 shows the X-

ray microanalysis of the films obtained by potential step deposition from the isotropic 

reaction mixture in acid solution at room temperature (-0.2 V, deposition time 600s). 

These results were compared to the X-ray microanalysis data (figure 5.25) obtained 

for the Hi Pt-Ru films deposited from the Hi phase of Brij 76 also in acid solution at 

room temperature (-0.2 V, deposition time 8000 s). 

In both cases, EDAX spectra obtained confirmed that both platinum and ruthenium 

were deposited in the conditions reported but with different ratios (qualitative 

analysis). The presence of a Au peak for the films deposited from the lyotropic Hi 

phase of Brij 76 showed that the thickness of these films was small. This conErmed 

the wide angle XRD analysis where the presence of Au was also detected. Using the 

same initial concentrations of metal salts in the H, phase of Brij 76, thicker deposits 

could be obtained by increasing the deposition time. 
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JL 
0.0 s.e IB.O 

Figure 5.24 ED AX spectra of Pt-Ru film on 1 cm Au electrode deposited at -0.2 V vs 

SCE for 600s at room temperature. 

Figure 5.25 ED AX spectra of HI PtRu film deposited on 1 cm^ Au electrode at 

-0.2Vvs SCE for 8000s at room temperature. 

In table 4 and 5 are shown the corresponding compositions of the samples prepared 

from solutions and from the Hi phase of Brij 76 respectively (nominal 1:1 atomic ratio 

of platinum to ruthenium in the initial mixtures). 

ft* 
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Pt-Ru Ratio 

in solution 

Deposition 

time (s) 

Analysis 

number 

Atomic % 

Platinum 

Atomic % 

Ruthenium 

Atomic % 

Gold 

1:1 600 1 76 23 1 

1:1 600 2 73 25 2 

Table 5. Sample compositions in at.% bases on SEM -EDAX analysis fbr Pt-Ru film 

on 1 cm^ Au electrode deposited at -0.2 V vs SCE for 600s at room temperature. 

Pt-Ru Ratio in Hi 

phase of Brij 76 

Deposition 

time (s) 

Analysis 

number 

Atomic % 

Platinum 

Atomic % 

Ruthenium 

Atomic % 

Gold 

1:1 8000 1 25 12 58 

1:1 8000 2 28 20 52 

Table 6. Sample compositions in at.% based on SEM -EDAX analysis for Hi Pt-Ru 

Sim on 1 cm^ Au electrode deposited at -0.2 V vs SCE for 8000s at room temperature. 

Electrodeposits obtained after 600s fbr a 1:1 atomic ratio of platinum to ruthenium in 

the isotropic reaction mixture showed that the gold surface was completely covered 

by a homogeneous electrodeposit with a composition of 76 % Pt and 23 % Ru (table 

5). Although not in exactly the same experimental conditions, these results can be 

compared with the SEM-EDAX analysis reported for the co electrodeposition of 

platinum and ruthenium on Au wire from a 1:1 Pt-Ru ratio in acidic solution (Ha PtClg 

5mM, RuCI] 5mM in H2SO4 0.5 M) [23]. After 15 mn deposition at room 

temperature, the gold surface was completely covered by an homogeneous 

electrodeposit with a composition of 74% Pt and 26 % Ru. The results obtained in our 

experiments were in good agreement and showed that platinum was preferentially 

deposited on the Au electrode (ratio of 3 Pt fbr 1 Ru deposited). 

The sample compositions reported in table 6 fbr the H] -Pt/Ru films showed that a 

large amount of Au was detected due to the thinness of the films. Electrodeposit 

obtained after 8000s were characterised by 25 % Pt, 12 % Ru and 58% Au 

composition (analysis 1). Considering the two noble metals only, this corresponded to 

59% Pt and 41 % Ru deposited on the Au surface. When comparing to the results 

obtained from isotropic reaction mixture in terms of amount of noble metal deposited, 
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the electrodeposition within the Hi phase of Brij 76 tend to produce films with higher 

content of ruthenium. 

The Hi-Pt/Ru film deposited on Au electrode at room temperature was then analysed 

by TEM. The TEM micrograph on figure 5.26 revealed a non regular but porous 

structure. Although pore size measurement from the micrograph was difficult (very 

dark material), pore diameter was measured as 2.0 nm with 2.5 nm walls between the 

pores. 

Figure 5.26 TEM micrograph of Hi -Pt/Ru electrodeposited from a Hi templating 

mixture containing 65 wt % Brij 76 and 35 wt % HiPtClg/Rucls (0.1 M) in 2M H2SO4 

at -0.2Vvs SCE on a 1 cm^ Au electrode at room temperature. Charge passed -5 mC. 
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5.3.3 Discussion on the preparation of H, Pt/Ru and H, Pt/Rh 

5.3.3.1 Methods of preparation 

For the preparation of Hi-Pt/Ru, tlie different reducing agents investigated (ie NaBH4 

and HCHO+ KOH mixtures) were successful in reducing the platinum and ruthenium 

precursors in the Hi phase of Brij 76 at room temperature. NaBH4 reduction produced 

a material with a regular pore structure whereas the other method produced a porous 

but disordered structure. As for the preparation of Hi platinum reported in Chapter 2, 

hypotheses as to why the different reduction methods produced different materials can 

be made. The methods investigated reduced the metal salt precursors at different rates. 

Although it was not possible to visually assess the rapidity of the reduction, it can be 

assumed that NaBH4 as a strong reducing agent reduced the salts more rapidly than 

the HCHO 4- KOH mixtures. If the co-reduction occurs slowly, then it is likely that 

the structures become more disordered as the surfactant molecules reorganise. 

Moreover, although the phase behaviour of Brij 76 in the presence of platinic acid and 

ruthenium chloride was checked by polarising microscope prior to reduction (stability 

of Hi phase at room temperature), the effect of the different reducing agents was 

unknown. Considering the dynamic states of all the species present in the reaction 

mixture further complicates the situation. During the co-reduction, the metal salts 

concentrations are depleted and reaction by-products formed. It is likely that the phase 

behaviour of the surfactant is changing throughout the reduction. 

5.3.3.2 Alloy formation 

Although the liquid crystal strategy has been used successfully to produce 

mesoporous platinum, the co-reduction of binary mixtures of metal compounds 

leading to intermetallic materials with a uniform distribution of the constituent metals 

was not certain. As is evident from the literature, reduction of binary mixtures does 

not necessarily produce intermetallic materials with an homogeneous distribution of 

metal atom. Even when alloying is achieved successfully, the metal distribution is 

often non uniform within a particle [25]. In our experiments, the amount of metal salts 

was chosen initially so as to produce an alloy with a nominal 1:1 atomic ratio of Pt to 

Ru. WAXRD and EXAFS analysis on the Hi -Pt/Ru materials obtained proved that 

the preparations were successful: intermetallic particles were obtained and Hi -Pt/Ru 

consisted of a well mixed 1:1 alloy of the two metals. 
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For the first time, the preparation of nanostructured mesoporous bimetaUic alloy with 

a uniform distribution of the components was successfully achieved. 

5.3.3.3 Discussion on the electrochemical preparations of H| Pt/Ru 

Investigations on the electrochemical preparation of HI Pt-Ru have shown it is 

possible to prepare mesoporous Pt-Ru from Brij 76 lyotropic Hj phase. Platinic acid 

and ruthenium chloride were shown to be suitable precursors for the co-deposition of 

a coherent and ordered film on the surface of an Au supporting electrode. As for the 

preparation of a mesoporous lead film on Au electrode described in chapter 4, cyclic 

voltammetry studies in solution and in the presence of the surfactant was necessary to 

assess the behaviour of the metal precursors and to select a correct potential for the 

potential step deposition. By increasing the deposition time, the production of thicker 

films on the Au electrodes could be obtained and ease the interpretation of the wide 

angle X-ray diffraction and EDAX analysis. Although the studies reported were not 

exhaustive, the results reported indeed the ability to produce ordered mesoporous 

films using the co -deposition of the two metallic precursors investigated. 
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5.4 Conclusion and further work 

The work described in this chapter showed that it is possible to use the lyotropic H, 

phase of Brij 76 as mould for the chemical preparation of mesoporous Pt/Ru alloys 

with high specific surface area (83 m^g"'). The material exhibit a nanostructure 

consisting of cylindrical pores of uniform diameter disposed in an hexagonal 

arrangement with respect to one another. Small angle XRD confirmed the order of the 

nanostructure with a lattice parameter of 60.3 A. For a 1:1 atomic ratio of platinum to 

ruthenium in the initial templating mixture, Wide angle XRD and EXAFS were used 

to confirm the alloy formation. XRD studies showed that Hi Pt/Ru had a fee structure 

(Fm3m space group); the contraction in the lattice parameter evidenced by the shift to 

shorter distances, was consistent with the smaller size of the ruthenium compared 

with platinum. The intermetallic nature of the Hi Pt/Ru material as well as the uniform 

distribution of the metallic components was successfully demonstrated by EXAFS 

analysis: Hi Pt/Ru consists of a well mixed 1:1 alloy of the two metals. 

The chemical preparation of HI Pt/Rh was also investigated for a 1:1 atomic ratio of 

platinum to rhodium; TEM analysis revealed the nanostructure of the material and 

high specific surface area of 58 m ĝ'̂  was measured by BET Nitrogen adsorption. 

EXAFS analysis confirmed that HI Pt/Rh consisted of a well mixed 1:1 alloy of the 

two metals. 

Finally, electrodeposition was shown to be suitable for the preparation of coherent 

and nanostructured films by the simultaneous co depositions of the two metal 

precursors dissolved in the Hi phase of Brij 76. XRD revealed a single peak in the 

small angle region characteristic of an ordered periodic structure and TEM showed 

the porosity of the material obtained. Although the alloy formation could not be 

confirmed with certainty (EXAFS required), wide angle XRD and X-ray 

microanalysis on the films obtained showed that both metals were successfully 

deposited. The results obtained were indeed in good agreement with literature data 

obtained on the co deposition of Pt/Ru alloy from isotropic reaction mixtures. The 

similarities observed suggested that the fihns electrodeposited consisted of 

nanostuctured Pt/Ru intermetallic particles. 
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Further work 

Although the study of mesoporous Pt /Ru alloy has been fairly exhaustive, numerous 

issues can still be addressed: 

# HzPtClg and RuCl] were shown to be suitable precursors for the chemical 

preparation of the mesoporous Pt/Ru alloy but other sources should be 

investigated. The suitable metal salts must be highly soluble in water without 

affecting the phase forming properties of the surfactant. The ammonium salts of 

platinum and ruthenium could be investigated as precursors for example 

((NH4)2PtCl6 and (NH4)2RuCl6 respectively). 

# The Pt/Ru materials prepared while varying the atomic ratio of platinum to 

ruthenium should be characterised by EXAFS to confirm the intermetallic and 

uniform distribution of the metallic components. Various other compositions 

could be prepared in a similar way. 

# hi our preparations, the Hi phase of Brij 76 (75 wt %) was used in the templating 

mixture. Other compositions or other surfactants from the Brij series could be 

employed for the production of nanostructured intermetallic alloys. Investigating 

other reduction temperatures could also improve the quality of the materials 

prepared. 

The chemical preparation of mesoporous Pt-Rh materials should be addressed in more 

detail. Preliminary results obtained showed it was possible to prepare nanostructure 

Pt/Rh alloys particles but further characterisation is required (small angle and wide 

angle diffraction). As the rhodium precursor is very expensive, producing enough 

materials to be characterised was the main difficulty encountered. This could be 

overcome by preparing Hi -Pt/Rh marerials with a much smaller atomic ratio of 

ruthenium to platinum or using another rhodium precursor in the initial mixture. For 

three way catalysis applications for example, the amount of rhodium in the washcoat 

is minimum compared to the amount of platinum. 
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Investigations into the electrochemical preparation of Hi -Pt/Ru were successful. The 

aim of the research was to show it is possible to prepare nanostructured Pt/Ru films 

electrochemically and that the films obtained were made of intermetallic particles. 

Although only one system was investigated, potential step deposition was shown to be 

an attractive method as the rate of reduction can be controlled and the reaction by 

products are minimal. Further work on the electrochemical preparation include: 

# Investigating different templating compositions at different temperatures. 

# Increasing the metal salts concentrations and the reduction temperature should 

increase the deposition rate. 

# Increasing the deposition time to produce thicker films to make the qualitative 

XRD analysis easier for example. 

# Investigating other potentials to carry out the electrodepositions and compare the 

resulting compositions of the films obtained for a given initial ratio of platinum to 

ruthenium. 

# Confirmation of the alloy formation by EXAFS analysis, this constitue the final 

evidence that intermetallic particles were obtained.. 

# Finally, the potential applications of the nanostructured Pt/Ru films should be 

assessed in the electrooxidation of methanol. Due to their regularity of structure 

and porosity, the mesoporous films prepared could become of commercial 

importance in this vast field of research. 
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6.1 Background and objectives 

As described in chapter 1, noble metals especially platinum and palladium are used 

extensively in heterogeneous catalysis. Because of their exceptional activity, particularly 

for reactions involving hydrogen, their uses are varied. In the catalytic processes, it is 

evident that adsorption on the surface and surface area of the catalysts are key factors for 

conversion or selectivity. The possibility of producing mesoporous metals with inherently 

high surface areas and high degree of porosity (concave and convexe surfaces) is 

particularly attractive in the vast field of heterogeneous catalysis. 

Preliminary experiments aimed at assessing the catalytic activity of mesoporous platinum 

and platinum/ruthenium alloys in hydrogenation reactions were carried out. In the first set 

of experiments, we compared the activity of H; Pt with that of commercial Pt black in the 

hydrogenation of 4,7 dimethyl-8-methoxycoumarine. The hydrogenation of this 

coumarine derivative at 1500 psi and 150 °C has been reported and provides a simple 

route to dihydrocoumarine and/or ethyl butanoate whereas lower pressures and 

temperatures tend to yield only the dihydrocoumarine [1]. The dihydrocoumarine is a key 

intermediate in the synthesis of a class of endothelin receptor antagonists under 

development by Smithkline Beecham [2]. A number of physiological responses are 

mediated by these endothelin receptors and their research aims at controlling certain 

detrimental human physiological responses by blocking these receptors [2]. In the second 

set of experiments, the activity of H; Pt/Ru (1:1 atomic ratio) was compared to that of a 

commercial Pt/Ru black in the hydrogenation of 3,4,5,6 tetrahydrophtalinic anhydride. In 

both cases, the progress of the reactions were monitored by High Pressure Liquid 

Chromatography (HPLC). 

The development of fuel cell technology has been intimately linked to the development of 

effective electrocatalyst technology. For the proton exchange membrane (PEM) fuel cell, 

the catalysts used in the membrane electrode assembly are carbon supported Pt based 

catalysts where the loading of active metal can be very high. For a cathode catalyst, this 

can range 6om 10 to 40 % Pt supported on a conductive carbon black substrate. The 

modification of platinum electrocatalytic properties by alloying with other metals is also 

well established for both anodic and cathodic applications[3-5]. Platinum modified by 

220 



CAaorer 6 CoWW/c o f T M e W f 

mthenium in the form of an alloy does improve CO tolerance compared with pure F*t over 

a wide range of conditions [6-10]; the mthenium alloyed catalyst exhibits lower 

overpotentials and longer lifetimes compared to the platinum. The ability to produce high 

surface area mesoporous platinum and platinum based alloys with ordered pore systems 

make a very attractive alternative to current porous Pt based materials used in fuel cell 

technology.The final set of experiment was to assess the catalytic activity of mesoporous 

platinum in the formulation of electrodes for fuel cells applications. The electrodes 

prepared were compared with conventional electrodes in CO and MeOH electrooxidation. 
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6.2 Experimental 

6.2.1 Hydrogenation of coumarine 

The activity of Hi Pt (46 was compared with that of Pt black (25-30 m^g'\ 

Aldrich) in the hydrogenation of Coumarine. In these studies, 1 OOmg of catalyst was 

added to 0.15 g of Coumarine dissolved in 10 ml ethyl acetate. The reaction vessels were 

purged with nitrogen and the hydrogenation was carried out under hydrogen at 

atmospheric pressure. The progress of the reactions depicted in figure 6.1 was determined 

by extracting 25 pi aliquots from each reaction mixture. Each aliquot was added to 975 p,l 

of acetronitrile and eluted through an HPLC using a gradient of 0 to 100 % 

acetonitrile/trifluoroacetic acid over 20 minutes. 

HJ Ethyl acetate 

Pt Black or Pt 
Room Temperature 

CH 

Figure 6.1. Hydrogenation of coumarine using Platinum as catalyst 

6.2.2 Hydrogenation of 3,4,5,6 tetrahydrophtalinic anhydride 

The activity of H; Pt/Ru (1:1 atomic ratio, 83 m ĝ'̂ ) was compared with that of a 

commercial Pt/Ru black (1:1 atomic ratio, specific surface area of 62 m2g-l, obtained 

from Alfa Aesar GmbH) in the hydrogenation of 3,4,5,6 tetrahydrophtalinic anhydride 

(obtained from Aldrich). In these studies, 50 mg of catalyst was added to 0.5 g of the 

anhydride dissolved in 10 ml ethyl acetate. The reaction vessels were purged with 

nitrogen and the hydrogenation was carried out under hydrogen at atmospheric pressure. 

The progress of the reaction depicted on figure 6.2 was determined by extracting 25 pi 

aliquots Aom each reaction mixture. Each aliquot was added to 975 pi of acetronitrile and 

eluted through an HPLC as mentioned before in the coumarine hydrogenation studies. 
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Figure 6.2 Hydrogenation of 3,4,5,6 tetrahydrophtalinic anhydride using Pt/Ru as 

catalyst. 
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6.3 Results and discussion 

6.3.1 Hydrogenation of Coumarine 

The progress of the reaction was monitored by extracting 25 ju,! aliquots from each 

reaction mixture. The HPLC chromatograms obtained were compared to the one obtained 

for the starting material and final product (retention time). Quantitative analysis (area %) 

of starting material and product was determined by HPLC to monitor the consumption of 

starting material and formation of product. Figure 6.3 and 6.4 show the HPLC 

chromatograms obtained for the starting material and final product characterised by only 

a single peak. The higher retention time obtained for the product in figure 6.4 was due to 

the less polar nature of the product (double bond being reduced). 

VWD1 A, Wavelenglh=254 nm (FEBOOW016508.D) 

mAU 

2000 

1000 

25 7.5 10 125 15 17.5 mm 

Figure 6.3 HPLC chromatogram of coumarine starting material 
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VWD1 A, W3vekngth:2M nm (FEBOOV)Q01G507.D) 
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Figure 6.4 HPLC chromatogram of product 

Figure 6.5 and 6.6 show the typical hplc chromatograms obtained after 2 hours 

hydrogenation at room temperature for the the reaction catalysed by Hi Pt and Pt black 

respectively. After 2 hours hydrogenation, the results showed that a much higher 

concentration of product was formed when mesoporous platinum was used (product to 

starting material ratio, area % compared for both catalysts). 

The consumption of starting material and formation of product are shown on figure 6.7 

and 6.8 respectively ( quantitative yield determined by HPLC). 
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VWD1 A, Wavel8ngtii=254 ran (FEBOO\00016487.D) 
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Figure 6.5 HPLC chromatogram of reaction mixture ( starting material and product) after 

2 hours hydrogenation at room temperature using H; Pt as catalyst. 

VWD1 k, Wavel8!igth=254 nm (MAROO\00016588.D) 
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Figure 6.6 HPLC chromatogram of reaction mixture ( starting material and product) after 

2 hours hydrogenation at room temperature using Pt black as catalyst. 
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Figure 6.7 Change in concentration of coumarine starting material with time during the 

hydrogenation over platinum black and Hi Pt at room temperature ( quantitative analysis 

determined by HPLC). 
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Figure 6.8 Change in concentration of coumarine product with time during the 

hydrogenation over platinum black and Hi Pt at room temperature ( quantitative analysis 

determined by HPLC). 
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The results obtained showed that the reaction was much faster when Hi Pt was used as 

catalyst in place of platinum black. This may be attributed to Hi Pt having a higher 

surface area than platinum black After 5 hours hydrogenation over Hi Pt at room 

temperature, no starting material was detected (26 hours for platinum black). 

The plot depicted on figure 6.9, In (Ao/A) where Ao is the initial concentration of 

coumarine and A the concentration of coumarine after a given hydrogenation time, 

showed that both reactions followed first order kinetic (straight line observed after 

induction period). 
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Figure 6.9 Plot showing the kinetics of the hydrogenations using Hi Pt and platinum 

black. 

The rate constant for the reaction catalysed by Hi Pt was found to be 5.2 times larger than 

that for the reaction catalysed by platinum black. Furthermore, the induction period for 

the reaction was reduced from 3hours (Pt black) to 2 hours (Hi Pt). The final yield of the 

reactions were 67 % and 70 % for Pt black and Hi Pt respectively. These results suggest 

that the catalytic activity of Hi Pt is significantly different from that of the equivalent 

platinum black, and that this difference cannot be explained only by differences in 

specific surface area. 
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6.3.2 Hydrogenation of 3,4,5,6 tetrahydrophtalinic anhydride 

As for the kinetic study of the coumarine hydrogenation, the progress of the anhydride 

hydrogenation was monitored by HPLC by extracting 25 aliquots from each reaction 

mixture. The HPLC chromatograms obtained aAer given hydrogenation times using the 

two catalysts were compared to the HPLC chromatogram obtained for the starting 

material depicted on figure 6.10. As can be seen, two distinct peaks were observed for the 

starting material that corresponded to the starting material anhydride and the starting 

material acid. Before hydrogenation, quantitative analysis showed indeed that 10 % of the 

anhydride reacted to form the corresponding acid in ethyl acetate (wet solvent). 

VWD1 A, Wavelength=254 nm (F:\FEB00\00016247.D) 
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Figure 6.10 HPLC chromatogram of anhydride starting material showing two peaks 

corresponding to the starting material anhydride and the sarting material acid (smaller 

retention time). 

Figure 6.11 and 6.12 show the typical HPLC chromatograms obtained after 72 hours 

hydrogenation using the two catalysts at room temperature. As shown on figure 6.11 for 

the Hi Pt/Ru catalyst, four peaks were observed on the chromatogram. 
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These correspond to the two forms of starting materials being reduced to two forms of 

products following the scheme: 

O 

K, 
V 

Q 

0 

O 
K. 

VWD1 A, Wavelength=254 nm (F:\FEB00\00016405.D) 
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Figure 6.11 HPLC chromatogram of reaction mixture after 72 hours hydrogenation over 

Hi Pt/Ru catalyst (1:1 atomic ratio) at room temperature. 
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VWD1 A, Wavelength=254 nm (F:\FEB00\00016329.D) 

Figwe 6.12 HPLC chromatogram of reaction mixture after 72 hours hydrogenation over 

commercial Pt/Ru catalyst (1:1 atomic ratio) at room temperature. 

When comparing the chromatograms obtained after 72 hours for both catalysts, the 

conversion of the starting materials was much slower over the commercial catalyst: only 

a small amount of product acid was detected and the main two peaks corresponded to the 

starting materials (same retention time as peaks depicted on figure 6.10). After 72 hours 

hydrogenation, the chromatogram depicted on figure 6.11 showed that a much higher 

concentration of products was formed when Hi Pt/Ru was used. The HPLC data were 

summarized and the consumption of the starting materials and formation of products with 

time are shown for both systems on figure 6.13 and 6.14 (quantitative yield determined 

by HPLC). 
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Figure 6.13 Changes in concentration with time for starting material (anhydride and acid) 
and product (anhydride and acid) over Hj Pt/Ru catalyst during hy&ogenation at room 
temperature. Dotted lines; same experiment repeated in same conditions. 
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Figure 6.14 Changes in concentration with time for starting material (anhydride and acid) 
and product (anhydride and acid) over commercial Pt/Ru catalyst during hydrogenation at 
room temperature. 
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The rate constants for the reactions were determined as for the hydrogenation of 

coumarine by plotting In (Bo/B) versus time. For the reaction catalyzed by commercial 

Pt/Ru, the results showed that the hydrogenation of the anhydride followed first order 

kinetics ( straight line obtained after an induction period of 110 hours). Although not 

enough data points were collected in the case of Hi Pt/Ru , an approximate guide line was 

drawn and the hydrogenation of the anhydride was also assumed to follow first order 

kinetic with a much shorter induction period of 41 hours ( figure 6.15). 

CO 0.8 
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Time (Mrs) 

1 2 0 1 4 4 1 6 8 
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catalyst 

Figure 6.15 Plots showing the kinetics of the hydrogenations using Hi Pt/Ru and 

commercial Pt/Ru as catalysts. 

The rate constant for the reaction catalysed by Hi Pt/Ru was found to be 5.7 (+/- 0.2) 

times larger than that for the reactions catalysed by the Pt/Ru black. These preliminary 

results suggest that the catalytic activity of the Hi Pt/Ru alloy may be different from that 

of the equivalent nanoparticulate alloy, and that the difference cannot be explained only 

by differences in the specific surface area. 
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6.4 Experimental procedures for CO and MeOH electroxidation 

A set of preliminary experiments aimed at assessing the catalytic activity of H; Pt 

(38 m^g'̂ ) and H; Pt/Ru (83 m^g ') when prepared as composite electrodes for carbon 

monoxide and methanol oxidation were carried out. A commercial Pt catalyst supported 

on carbon (40 wt % Pt, Johnson Matthey XC 72-R) was used for direct comparison. 

6.4.1 Electrode preparation 

Hi Pt and Hi Pt/Ru was mixed with powdered carbon black (Vulcan XC-72), distilled 

water and Nafion ® (5 % solution in a mixture of lower aliphatic alcohols and water 

obtained from Aldrich) and dispersed in an ultrasonic bath for 2 hours until an ink- like 

paste was obtained.This paste was then spread onto carbon paper (E-Tek "A") and hot 

pressed at 76 kg cm for 3 mins at 100 °C. Exact compositions of the electrodes are 

reported with the results concerning the CO and MeOH oxidation experiments in table 1, 

appendix 4. Prior to the preparation of the electrodes, pretreatment of the Hi Pt and Hi 

Pt/Ru powders by presoaking in aqueous acid solutions (HCIO4, H2SO4) or proton 

conductors such as heptadecafluorooctanesulfbnic acid was also investigated (exact 

compositions of the electrodes are reported in table 2, appendix 4). 

6.4.2 Electrochemical testing 

The three electrode type electrochemical cell used during cyclic voltammetry studies is 

shown in figure 6.16. Electrical contact to the working electrode was made by a platinum 

wire. A screw-on cap tightened on the electrode, holding it in position. The working 

electrode holder was mounted into the glass cell (of capacity 150 cm^) which had an 

integrated water jacket for temperature control. A platinum gauze counter electrode was 

used and a mercury mercurous sulphate (MMS) with a luggin probe was used as a 

reference to measure the electrode potential. The tip of the luggin was positioned within 

0.5 mm of the surface of the working electrode. 

Cyclic voltammetry in 2 M H2SO4 was employed to determine the peak potential for 

carbon monoxide and methanol oxidation. For the CO oxidation, each electrode was held 

at a potential of -0.55 V (all potential are quoted relative to the mercury mercurous 

sulphate electrode, MMS) in 2M sulphuric acid at room temperature and the solution and 

234 



Chavter 6 Catalytic activity of mesoporous metals 

electrode were simultaneously purged to CO for 30 mins. The solution was then purged 

with nitrogen for 30 mins with the potential held at -0.55V. Following purging, cyclic 

voltammograms were recorded at a scan rate of 10 mV s"̂  at room temperature. For the 

MeOH oxidations, cyclic voltammograms were recorded in the presence of 2 M methanol 

in IM H2SO4 at 10 mV s"' at room temperature. 
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electrode holder screw cap 
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I thermometer 
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hot water 

screw with seal 
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electrode magnetic stirrer 

Figure 6.16 Three electrodes cell setting used during CO and MeOH electroxidation 

redrawn from reference [11]. 

235 



Chavter 6 Catalytic activity of mesoporous metals 

6.5 Results and discussion for CO and MeOH electrooxidat ion experiments 

Prior to Methanol or CO electrooxidation studies, each electrode prepared was cycled in 

2 M H2SO4. Figure 6.17 shows a typical cyclic voltammogram o f a Hi Pt electrode in 2 M 

H2SO4 recorded at room temperature at a scan rate of 10 mVs"'. The mesoporous 

platinum was presoaked in 0.5 M H2SO4 before mixing with the carbon support and 

preparing as a composite electrode. 
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Figure 6.17 Cyclic voltammogram of Hi Pt/C electrode prepared by presoaking the 

mesoporous platinum in 0.5 M H2SO4 before electrode preparation and showing the 

typical features of a platinum voltammogram in sulfuric acid solution. 

(Electrode area 1 cm^) 

6.5.1 Methanol oxidation results 

Figure 6.18 gives a comparison of the methanol oxidation behaviour at conventional Pt/C 

electrode, Hi Pt non treated and Hi Pt electrodes prepared by presoaking the Pt catalyst in 

various H2SO4 concentrations. Similar platinum loadings ( - 2 mg Ptcm'^) were used in 

the formulation of the electrodes for direct comparison (exact formulations and 

characteristics of the electrodes are summarised in table 1, appendix 4). 
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The cyclic voltammograms of the platinum catalysts change dramatically in the presence 

of methanol. The hydrogen adsorption/desorption features are lost because the platinum 

surface is blocked by strongly bonded methanol fragments such as -C=0 [12]. On the 

forward sweep, the platinum surface remains poisoned with very little methanol oxidation 

taking place during the double-layer region. For the Pt/C catalyst for example, bulk 

methanol oxidation only begins at potential greater than 0 V when the surface 

intermediates are removed. However the oxidation peak soon reaches a maximum and 

then begins to decline as the surface is blocked by the formation of the oxide [12]. On the 

reverse sweep, oxidation of methanol begins at 0.3 V as the surface oxide is stripped to 

reveal a clean surface but reaches a maximum at 0.15 V after which strongly bonded 

surface intermediates begin to block the platinum surface [12]. 
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Figure 6.18 Comparison of cyclic voltammograms obtained for conventional Pt/C 

electrode. Hi Pt/C and Hi Pt presoaked in various H2SO4 concentrations before mixing 

with carbon. Scan rate 10 mVs"' at room temperature. 
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When comparing the different cyclic voltammograms, the methanol oxidation peak is 

observed to be shifted to more positive potential (Eonset) a^d the oxidation peak intensity 

was much smaller at the Hi Pt electrode not pretreated than the one recorded for the 

conventional commercial catalyst or the Hi Pt presoaked prior to electrodes preparations. 

The potential for MeOH oxidation for the electrodes prepared while using the 

conventional Pt catalyst or the Hi Pt soaked in 0.5M acid was similar (E= 0 V) but the 

intensity of the oxidation current was slightly higher for the electrode prepared from Hi Pt 

pretreated in 0.5M H2SO4. hi both cases, the shape of the voltammograms was in good 

agreement with the voltammetric response obtained for a polished platinum electrode 

(0.5 mm diameter) in 1 M methanol/1 M sulfuric acid at room temperature [13]. 

Although the preliminary results showed that the catalytic activity of the Hi Pt towards 

MeOH oxidation was not enhanced compared to conventional catalysts, the results 

showed that similar catalytic activity could be obtained by presoaking the Hi Pt in 0.5 M 

H2SO4. Increasing the concentration of H2SO4 in the pretreatment of Hi Pt did not lead to 

electrodes active at lower potential for MeOH oxidation and the oxidation currents 

recorded were smaller than those observed with the conventional catalyst (1 M and 2.5 M 

H2 SO4 as shown on figure 6.18). Without pretreatment, smaller oxidation currents were 

recorded when using the mesoporous platinum; the smaller conductivity obtained could 

be explained by either a pore blocking phenomenon or a lack of full hydration of the 

pores in the non-treated H| Pt electrodes, both of which would result in a smaller apparent 

electrode area. 
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6.5.2 Carbon monoxide oxidation results 

Figure 6.19 gives a comparison of the CO oxidation behaviour at the conventional Pt/C 

electrode, Hi Pt non-treated and Hi Pt electrodes treated by presoaking the platinum 

powder in 0.5M H2SO4 prior to preparation. 
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Figure 6.19 CO electrooxidation on conventional Pt/C electrode ( ), Hi Pt/C ( ) 

and Hi Pt soaked in 0.5 M H2SO4 prior to mixing with carbon ( ). Scan rate 

10 mVs'^ at room temperature. 

For the electrode prepared with Hi Pt without pretreatment, the current recorded was very 

small ( ). Much higher CO oxidation currents were obtained with the conventional 

electrode ( ) and the one prepared from Hi Pt soaked in 0.5M H2SO4 ( ). 
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Although the CO oxidation peak intensity was lower when presoaking in 0.5M H2SO4 

than the intensity recorded with Pt/C electrodes, the CO oxidation peak was observed to 

be significantly shifted to more negative potential when compared to the conventional Pt 

catalyst (-0.009V compared to 0.149 V for the commercial Pt/C catalyst). These results 

are significant in the context of fuel cell electrodes because they indicate that the 

oxidation of CO on the surface of the mesoporous platinum pretreated in acid is more 

facile than on the commercial Pt/C material. 

Previous experiments have shown that interesting results could be obtained by presoaking 

the mesoporous platinum powders with additives prior to the preparation of electrodes. 

The last set of experiments aimed at preparing electrodes by presoaking the Hi Pt catalyst 

in other acids or proton conductors additives to further lower the CO oxidation potential 

and increase the efficiency of the process (peak intensity increased, geometric area of the 

electrodes for similar Pt loading of the electrodes). 

Figure 6.20 and 6.21 shows the CO oxidation behaviour on electrodes prepared using Hi 

Pt pretreated by soaking the mesoporous Pt in 1 M HCIO4 and 1 M H2SO4 respectively 

for similar platinum loading (-2.7 mg Pt cm'^). In both cases, the CO oxidation peak 

occurred at lower potential than that observed with Johnson Matthey's conventional Pt/C 

electrodes and higher peak intensities were also observed. When compared to the CO 

oxidation results obtained with conventional Pt/C electrodes, an additional feature in 

terms of a small pre-peak at -0.3 V before the main CO oxidation peak was observed 

(more pronounced in figure 6.20). This may be attributed to the CO oxidation starting at 

lower potential on different sites of the mesoporous catalyst (internal and external 

surface) and due to the different porous structure of the platinum material. 
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Figure 6.20 CO electrooxidation on Hi Pt soaked in 1 M HCIO4 prior to electrode 

preparation. Scan rate 10 mV s'̂  at room temperature. 
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Figure 6.21 CO electrooxidation on Hi Pt soaked in IM H2SO4 prior to electrode 

preparation. Scan rate 10 mVs"' at room temperature. 
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Finally, the effect of another additive was assessed in CO electrooxidation reaction. The 

Hi Pt was pretreated by soaking in a 10 % weight solution of a perfluorosulfbnic acid 

(proton conductor). The cyclic voltammogram depicted on figure 6.22 shows that the 

peak for CO oxidation occurs at a lower potential than that for conventional Pt/C (0.05 V 

compared to 0.145 V for Pt/C depicted in figure 6.19) and was similar to that obtained 

with the electrodes prepared by soaking the mesoporous platinum in perchloric or sulfiiric 

acid prior to the electrodes preparations. The intensity of the CO oxidation peak reached a 

maximum at 5 mA, smaller than the intensity observed Ibr the electrodes prepared 6om 

Hi Pt catalysts presoaked in aqueous acids (10 mA), the presence of a small pre-peak at 

-0.3 V was also noted. 
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Figure 6.22 CO electrooxidation on Hi Pt soaked in 10 % heptadecaGuorooctanesulfbnic 

acid solution prior to electrode preparation. Scan rate 10 mVs ' at room temperature. 
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Pt/Ru electrodes have been known for a long time to exceed the electrocatalytic activity 

of pure platinum electrodes towards the electrooxidation of methanol in acid electrolytes 

and even today they are considered to be the most active electrocatalysts for this reaction 

[ref3]. When mixed with platinum, ruthenium also exhibits synergestic effect towards rhe 

the CO oxidation. Gasteiger ef a/, measured the electrocatalytic activity of well 

characterised Pt/Ru alloy electrodes prepared in ultrahigh vacuum (UHV) towards the 

electrooxidation of CO in sulfuric acid electrolytes. In their results, the authors found that 

an alloy with a Ru surface composition of - 50 atomic % exhibited the highest activity 

with an approximate reduction of the oxidation overpotential of 0.25 V compared to pure 

platinum. The final set of data was collected by preparing electrodes with mesoporous 

Pt/Ru catalyst (1:1 atomic ratio) presoaked in 10 % weight solution of perGuorosulfbnic 

acid. The cyclic voltammogram depicted in figure 6.23 shows that the CO oxidation 

occurs at much lower potential than the potential observed with the electrode prepared 

from conventional Pt/C (-0.125 compared to 0.149 V). 
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Figure 6.23 CO electrooxidation on Hi Pt/Ru soaked in 10 % heptadecafluorooctane -

sulfonic acid solution prior to electrode preparation. Scan rate 10 mVs"' at room 

temperature. 
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The CO oxidation occurs also at lower potential on the Pt/Ru catalyst than the potential 

recorded with the electrodes prepared with mesoporous Pt presoaked either in acid or 

proton conductors (-0.009 and 0.005 V respectively).The shift to lower potential observed 

for the CO oxidation while using Hi Pt/Ru is of considerable importance in the context of 

fuel cell because this indicates that the oxidation of CO on the surfaces of the mesoporous 

alloy is more facile than on either the commercial catalyst or the mesoporous platinum. 
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6.6 Conclusion and further work 

The aim of the chapter was to assess the catalytic activity of mesoporous Pt and 

mesoporous Pt/Ru in hydrogenation reactions and in the formulation of electrodes for 

fuel cell applications. Noble metals, especially Pt and Pt based alloys, are extensively 

used in heterogeneous catalysis. The possibility of producing mesoporous Pt and Pt based 

alloy powders with inherently high surface areas is particularly attractive in the vast field 

of heterogeneous catalysis. 

The results obtained from the catalytic hydrogenations carried out showed that Hi Pt and 

Hi Pt/Ru had higher catalytic activities than the commercial equivalent catalysts (higher 

rate constants, shorter induction periods for a given reaction). Preliminary data on the 

catalytic properties of these materials in hydrogenation reactions showed that these 

materials constituted a very attractive alternative to current catalysts used in 

heterogeneous catalysis. 

Fuel cell technology is intimately linked to the development of effective electrocatalysts. 

Research over decades has shown that Pt or Pt containing catalysts are the best materials 

for low temperature proton exchange membrane fuel cells. Preliminary experiments 

aimed at assessing the catalytic activity of mesoporous Pt and Pt/Ru alloys in the 

formulation of electrodes for such fuel cells were also carried out. The results showed 

that by presoaking the Hi Pt in sulfuric acid solutions before preparing the electrodes, it 

was possible to greatly improve the efficiency of the electrodes in MeOH oxidation by 

increasing the oxidation current. Nevertheless, the onset potential for MeOH oxidation 

observed for the modified electrodes was the same as the one obtained using conventional 

Pt/C electrodes. 

CO oxidation behaviour at conventional Pt/C, Hi Pt non treated and Hi Pt electrodes 

prepared by soaking the platinum catalysts in different additives prior electrodes 

preparations was finally studied. By pretreating in acid or solutions of proton conductors, 

a shift in the CO oxidation peak to some more negative potential was observed indicating 

that the CO oxidation on the surface of the mesoporous pretreated platinum was more 

facile. Optimal results were obtained by using H; Pt/Ru catalysts also pretreated in proton 

conductor solutions; higher oxidation currents with a shift to lower potential were indeed 
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observed with these electrodes. These preliminary data illustrate that significant 

improvements in the context of fiiel cell electrodes may be obtained by using mesoporous 

catalysts and demonstrate the viability of employing a liquid crystal templated route to 

produce catalysts that have enhanced performance over conventional catalysts. 

Further work: 

The use of mesoporous metals in heterogeneous catalysis has numerous applications; 

catalysts with long ranged porous nanostructure and hig specific areas are indeed 

particularly attractive. The catalytic behaviour of these catalysts should be assessed in 

selective hydrogenations or in reactions that can not be achieved using conventional 

catalysts. 

Preliminary results showed that mesoporous Pt and Pt based alloys could play an 

important role in the development of effective catalysts for fuel cell technology. 

Experiments showed that presoaking the Hi materials in acid or proton conductors was 

important to improve their efSciency. Other pretreatments should be investigated to 

further optimise the electrode formulations. Finally, further tests at higher temperature are 

required to assess the viability of using these electrode assemblies for the development of 

fuel cell stacks. 
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Appendix 1 Techniques 

1A Polarised light microscopy and phase diagrams 

Introduction 

The polarised light microscope differs from a standard optical microscope in that the 

sample is observed through a pair of crossed, polaroid, filters. One of the filters (the 

analyser) is situated above the sample, which is sandwiched between two glass plates, 

and one below (the polariser). When there is no sample present, the image on the 

microscope appears black as no light is transmitted [1], 

An isotropic liquid has no effect on plane polarised light as the refractive indices of 

the material are the same in all directions. However, in a liquid crystal system there is 

ordering of the molecules and in some cases this can result in anisotropy in the 

refractive index of the material. For lyotropic systems, hexagonal and lamellar phases 

have two different refractive indices at 90° to each other. These liquid crystal phases 

are said to be birefringent and each has a particular optical texture under the 

polarising microscope. Figures 1 and 2 shows some optical textures for the 

commonly found liquid crystal phases of lyotropic systems. In cubic systems there is 

no birefringence as light interacts with the material in a similar manner whatever the 

orientation. Micellar solutions are isotropic and therefore, along with cubic phases, 

appear black under the polarising microscope. 
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Figure 1 The optical textures of the hexagonal liquid crystal phase of CieEOg in water a) A sample 

that has been cooled slowly from an isotropic micellar solution to a hexagonal phase, b) and c) show 

the hexagonal phase after the domains have been disturbed by rubbing the glass slide and cover slip 

across the sample. These pictures were reproduced from reference [2]. 
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Figure 2. The optical textures of the a) cubic phase ( V J and b-c) Lamellar phase ( L J for CieEOg + 

water mixtures. 

Identification of the Uquid crystal phase by polarised light microscopy is a 

combination of observations of optical textures and the viscosity of the phase [3]. 

The viscosity often helps to differentiate between systems that appear identical under 

the microscope. For example, cubic phases can be differentiated from micellar 
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solutions, as a cubic phase is very viscous with irregular shaped air bubbles trapped in 

the mixture whereas a micellar solution is very fluid. Another useful technique in 

identifying a phase is to observe the phases formed at the edge of the sample where 

water is lost upon heating. For example, a hexagonal phase will display a cubic phase 

followed by a lamellar phase at the edge of the sample where water has been lost. 

Table 1 provides some notes for identifying each individual phase. 

Mixture Optical texture Viscosity Notes 

Micellar 

solution 

(Li) 

Isotropic (black) Very fluid with circular air 

bubbles 

Phase seperated 

(L, + w) 

Isotropic (black) Very fluid with spherical 

regions rich in micelles 

Turbid solution 

Micellar cubic 

phase 

(Ii) 

Isotropic (black) Viscous phase sometimes 

containing angular air 

bubbles 

Should observe an H, phase at 

the edge of the sample upon 

heating. 

Hexagonal 

phase (H[) 

Feather texture 

(figure l la-c) 

Viscous phase containing 

angular air bubbles 

Should observe an Vj/La 

phase at the edge of the 

sample upon heating. 

Cubic phase 

(Vi) 

Isotropic (black) 

(figure I la) 

Very viscous phase 

containing angular air 

bubbles 

Should observe an phase at 

the edge of the sample upon 

heating. 

Lamellar phase 

( L J 

Mosaic texture 

(figure 12c) 

Sometimes this 

beomes string like 

upon heating. 

(figure 12b) 

Fairly viscous but less 

viscous than an H| phase -

spherical air bubbles 

The viscosity of the phase can 

drop dramatically with heating 

Inverse micelles 

(Lz) 

Isotropic (black) Fluid with spherical air 

bubbles 

N o phases are observed at the 

edge of the sample upon 

heating 

Table 1 Some pointers to identifying commonly found structures in lyotropic 

systems of ethylene oxide surfactants. 
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The construction of phase diagrams 

The phase behaviour of the mixtures, described in this thesis, was investigated by 

polarised light microscopy using an Olympus BH-2 polarised light microscope 

equipped with a Linkam TMS90 heating stage and temperature control unit. Two 

techniques were used in order to determine the phase behaviour. The first of these 

was the contact method, which provided a quick analysis of the types of phases that 

the surfactant formed and their relative stabilities. The second method involved 

making up a large number of mixtures in order to determine exactly where the phase 

boundries existed for a given composition. 

Contact method 

For lyotropic materials the richness of phase behaviour can be determined using a 

contact preparation. This method simply involves making a thin film by melting the 

sample, sandwiched between a glass slide and cover slip, and adding a drop of water 

at the edge of the coverslip (figure 3 a). As the water propagates through the sample, a 

range of compositions is formed, and the phase behaviour can be observed under the 

polarising microscope. A reverse effect is observed if a lyotropic phase is heated and 

water lost from the edge of the sample. The surfactant is more concentrated at the air 

interface and less concentrated towards the centre of the sample. Consequently the 

range of phases of the surfactant are observed under the polarised light microscope 

(figure 3b). 
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a) Birefringent 
hexagonal 
phase 

Water 

Birefringent 
lamellar 
phase 

Solid or molten 
amphiphile 

Cubic phase 

Glass slide 

b) 
Air 

Lamellar phase 

Cubic phase 

Hexagonal phase 

Figure 3 a) Studying phase behaviour using the contact method, b) The characteristic phase behaviour 

of polyoxyethylene based surfactants as water is lost from the edge of the sample upon heating. 

Accurate phase boundary determination 

Contact preparations only provide a qualitative method of phase determination. To 

accurately determine the phase behaviour of a lyotropic liquid crystal system it is 

necessary to make up a range of compositions and study each of them individually at 

a variety of temperatures. 

For the phase diagrams constructed in this thesis it was important to ensure that the 

surfactant mixtures were homogeneous. Samples for study were prepared by 

accurately weighing out the required amount of surfactant and aqueous solution into a 

glass vial. After sealing the vial, mixing was achieved by at least four heating/cooling 

cycles where the sample was heated to 80°C and cooled to room temperature. In 

addition, during cooling the compositions were vigorously shaken using a vortex 

mixture. All mixtures were allowed to equilibrate at room temperature for at least 2 

hours before analysis. 
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The phase behaviour of each mixture was characterised by placing a small sample 

between a glass slide and cover slip and viewing under a polarised light microscope. 

Phase transition boundaries were located to an accuracy of + 2°C by using 

heating/cooling rates of 0.2°C/min across the boundary. Initially a regular series of 

mixtures was examined (e.g. 10 wt% increments in surfactant concentration) and a 

rough phase diagram constructed. From this further mixtures were prepared to better 

identify the positions of the boundaries. 
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1B Electron microscopy 

Introduction 

Light microscopy is limited by the wavelength of visible light making it impossible 

ever to see detail finer than 300 nm. By imaging a sample using electrons it is 

theoretically possible view structures as small as 0.002 nm. 

In light microscopy the light falling on an object is reflected, transmitted, scattered, 

absorbed, or re-emitted at another wavelength. The main modes of light microscopy 

(reflected, transmitted, bright-field, dark field and fluorescence) result from these 

effects. In electron microscopy the possibilities are much wider, because the greater 

amount of energy carried by the illumination can cause a number of different effects 

to occur in the specimen. A range of microscopical and analytical modes are possible 

making electron microscopy a very powerful analytical tool. The types of beam-

specimen interactions are summarised in figure 4. 

Electron beam 
Primary electrons 

Secondary electrons 

Cathodoluminescence 

Backscattered electrons 

Auger electrons 

Absorbed 
current 

Transmitted electrons 

Figure 4 A schematic representation of the emissions resulting from the interaction 

between the electron beam and the specimen in an electron microscope. 
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The following list describes the various products of the interactions between the 

primary electron beam and the sample. Of these, c) are used for imaging in 

transmission electron microscopy (TEM), a) and b) in scanning electron microscopy, 

whilst c) to g) can provide additional analytical information in either type of 

microscope, 

a) Secondary electrons 

Inelastic collisions on the surface of the sample result in outermost electrons being 

detached from the specimen atoms. These secondary electrons are used for imaging 

surfaces in the SEM. 

b) Backscattered electrons 

These are electrons from the primary beam that have been turned back out of the 

specimen again. The amount of backscattering increases with the atomic number of 

the elements in the specimen. Imaging using backscattered electrons, collected in the 

SEM, can be used to map elemental composition. 

c) X-rays 

Photons of x-radiation with wavelength and energy characteristic of the elements in 

the specimen are emitted under electron bombardment in the electron microscope. 

The spectrum of the radiation can be used for elemental identification, using either 

wavelength or energy (known as wavelength dispersive or energy dispersive x-ray 

spectroscopy, WDX and EDX respectively). 

d) Auger electrons 

The Auger electron is a result of a secondary electron process following the initial 

ejection of an electron from an inner shell by incident electron. Auger electrons can 

be used for analysing the composition of the surface of a specimen. 

e) Cathodoluminescence 

Specimens emit visible light under electron bombardment. Cathodoluminescence is 

widely utilised in TV screens. 
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f) Absorbed current 

The net electron current remaining in the specimen after the electron emission or 

transmission processes makes up the absorbed current, which must be dissipated to 

earth. If the electron current is not dissipated the sample can charge-up causing 

repulsion of the electron beam. This is why samples must be conducting on the 

surface particularly in the SEM so that the charge can be earthed. The absorbed 

current can also be used to study the internal structure of semiconductors. 

g) Transmitted electrons 

If the specimen is thin enough some incident electrons penetrate through it and 

emerge as transmitted electrons. They may have been deflected from the line of the 

primary beam and may have lost energy by collisions. They carry information about 

the interior of the specimen and form the basis of the TEM. 

Electron microscopy of the samples described in this thesis was carried out to 

determine the mesoporous structure, morphology on a micron scale and composition. 

TEM was used to study the pore structures and an SEM fitted with an EDX detector 

used to examine the surface at a micron level and carry out elemental analysis. 

Scanning electron microscopy (SEM) is primarily used to study the topography of 

bulk specimens on a micron scale, but compositional information can also be 

extracted [4-5]. Figure 5 shows a schematic of the SEM. An electron beam is formed 

by a gun, which accelerates the electrons produced from a filament. The accelerating 

voltage that is applied can be varied depending on the sample of interest up to ~40 

keV. Focusing and magnification is achieved using a series of electromagnetic lenses. 

The electron beam is focused onto the specimen by the condenser lenses and scanned 

across the sample surface. Detection of the secondary electrons is then used to build 

up a picture of the surface. Microanalysis (EDX) is also possible if the SEM has an 

additional x-ray detector. For the studies carried out in this thesis a JEOL JSM 6400 

Analytical Scanning Electron Microscope was used. 

257 



Appendix 1 Techniques 

HT supply 
0.5 -30 kV - 4 

Specimen 
chamber and stage 

•1 Electron gun 

2a First condenser lens 

12h Second condenser lens 

3 Final probe-forming lens 
with beam deflection sysrtem 

-4 Electron collection system 

6 
Vacuum pumps g 
for column Vacuum pumps for 

specimen chamber 

Figure 5 Schematic of a scanning electron microscope 

Experimental parameters 

The procedures followed for obtaining SEM images and carrying out microanalysis of 

the mesoporous materials are described below: 

a) Sample preparation 

All metal samples were prepared for the SEM by sticking them to an aluminium stub 

using double-sided sticky tape. These were fixed to the aluminium stubs using a 

double-sided carbon sticky tape. 

b) Inserting samples into the vacuum system 

Once the samples were supported on aluminium stubs they were inserted into the 

vacuum system of the microscope. 

c) Image formation 

A tungsten filament was used for obtaining the SEM images in this thesis and samples 

were examined at magnifications up to x 10,000. 
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Of; Eox 

Microanalysis was carried out by recording the x-ray spectrum from the sample and identification of 

the elements present done automatically by the software. 

e) Photography 

Photographs were taken using roll film, which was developed and printed. 

Transmission electron microscopy is widely used to examine the nano-structure of 

inorganic materials [4-5]. As in the SEM an electron beam is formed by a gun, which 

accelerates the electrons produced from a filament. The accelerating voltage that is 

applied can be varied depending on the sample of interest. For most inorganic 

materials a relatively high accelerating voltage of 200kV is required so that the beam 

can penetrate the sample. However, in some cases this high voltage can cause local 

heating of the sample and destroy, over time, any microstructure that might be 

present. Focusing and magnification is achieved using a series of electromagnetic 

lenses. The electron beam is focused onto the specimen by the condenser lenses and 

magnification of the transmitted image is achieved using objective and projector 

lenses. Finally, the image is formed on a fluorescent screen. Figure 6 shows a 

schematic diagram of a transmission electron microscope. For the studies carried out 

in this thesis a JEOL 2000FX instrument was used. 
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HT supply 

1 Electron gun 

2 Condensers 

Beam al ignment 
Stage 

Specimen stage 
Objective lens 

Intermediate lens 
{First projector) 

(Second) projector 
len: 

8 Viewing chamber 

Recording camera 

High vacuum 
pumping system 

Figure 6 Schematic of a transmission electron microscope 

Experimental parameters 

The procedures followed for obtaining TEM images of the mesoporous materials 

using the JEOL 2000FX are described below: 

a) Sample preparation 

A dispersion of the material in water was dropped onto a circular, 3.05mm, 400 mesh 

copper grid that supported a carbon film (supplied by Agar Scientific). If the 

specimen was not a fine powder then it was ground up using an agate pestle and 

mortar. Dispersing the material in water was achieved by using an ultrasound bath for 

about 2 minutes. Once the grids were dried under ambient conditions any remaining 

water, trapped within the pores, was removed by placing them in a vacuum desiccator 

overnight. 

b) Inserting samples into the vacuum system 

Once dried, two grids were placed in the metal sample holder, which was inserted into 

the vacuum system. Typically, it took 10 minutes before a sufficient vacuum was re-

established for the electron beam to be switched on. 
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c) Image formation 

Both Lanthanum hexaboride (LaBe) and Tungsten filaments were used for obtaining 

the TEM images in this thesis. The LaBe filament provided a much brighter source 

and consequently was better for imaging the nanostructure of the mesoporous metals. 

Also, the resolution of the images using the LaBg filament was better. Most of the 

samples were examined at a magnification of x 120,000, which was sufficient to 

observe the nanostructure. The stability of the samples under the electron beam was 

variable. In the case of the led samples, the mesoporous structure was destroyed 

within ~1 minute of exposure to the focused beam. For the mesoporous platinum 

samples, penetration of the beam through the sample was more of a problem. 

Usually, the mesostructure was only observed at the thin edges of particles or on very 

small particles. 

d) Photography and digital image analysis 

Underneath the viewing chamber was a camera that held a number of photographic 

plates. Once a suitable region of the sample had been found a plate was exposed and 

the image recorded. Typically about 5-10 representative pictures would be taken over 

a period of twenty minutes. Once the negatives have been removed from the vacuum 

system they were developed and in some cases printed. 

Digitisation of the negatives was carried out using an AGFA Duoscan T1200 scanner 

attached to a PC. The Duoscan had a special transparency tray that was designed for 

scanning negatives and could produce high-resolution scans of the original negative in 

12-bit grey scale. Adjustment of brightness and contrast of the scanned images was 

carried out using Corel Photopaint 8 

Analysis of results 

To properly assess the nature of any mesoporosity within a sample it was necessary to 

have a number of representative micrographs. In terms of order, the mesoporous 

materials could be placed into four categories: 
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1) The material did not have any mesoporosity 

2) The material was mesoporous but disordered 

3) The material was mesoporous and sufficiently ordered that the phase could be 

identified. 

4) The material was mesoporous and the phase easily identifiable. 

The repeat distance between the pores was measured by averaging across a number of 

pores. To ensure the scale bar on the micrograph was accurate the TEM was 

calibrated using asbestos fibres with known lattice spacings. In the case of the Hi 

materials there tended to be more particles, as might be expected, lying side on. 

Consequently, at first sight the material appeared lamellar but on further investigation 

the end on view of the hexagonally arranged pores was revealed [6], Confirmation of 

a homogeneous hexagonal phase, throughout the material, could be obtained by 

measuring the ratio of the repeat distance of the pores, side on, to the repeat distance 

end on (figure 7). 

Figure 7 Representation of the Hi mesoporous structure. Note when the structure is 

viewed side on in the TEM the repeat distance d is observed and this is smaller than 

the true pore to pore distance. 
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1C Powder X-ray Diffraction 

Introduction 

Powder x-ray diffraction is routinely used to study polycrystalline solid state materials 

such as zeolites. It differs from single crystal x-ray diffraction in that the beam strikes 

a finely powdered sample, which ideally contains crystals, arranged randomly. The 

lattice planes of the crystals diffract the x-ray beam. Those planes oriented at the 

correct angle (Bragg angle 20) result in constructive interference of the x-ray beam 

providing a signal. The powder x-ray patterns, that are recorded, can be interpreted 

by using the Bragg equation nA,=2dsin6. Where X is the wavelength of the incident 

beam and d is the lattice spacing. Commonly a Cu K^i radiation source is used 

(1-1.5406 A) and detection of the scattered x-rays carried out by a scintillation 

counter. With such a setup the scattered x-rays result in Bragg reflections at wide 

angles (10-90°) for crystalline materials. 

Characterisation of mesoporous materials by Powder x-ray diffraction has become the 

analytical method of choice for analysing the quality, phase and repeat distance of the 

structure [7]. The low angles reflections (28 <10°) can be used to help identify the 

type of mesopore structure (Hi, Vi and La). In addition, the sharper the Bragg peaks 

in the diffraction pattern, the better the long range order in the material 

Equipment description 

Data were collected using a conventional diffractometer, Siemens D5000, employing 

copper radiation passed through a single crystal monochromator giving only K î 

radiation (figure 8). The monochromatic x-ray beam was then collimated through an 

aperture diaphragm and directed onto the sample, mounted flush in a recessed 

aluminium or plastic holder. Diffracted x-rays were detected by a standard 

scintillation counter. The sample goniometer was rotated at a constant angular 

velocity and the detector moved at twice this velocity to ensure the diffraction angle, 

28. Di#action data were recorded on a windows based PC. 
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Figure 8 A Schematic representation of the Siemens D5000 diffractometer. Reproduced irom 
reference 7 

Experimental parameters 

The fine metal powder was placed in a aluminium holder containing a circular 

indentation (ca. 30 mm in diameter and 1 mm deep), and the surface of the powder 

was made flush with the sides of the holder. Small angle XRD scans were recorded 

over a 28 range of for 20 minutes. For the high angle XRD experiments a plastic 

holder was used rather than aluminium holder. This was to avoid confusion of the 

diffraction peaks for aluminium with those for platinum as both metals have the same 

crystal structure. High angle XRD patterns were recorded over a 29 range of for 30 

minutes. 

Analysis of results 

Small angle x-ray scattering 

Small angle x-ray diffraction patterns were used to help identify the mesopore 

structure of the metal samples. Each order of diffraction has an associated reciprocal 

spacing, SMrl/dw- The ratio of the reciprocal spacings of the dif&action lines allow 

powder patterns to be indexed to a particular mesophase symmetry (lamellar, 

hexagonal or cubic for lyotropic systems). 
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The dif&action peaks for a lamellar phase are regularly spaced as = A {1, 2, 3, 

4....}. For the 2D hexagonal liquid crystal phase = (2/V3) {1,^3, 2, 

V?, 3, ^12, Vl3....} and for the cubic structures {1,^2, V3, 2, Vs, 

•n/6, VS, 3....}. The various lyotropic cubic phases are further distinguished by 

characteristic systematic absences, which differ for each space group. The observed 

reflections and their corresponding positions are summarised in table 2. 

In ordered to differentiate between the various liquid crystal phases a large number of 

orders of diffraction are necessary. This is particularly true of cubic materials where 

there are a variety of possible structures. Furthermore, powder XRD cannot 

differentiate between lattice planes that diffract at the same angle 26. Finally, the 

long range order in a mesoporous material is not nearly as high as the regular 

arrangement of atoms in a crystal. This means that the diffraction peaks, due to the 

mesoporous structure, are much less sharp than those observed for a crystal. The 

combination of all these factors means that a great deal of care must be taken when 

recording and interpreting XRD data of mesostructures. It is possible to improve the 

quality of the diffraction data by using equipment specifically designed for low angle 

measurements. Other improvements include the use of a highly monochromatic 

source of x-rays (e.g. synchrotron radiation) and the collection of data over a long 

period of time. 

All the mesoporous materials described in this thesis produced at least one diffraction 

peak {100). The peak width of the 100 peak dramatically increased for more 

disordered structures and the peak width at half height was used as a measure of 

disorder in the system. The lower the long-range order in the mesoporous structure 

the broader the diffraction peak. 
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Phase Space group Selection rules hkl list spacing ratios 
n = 1,2, 3 ,4 

Lamellar (LJ AOO: h = n 700 1 Lamellar (LJ 
200 2 
JOO 3 

Hexagonal (HJ P6mm hkO: h + k = n 700 1 
770 V3 
200 2 
270 <1 

Cubic (Vi) Pm3n (223) A, t / permutable 770 V2 
hht I = 2n 200 2 
AOO: A = 2M 270 Vs 

277 V6 
220 Vs 
j70 Vio 
222 Vl2 

Pn3m (224) h, k, I permutable 770 V2 
hht I = 2n 111 V3 
AOO: h = 2n 200 2 

277 V6 

220 Vs 

227 3 

j70 Vio 

311 Vii 

222 Vl2 

Fm3m (225) A, t / permutable 770 V2 
hkl: h+k, h+l, l+k = 2n 200 2 
Okl: k+l = 2n 220 Vs 
AAAA+/ = 2M 311 Vii 
AOO: h = 2n 222 Vl2 

Fd3m (227) A, t / permutable 111 V3 
hkl. h+k = 2n and h+l, l+k = 2n 220 Vs 
Okh k+l = An and k, l = 2n 377 Vii 
AAAA+/ = 2M 222 Vl2 
AOO: h = An 

ImSm (229) A, A, / permutable 770 V2 
hkl: h+k+l = 2n 200 2 
Okl: k+l = 2n 277 V6 
hhl: I = 2n 220 Vs 
hOQ: h = 2n 370 Vio 

222 Vl2 

Ia3d (230) A, A, / permutable 770 V2 
hkl: h+k+l = 2n 200 2 
Okl: k, I = 2n 277 V6 
AA^2A+/ = 4M 220 Vs 
AOO: h = 4n 370 Vio 

222 Vl2 

Table 2 Selection rules for the space groups associated with lyotropic liquid crystal phases and the 

relative spacings of the first Bragg reflections. Note that only a selection of the cubic space groups are 

given for the more commonly found phases in lyotropic systems. Information obtained from the 

international tables of cystallography. 
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Wide angle x-ray scattering 

Wide/high angle XRD was used to determine the crystal structure of the platinum 

materials. By comparing the recorded XRD patterns with the literature crystal data 

for platinum [8] it was possible to identify the materials as fee platinum (space group 

Fm3m). Also, by measuring the broadening of the diffraction peaks it was possible to 

determine crystallite size using the Scherrer equation [9]. 
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1DEXAFS 

EXAFS (Extended X-ray absorption fine structure) refers to the sinusoidal variation 

of the X-ray absorption coefficient as a function of X-ray photon energy, which 

occurs after each absorption edge of an element and extends for up to 1500 eV 

further. This phenomenon forms the basis of the analytical technique of EXAFS 

spectroscopy, which can be used to obtain structural information about molecules 

without the need for obtaining single crystals. 

Basic EXAFS Theory 

Atoms in molecules can absorb x-rays. Generally, the proportion of x-rays absorbed 

(the absorption coefficient) will decrease as their energy increases, but at certain 

values of energy, specific to each element, a sudden increase in the amount of energy 

absorbed is observed. These energies are known as absorption edges. The energies 

correspond to the ejection of an electron from the atom in question (i.e. ionisation). 

The ejected electron can be considered as a wave, travelling outwards from the central 

absorbing atom. The increase in absorption at the edge occurs when the energy of the 

incident x-rays is equal to the threshold energy necessary to eject an electron. 

Simple models of X-ray absorption predict a gradual monotonic decrease in the 

absorption coefficient with increasing energy away from the absorption edge. Such 

behaviour is observed in spectra of isolated atoms, e.g. noble gases (Xe, Kr etc.), but 

for atoms either in a molecule or a condensed phase, the presence of other atoms 

around the absorber causes oscillations in the absorption coefficient near the edge 

(figure 9). These oscillations in the post edge region arise from the back-scattering of 

the emitted electron wave off neighbouring atoms and so the structure of the post edge 

region of the x-ray absorption spectrum is related to the radial distribution of atoms in 

the sample. Hence, by analysing this structure (the frequency and amplitude of the 

oscillations), information about the local environment of the absorbing element can be 

derived. 

268 



Appendix 1 Techniques 

Photon Energy Photon Energy 

Figure 9 Rationalisation of the absence and presence, respectively, of the EXAFS in 

a monatomic gas such as Kr (a and c) and a diatomic gas such as Bra (b and d). 

Reproduced from reference 10. 

The EXAFS effect (the oscillations in the post edge absorption coefficient) is small 

compared to the absorption resulting from the electron ejection (ionisation), hence a 

strong x-ray source is required to produce features sufficiently intense to be analysed. 

Synchrotron x-ray sources meet this requirement; they produce x-ray radiation by 

accelerating pulses of electrons to a speed approaching that of light, in a circular path 

of ca. 20 metres radius. Because of the complexity of the equipment necessary to 

achieve this, there are only a small number of such sources in existence. The only 

facility in the UK is the Daresbury synchrotron source, located near Liverpool, but 

there are about 30 more elsewhere in the world. 
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Energy dispersive EXAFS on station 9.3 at the Daresbury synchrotron 

radiation source 

The Energy dispersive EXAFS experiments described in chapter 5 on platinum-

ruthenium samples were carried out at the Wiggler Station 9.2 of the synchrotron 

radiation source at Daresbury (UK). Standard EXAFS were used and the station was 

operated with a Si (220) double crystal monochromator. Each scan was carried out for 

35 minutes on Station 9.2. 

Analysis of EXAFS data 

A detailed description of EXAFS analysis is beyond the scope of this thesis and is 

explained elsewhere [10, 12]. At a simple level, analysis involves extracting the 

EXAFS data from the background and building a model to match this data. The 

Fourier transform of the extracted EXAFS data provides information on the average 

separation of atoms within the sample and if a sensible model can be fitted to the data 

then coordination numbers and types of nearest neighbours can also be obtained. 

Background subtraction was obtained using EXBROOK and curve fitting of the 

EXAFS data was carried out using EXCURVE 98 [13] programme. The quality of the 

fitted models was determined in EXCURVE 98. The quality of the fit may be judged 

by the R-factor (The percentage difference between theoretical EXAFS data and the 

experimental data). 

The author would like to thank Dr Andrea Russell and Stephanie Maniguet for 

running the EDE experiments and for their help with analysing the EDE data. 
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1E Nitrogen adsorption/desorption experiments 

Introduction 

Studying the adsorption/desorption of an inert gas, such as nitrogen, on the surface of 

a material can provide information about the surface area and pore size distribution of 

the material, and reveal any pore blocking within the structure. Routine surface area 

analysis is carried out by using commercialy available instruments that record the 

adsorption and desorption of nitrogen before calculating a surface area form the 

collected data. Nitrogen adsorption/desorption studies are widely used in the study of 

mesoporous inorganic oxide and have become a standard technique for characterising 

surfactant templated materials [14]. 
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Figure 10 The Gemini III 2375 analyser a) general overview and b) plumbing diagram. Reproduced 

from the Micrometrics operating manual. 
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Nitrogen adsorption/desorption experiments were carried out using a Micrometrics 

Gemini III 2375 Surface Area Analyser. The Gemini instrument automates the 

process of obtaining nitrogen adsorption/desorption curves and BET surface areas. It 

works by analysing the difference in the volume of nitrogen adsorbed by a tube 

containing the sample of interest and an empty reference tube. Both tubes are 

immersed in a single liquid nitrogen bath, which maintains isothermal conditions. 

Figure 10 shows a schematic of the components of the Gemini's plumbing system. 

Experimental parameters 

For all the nitrogen adsorption/desorption experiments described in this thesis the 

following procedure was adopted: 

1. Sample tubes were cleaned by washing in an ultrasound bath of deionised water 

for 1 minute and rinsed with acetone before drying in an oven, at 60°C, overnight. 

2. Samples were weighed out accurately (~200mg for mesoporous metals) into the 

anlysis tube. 

3. The instrument was set-up with the following parameters before starting the 

analysis: 

• 40 adsorption points between P/Po 0.01-0.95 and 32 desorption points. 

• Sample weight (see above) 

9 Saturation pressure Po - 760 mmHg 

# Evacuation rate 500 mmHg/min 

# Evacuation time 30 min 

4. The automated BET analysis was carried out on adsorption points at relative 

pressures (P/Po) between 0.05 and 0.30. 

5. Pore volumes were obtained at a relative pressure (P/Po) o f -0 .95 
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Analysis of results 

Nitrogen/adsorption desorption curves 

The quantity of nitrogen adsorbed by a solid is proportional to the mass of the solid, 

the pressure and the nature of the solid at a given temperature. For a given 

temperature and solid, the relationship between the amount of nitrogen adsorbed and 

the relative pressure can be expressed as: 

V = f(P/PJ 0 /T.sas.solid (1) 

V is the amount or volume of nitrogen adsorbed by the solid, P is the vapour pressure and is the 

saturated vapour pressure. Adsorption isotherms, such as those in figure 7 were constructed by plotting 

the amount adsorbed V against the relative pressure P/Po. 

Figure 11 Typical adsorption isotherms for a) microporous solids such as zeolites, b) non-porous 

solids or macroporous solids and c) mesoporous solids. 

At very low relative pressures, a monolayer of nitrogen molecules forms on the 

surface of the solid. As the limit of monolayer coverage is reached, nitrogen begins to 

condense and fill in the very smallest pores of the sample. Further increases in the 

relative pressure result in the filling of steadily larger pores. If a sample has a narrow 

range of pore sizes then when a certain relative pressure is reached the adsorption 

isotherm will contain a step as nitrogen is rapidly adsorbed into the pores. 

Microporous solids such as zeolites have very large internal surface areas compared to 

their external surface areas and filling of the pores occurs at low relative pressures 

(figure 1 la). At the other extreme a macroporous solid does not exhibit pore filling 

until high relative pressures (figure l ib). A mesoporous material exhibits pore filling 

at intermediate relative pressures and is often characterised by a hysteresis loop 

associated with capillary condensation (figure 11c). Generally, the presence of 

hysteresis indicates that the pore size and shape is not well defined. 
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For the mesoporous materials described in this thesis nitrogen adsorption/desorption 

curves of V against P/Po were plotted using the output from the Gemini analyser. 

Many of the silicas produced isotherms that were characteristic of mesoporosity with 

varying degrees of hysteresis (figure 11c). 

Pore size analysis of nitrogen desorption isotherms 

It was mentioned in the previous section that the size of pores that are present and the 

range of pore sizes determine the form of a nitrogen adsorption/desorption isotherm. 

Pore size analysis takes this principle one step further by applying a mathematical 

analysis of the form of the isotherm to deduce a pore size distribution. A number of 

methods have been described in the literature for calculating pore size distributions 

[15-17]. In essence they are all based on the Kelvin equation (2) which relates the 

relative pressure to the pore radius. 

InP/P. = (2) 
r^RT 

Where y is the surface tension of adsorbate 
V is the molar volume of adsorbate 
R is the gas constant 
T is the absolute temperature 
TK is the capillary condensate radius 
P/Po is the relative pressure 

Unfortunately, the Kelvin equation only accounts for capillary condensation and does 

not consider the adsorption of nitrogen multi-layers on the surface of the pores. For 

an accurate pore size determination the multi-layers must also be taken into account. 

When the capillary liquid is lost, multi-layers are left on the walls, and thus the radius 

of the meniscus of the capillary condensate is less than the actual radius of the pores 

(rp) by the amount t (3). 

I'k = Tp - t (3) 

The method of determining t, the geometry of the pores and the pore size add to the 

complexity of pore size analysis and have been discussed in a number of publications. 

For the pore size analyses described in this thesis a calculation described by 

Dollimore and Heal was employed [16]. This is based on the method of Barrett et al, 
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(commonly known as the BJH method [17] but uses an improved route to determining 

multi-layer desorption. Equation 4 was used as the basis for determining the pore size 

distribution and from this a spreadsheet was drawn up as described by Dollimore and 

Heal. 

A Vp — Rn( AVn - A tnS Sp + 27TtnA tn2 Lp) (4) 

Where AVp is the change in pore volume between two relative pressures 

AV„ is the change in volume of the adsorbate between two relative pressures 

Rn = (rp)^/(rK+At„)^ (r^ - average capillary radius between two relative pressures) 

Atn = change in multi-layer thickness between two relative pressures 

Sp = 2AVp/rp (surface area of the pores) 

Lp = Sp/(27trp) (length of the cylindrical pores) 

2rr 

2rK 

Figure 12 The cylindrical model used in pore size analysis and the multilayers of adsorbed nitrogen, 

of thickness t, that have to be considered. 

The spreadsheet for the pore size analysis of mesoporous silica is shown in table 1. 

The pore size distributions given in this thesis were obtained by plotting the values of 

AVp/Ar (dVp/dr) against rp for the desorption branch of the isotherm. 
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A B c B E F G 

P/Po Vdes Vliq AV/ t At Tk 
mlg"' ml ml A A A A 

A1 B1 Bl*0.00155 C2-C1 -4.3[(5/lnAl)"'] E2-E1 -9.53/lnAl El+Gl 

A2 B2 62*0.00155 -4.3[(5/lnA2)"^] E3-E2 -9.53/lnA2 E2+G2 

A3 B3 83*0.00155 -4.3[(5/lnA3)"^] E4-E3 -9.53/lnA3 E3+G3 

Am Bm Bm*0.00155 -4.3[(5/]nAj'^] Em'Em+l -9.53/lnAm Eni+Gn, 

1 J K L M N 0 

<t> 
A 

U 
A ' 

<rK> 
A 

K 
ml 

U*S(27tLp) 
ml 

(E2+El)/2 F1*I1 (H2+Hl)/2 (G2+Gl)/2 (Hl)^/(L1+Flf F1*S1 J1*U1 

(E3+E2)/2 F2*I2 (H3+H2)/2 (G3+G2)/2 (H2)^/(L2+F2)^ F2*S2 J2*U2 

(E4+E3)/2 F3*I3 (H4+H3)/2 (G4+G3)/2 (H3y/(L3+F3y F3*S3 J3*U3 

(Em+l+Em)/2 Fm*Im (Hn,+i+H„)/2 (Gn,+ i+Gm)/2 Fm*Sm Jm*Um 

P Q R S T U 

AVp 
ml 

EAVp 
ml 

ESp 
m^ 

2%Lp = Sp/rp 
mxlO '" 

227iLp 
mxlO'" 

(D1-N1+01)*M1 SUM(P1:PJ 2P1/H1 SUM(R1:RJ R l / H l SUM(T1;TJ 

(D2-N2+02)*M1 SUM(P2; P J 2P2/H2 SUM(R2:RJ R2/H2 SUM(T1:TJ 

(D3-N3+03)*M1 SUM(P3:PJ 2P2/H2 SUM(R3:RJ R3/H3 SUM(Tl;Tn.) 

( D . . N . + O J * M . Pm 2Pm/H^ Rm Rm/Hm Tm 

W X 

AVp/Ar 
m l A ' 

Pore diameter 
A 

[P1/(H2-H1)]/C„ 2*K1 

[P2/(H3-H2)]/C„ 2*K2 

[P3/(H4-H3)]/C„ 2*K3 

[Pm/(Hm+rHJ]/Cm 2*K. 

Table 3 The Spreadsheet used for calculating pore size distributions from nitrogen adsorption data. 

As some of the equations are recursive the data has to be inputted line by line. Columns A and B are 

obtained from the nitrogen desorption experiment and column W is plotted against X to obtain the pore 

size distribution 
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BET surface area analysis 

The BET (Brunauer-Emmett-Teller) technique has been widely used as the standard 

procedure for determination of the surface area of solids, nonporous as well as porous 

[18]. In this technique gas adsorption is carried out by exposing a solid (the 

adsorbent) to an adsorptive gas (the adsorbate) at different relative pressures and at 

the liquid temperature of the adsorbate. Nitrogen is the preferred adsorbate gas for 

BET measurements as it is relatively insensitive to the chemical nature of the surface. 

The surface area of a solid can be obtained by applying the BET model to the 

adsorption data. The hypothesis of a monolayer coverage on the solid is the basis of 

the BET method. The rate of adsorption onto the adsorptive sites of the solid is 

assumed to be equal to the desorption rate of the gas from the occupied sites. Thus, a 

linear equation can be derived, usually called the 'BET equation': 

' (2) 
V(P.-P) V .c v., CP, 

Vm is the volume of gas required for monolayer coverage per gram of solid and C is 

the BET constant. A BET curve is obtained by plotting the left-hand side of equation 

(2) as a function 

slope = (3) 

of P/Pq. VM and C values can be calculated from the slope and the y intercept of the 

linear part of the BET curve. 

intercept = (4) 
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From the volume of gas adsorbed for monolayer coverage per gram of solid Vm and 

the average area occupied by one nitrogen molecule in the monolayer am, the specific 

surface area of the solid can be calculated SA: 

SA = , (5) 
22/4x10-3 

The Gemini instrument automated the process of obtaining the surface areas given in 

this thesis by measuring the amount of nitrogen adsorbed at a number of relative 

pressures and carrying out a BET calculation on the results. BET analysis was carried 

out on the measurements between relative pressures of 0.05 and 0.30. 

278 



Appendix 1 Techniques 

1F Electrochemical techniques 

This section describes the basic elctrochemical techniques used in this thesis. More 

complete and theoretical treatments may be found elsewhere [19,20], 

Cyclic voltammetry 

Voltammetry is a useful technique available to study the redox reaction mechanism in 

electrochemical cells. The simplest approach involves two electrodes -a working 

electrode and a reference electrode. The working electrode is where the reaction of 

interest occurs and the reference electrode provides a stable and fixed potential. A 

third electrode, the counter electrode, is used so that when a voltage is applied 

between the working electrode and the reference electrode, the difference is well 

defined. Hence all potentials quoted are with respect to the respect electrode. The 

current is monitored between the working electrode and the counter electrode. 

Potential sweep techniques, in particular cyclic voltammetry, are a common procedure 

for preliminary mechanistic investigations. An " electrochemical spectrum" indicating 

the potentials at which surface processes occur can be rapidly obtained, while from 

the sweep rate dependance the involvement of coupled homogeneous reactions is 

readily identified, and other components such as adsorption can be recognised. 

The potential-time wave -form used for sweep measurements is shown in figure 14. 

Potential 

1 cycle (2 sweeps) 

time/s 

Figure 13 Potential-time profiles for cyclic voltammetry. 
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The cyclic voltammetry technique (CV) technique involved sweeping the electrode 

potential continuously between two pre-set limits (Ei and E2) at a known sweep rate 

(d). As the electrode was cycled, its current response was measured as a function of 

potential; scan rates can vary from a few mV/s to few hundred V/s depending on the 

experiments. 

Potential step techniques 

Many important electrode reactions involve the formation of a solid phase, either as a 

result of the ions in solution, as in the case of metal deposition, or by oxidation of the 

electrode and subsequent reactions with anions to form an anodic film. The term 

electrocrystallisation is used to describe electrode processes of this kind [20]. 

In potential step experiments, the potential of the working electrode is changed 

instantaneously, and either the current time response or the charge time response is 

recorded. These techniques are known respectively as chronoamperometry and 

chronocoulometry. In these methods, the system is perturbed from its equilibrium and 

electrochemical information is obtained from the relaxation in the time domain to the 

new steady state condition. 

Assuming an electrode reaction as described by equation 1 and that initially only O is 

present in the solution. 

O + n e ^ R (1) 

A potential time profile as shown in figure 15 is then applied to the working electrode 

.El is chosen such that no reduction of O, or indeed any other reaction occurs. Then at 

time t = 0 the potential is instantaneously changed to a new value E2, where the 

reduction of O occurs at a diffusion controlled rate [20]. 
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EA^ 

E2 

El 

O 
t/s 

Figure 14. The potential time profile for a single potential step chronoamperometric experiment. 

The mesoporous Pb and Pt/Ru films electrodeposited in this thesis were obtained by 

potential step depositions. 
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Appendix 2 Phase diagram compositions 

2A Phase diagram reported in chapter 2: 

The compositions for the phase diagram of Brij 76 + water shown in chapter 2: 

Brij 76 /g water/ g wf% B#i 76 
0.25 0.75 25 
0.30 0.70 30 
0.35 0.65 35 
0.40 0.60 40 
0.45 0.55 45 
0.50 0.50 50 
0.55 0.45 55 
0.60 0.40 60 
0.65 0.35 66 
0.70 0.30 70 
0.75 0.25 75 
0.80 0.20 80 
0.85 0.15 85 
0.90 0.10 90 

HCPA + water + surfactant compositions 

The compositions for the phase diagram of Brij 76 + HCPA + water shown in 

chapter 2 (fixed concentration of HCPA): 

H2PtCl6.6H20 /g water /g Brij 76 /g total water /g ^ wt% Br̂  76' 
0.25 0.20 0.05 0.25 17 
0.25 0.20 0.10 0.25 29 
0.25 0.20 0.15 0.25 38 
0.25 0.20 0.20 0.25 44 
0.25 0.20 0.25 0.25 50 
0.25 0.20 0.30 0.25 56 
0.19 0.15 0,30 0.19 61 
0.13 0.10 0.30 0.13 70 
0.09 0.08 0.30 0.10 75 
0.06 0.05 0.30 0.06 63 
0.03 0.02 0.30 0.03 91 

^ total water content includes the water of hydration of HCPA 

* wt% Brij 76 is given as a percentage of the total water + Brij 76 content and does not 
include the HCPA. 
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T h e compositions for the phase diagram of Brij 7 6 + H C P A + water shown in 

chapter 2 (40 w t % surfactant with respect to the total w a t e r content): 

HzPtCle-GHzO /g water /g Brij 76 /g total water /g mole fraction 
H,FtCl6* 

0.050 0.040 0.040 0.050 0.035 
0.040 0.042 0.040 0.050 0.026 
0.030 0.044 0.040 0.050 0CB2 
0.020 0.046 0.040 0.050 0.014 
0.010 0.048 0.040 0.050 0.007 

^ to ta l w a t e r con t en t i n c l u d e s t he w a t e r o f h y d r a t i o n o f H C P A 

* mole fraction of H^PtCIg calculated from the total number of moles of water and HCPA 

T h e compositions for the phase diagram of Brij 7 6 + H C P A + water shown in 

chapter 2 (75 w t % surfactant with respect to the total w a t e r content); 

HaPtCle-aHzO /g water /g Brij 76 /g total water /g ^ mole fraction 
HsPtCte* 

0.066 0.037 0.146 0.051 0.043 
0.059 0.038 0.153 0.050 0.039 
0.053 0.039 0.156 0.050 0.036 
0.046 0.040 0.150 0.050 0.031 
0.039 0.042 0.155 0.050 0CB6 
0.032 0.043 0.159 0.050 0.022 
0.010 0.023 0.075 0.025 0.014 
0.005 0.024 0.075 0.025 0 007 

to ta l w a t e r con t en t i n c l u d e s t he w a t e r o f h y d r a t i o n o f H C P A 

* mole fraction of HzPtClg calculated from the total number of moles of water and HCPA 

285 



Appendix 2 Phase diagram compositions 

2 B Phase diagrams reported in chapter 3: 

The compositions for the phase diagram of Brij 76 + ammonium 

tetrachloropalladate + water shown in chapter 3 (fixed concentration of ATCP 

1.1M): 

(NHJz PdCle /g water /g Brii 76 /g wt% Brii 76* 
0.1 0.325 0.081 20 
0.1 0.325 0.139 30 
0.1 0.325 0.217 40 
0.1 0.325 0.325 SO 
0.1 0.325 0.487 60 
0.1 0.325 0.758 70 
0.1 0.325 1.300 80 
0.1 0.325 2.925 90 

* wt% Brij 76 is given as a percentage of the total water + Brij 76 content and does not 
include the ATCP. 

The compositions for the phase diagram of Brij 76 + palladium acetate + water 

shown in chapter 3 (fixed concentration of palladium acetate 0.26 M); 

Pd(0ac)2/g water /g Brij 76 /g wt% Brij 76* 
0.40 7.00 1.75 
0.40 7.00 3.00 30 
0.40 7.00 465 40 
0.40 7.00 7.00 50 
0.40 7.00 10.50 % 
0.40 7.00 16.30 70 
0.20 3.50 14.00 
0.05 0.88 7.88 90 

* wt% Brij 76 is given as a percentage of the total water + Bri j 76 content and does not 
include the palladium acetate. 
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2 C Phase diagrams reported in chapter 4: 

The compositions for the phase diagram of Brij 76 + lead acetate + water shown 

in chapter 4 (fixed concentration of lead acetate 3.5 M): 

Pd(0ac)2/g water /g Brii 76 /g wt% Brii 76* 
0.50 0.40 0.10 20 
0.50 0.40 0.17 30 
0.50 0.40 0.27 40 
0.50 0.40 0.40 50 
0.50 0.40 0.50 55 
0.50 0.40 0.60 60 
0.50 0.40 0.93 70 
0.50 0.40 1.60 80 
0.50 0.40 3.60 90 

* wt% Brij 76 is given as a percentage of the total water + Brij 76 content and does not 
include the lead acetate. 
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Appendix 3 Surface area model for H| materials 

By considering an Hi material as an infinitely sized particle with a perfect hexagonal pore 

structure it was possible to obtain a theoretical surface area for the material. 

Fundamental unit Tube length = / 
Density of the material = p 

Surface area of unit = titI 
1 1 

Area occupied by material (shaded area) = s i n 6 0 - ^ w ^ 

Mass of material = pi 

Specific surface area of fundamental unit 

Surface area Atit 
SF 

mass p{-j3a^-iTir^) 
(1) 

The specific surface area of an Hi material is dependent on the density {p) of the material, 

the distance between the holes (a) and the size of the holes (r). Table 1 shows some 

theoretical surface areas based on pore geometries obtained experimentally for 

mesoporous platinum and platinum-ruthenium. Comparison of the specific surface areas 

for platinum and platinum ruthenium showed that the theoretical value was approximately 

5 times smaller than the experimental value. The model reflected the relative changes in 

surface area with pore geometry and density but the absolute values were always lower for 

the model compared to the experimental data. 
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The model did not take into account some of the properties that were observed for the real 

materials: 

• The surface area was not just due to the hexagonal pore structure but also had a 

contribution from the micropores within the samples. 

• The pore walls were not totally smooth, particularly in the platinum materials, 

roughness of the pore walls added to the experimental surface area. 

• Defects in the pore structure also effected the surface area. 

• The external surface area of the particles was not accounted for and this made a large 

contribution to the Hi platinum materials as the particles were only micron sized. 

Hi platinum templated 
&om CigEOg* 

Hi platinum-ruthenium 
templated from Brij 76 

Density (p) / gcm'̂  21.5 16.9 
Pore radius (r) / nm 1.5 0.85 
Repeat distance (a) 
/nm 

6.8 5.1 

Surface area (based on 
model) / m ĝ'̂  

13 16 

Surface area 
(experimental) / m ĝ"̂  

60 83 

Table 1 Some theoretical and experimental values for the surface areas of Hi platinum 

templated from CigEOg (*as described by NRB Coleman, PhD thesis University of 

Southampton (1999)), Hi Platinum/Ruthenium (nominal 1:1 atomic ratio) templated from 

Brij 76. 

Assuming that the amount of disorder and microporosity was the same for both Hj 

platinum and platinum-ruthenium then it was possible to estimate a value for the surface 

area of Hi platinum/ruthenium by using the experimental value for Hi platinum templated 

6om Ci6E0g. 

From (1) 

Hi Platinum/ruthenium surface area 
Sf of HJ Pt/Ru . 1 1 1 +• 

— X experimental value lor platmum 
S, o fH,Pt 

(13/16)x 60 = 49 ' 
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This recalculated value for the surface area of Hi platinum/ruthenium was still lower than 

the experimental value. 

In summary, the model proposed here was a useful guide to predicting the relative 

magnitudes of surface areas for various pore geometries and different materials of known 

densities. However, factors such as microporosity, pore wall roughness and external 

surface were not accounted for by the model and as a result the absolute surface areas 

calculated from the model were lower than the experimental values. 

290 



Catalyst Pt loading 
mg Pt/cm^ 

Catalyst 
composition 
%Pt/C 

Nafion 
% 

wt.eq.cat 

CO 
charge 
C 

Geometric 
Area cm^ 

E peak 
(CO) 
V/MMS 

H(ads) 
Chm^e 
C 

Geometric 
area cm^ 

E onset 
(MEOH) 
V/MMS 

Pretreatment 

HiPt Z31 142 1&6 5.77*10-' 1 3 7 j 0.004 1.18*10-1 56L9 O.5MH1SO4 ' 

HiPt 2.8 1&9 9.6 8.15*10^ 194^ 0.003 6.37*10-2 3032 -&1 1 M H2SO4 

CbPt L98 17.9 6.2 9.53*10^ 22&9 0.031 7.66*10-2 364^ 2.5 M H2SO4 

Hi Pt 228 20 1^5 6.63*10^ 15J -0.009 1.91*10-2 91.1 

Pt/C 1.2 40 192 1.16*10' 275 j 0J45 L06*10-l 504^ 

Tablel. Methanol and CO electrooxidation/ H2SO4 soaking 

Catalyst Pt loading mgPt/cm^ Catalyst composition 
(^PVC 

Nafion 
% wt.eq.cat. 

Pretreatment 

HiPt38mY' 2.64 19J 6.3 1 M HCIO4 

H i P t S S m Y 2.8 1&9 9.6 IMH2SO4 

HiPt 38 m V ' 2.9 118 8.4 Perfluorosulfonic acid 
10 % solution 

HiPt/Ru83mY^ 2.7 l i a 9.7 Perfluorosulfonic acid 
10 % solution 

Table 2. CO electrooxidation/ H2SO4 and proton conductor soaking 

291 


