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Electrochemical deposition of metals from hexagonal lyotropic liquid crystalline phases 
produces metal films with a unique ordered nanostructure in which the cylindrical pores 
of 1.7 to 3.5 nm running through the film are arranged in hexagonal arrays. 
Nanostructured Pd and Rh films were deposited electrochemically from the template 
mixture of either CieEOg or Brij®56. Electrochemical studies showed that both metal 
films have a high electro active surface area with the specific surface area of the order of 
91 and 32 m^/g, respectively. These values together with the TEM and X-ray data are 
consistent with the expected Hi nanostructure. 
The hydrogen region of nanostructured Pd in the cyclic voltammetry in 1 M H2SO4 was 
more resolved than that of plain Pd because of the thin walls of the nanostructure and 
the high surface area. We could distinguish the hydrogen adsorption and absorption 
processes. The permeation of hydrogen into the Pd metal lattice occurs with fast 
kinetics when the Pd surface is blocked by either crystal violet or Pt. We believe that the 
hydrogen absorption process takes place without passing through the adsorbed state so 
that hydrogen diffuses directly into the Pd bulk. This process speeds up when the 
formation of adsorbed hydrogen is suppressed by the coverage of poisons. 
Nanostructured Pd was used as catalyst for methane oxidation in gas sensors. Pluronic 
F127 was found to be a suitable surfactant in the template mixture giving a far less 
viscous phase. 
Electrochemical studies of nanostructured Rh films showed the surface oxide stripping 
peak on the cathodic scan moving towards positive potentials on potential-cycling 
attributable to changes in the surface oxide states. The peaks in the hydrogen region 
became better resolved on increasing the number of voltammetric cyles. Nanostructured 
Rh films were used for the electroreduction of nitrate and showed greater sensitivity 
compared to Rh electrodes deposited fi-om the aqueous solution and compared to 
nanostructured Pd and Pt films. 
Finally, we showed that we can deposit nanostructured metal films one on top of the 
other with pores running continuously through the final metal film. We have chosen for 
our studies Rh and Pd for which the surface oxide stripping peaks occur at well-
separated potentials. We showed that increasing the thickness of the outer layer does not 
block the access to the pores of the inner metal electrode. By running successive 
voltammograms the surfactant were removed from the pores and we could see the 
increase in the oxide stripping of the outer layer followed by that of the inner metal 
layer. This finally was conclusive evidence that the pores are continuously accessible by 
the electrolyte solution through the final film. 
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Chapter 1 Introduction 



Introduction 

1.1 L i q u i d e r y s W p h a s e s a n d n a n W r u c t u r e d me ta l s 

The engineering of porosity in materials is emerging as a new area of great 

technological and scientific interest [1-4]. Materials with tailor made pore sizes of 

nanometer-sized dimensions and shapes are particularly important in applications 

where molecular recognition is needed, such as shape-selective catalysis, molecular 

sieving, selective adsorption and chemical sensing [5]. Several methods have been 

mentioned in the literature to produce materials punctured by pores of nanometer-

sized dimensions. 

One approach has been reported by Kolb et al. [3, 6] who can build large arrays of 

metal clusters using tip-induced deposition on gold substrates. The other main 

approach which we want to mention here is the work of Attard et al. [1] who report the 

use of lyotropic liquid crystals to create a structure on a nanoscale. The lattice 

periodicity of the nanstructured material is a few nanometers. These two types of 

nanostructured materials are quite different. One is built by assembling cluster by 

cluster whereas the second one is obtained by exploiting the properties of the 

surfactant, which works as a templating agent to obtain the nanostructure. 

Nanostructured materials that are used extensively as heterogeneous catalyst and 

adsorption media can be found in a range of microporous (pore diameter < « 20 A) 

and mesoporous (» 20-500 A) dimensions. The demand for micro- and mesoporous 

structures has lead to the development and tailoring of inorganic mesoporous materials 

synthesized by employing structure directing agents using liquid crystalline phases. 

In the next section, we introduce liquid crystals and outline the structure and physical 

properties of liquid crystalline phases from which porous materials in micro- and meso 

dimensions can be synthesized. 

1.1.1 Liquid crystals 

The fundamental difference between crystals and liquids is the fact that ordered arrays 

of molecules are found in crystals in contrast to the random arrangement of molecules 

in liquids. The order in a crystal is normally positional and orientational. On the other 

hand the molecules in liquids diffuse randomly throughout the sample container. 
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Astonishingly, phases can be encountered in which the order of the molecules is less 

than in crystals and more pronounced than in liquids. These phases are grouped 

together and called liquid crystals (LC), since they share properties which are normally 

associated to both liquids and crystals. Molecules, forming liquid crystals, self-

assemble into organized mesophases as intermediate between the crystalline solids and 

the isotropic liquids depending on the ambient conditions such as temperature 

(thermotropic liquid crystals) and concentration of the molecules in a solvent such as 

water (lyotropic liquid crystals) [7]. The molecules in these mesophases aggregate 

dynamically and collectively to a viscous phase with a high degree of organization. 

Lyotropic liquid crystals can be formed by amphiphile molecules containing a water 

insoluble (hydrophobic) organic tail section and a water-soluble (hydrophilic) head 

group. The amphiphile character of these molecules causes the self-assembly into 

highly ordered matrices in the presence of a polar medium such as water. 

Amphiphile molecules are known as surfactants. Generally two types of surfactant 

molecules can be encountered, ionic surfactant and non-ionic surfactant. One example 

of an ionic surfactant is shown below, sodium dodecyl sulfate consisting of a polar 

head group (sulfate salt) and a long non-polar hydrocarbon chain. 

v ° 

O" Na' 

Sodium dodecyl sulfate molecule 

The other type, the non-ionic surfactant is shown with a long alkyl chain as 

hydrophobic section and a hydrophilic polar head group built up of ethylene glycol 

groups [8]. 

hydrocarbon alkyl chain 

n 

poly ethyl ether groups 
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When mixing the amphiphile surfactant with water at concentrations below the critical 

micelle concentration (CMC) it dissolves in water and behaves like an electrolyte 

solution, if it is an ionic surfactant. As the concentration of the surfactant increases 

above the CMC, the amphiphilic molecules self-assemble to create aggregates in 

which the hydrocarbon chains are packed inside and the polar head groups form the 

surface surrounded by the aqueous medium. These structures are called micelles and 

they are stable as long as the surfactant concentration is above the CMC. Typically the 

value of the CMC is less than 1 wt% of surfactant concentration with respect to the 

amount of water [4, 8]. 

Different phases of lyotropic liquid crystals can be encountered depending on the ratio 

of surfactant to water in the liquid crystalline media and the temperature chosen. The 

most common phases are micellar, hexagonal, cubic and lamellar [4, 8, 9]. It is 

possible to extend this range to the inverse phases such as the inverse hexagonal and 

inverse cubic phase. These phases correspond to the most stable equilibrium existing 

at a certain concentration between all the chemicals present. 

Figure 1 presents various supramolecular building blocks obtained when the ratio 

surfactant to water was increased from a) to e). 

With the further increase of the surfactant concentration, more micelles are formed so 

that a concentration is reached at which the micelles combine to form larger structures. 

Figure 1 b) corresponds to an arrangement in which the ratio of surfactant to water 

was increased. The surfactant is ordered in cylinders of indefinite length. The head 

groups of the molecules form the surface and the hydrocarbon chains are packed 

inside. The cylinders are surrounded by the aqueous media. This arrangement exhibits 

the 2-dimensional hexagonal and the 3-dimensional cubic phase. 

In c) the ratio surfactant to water was further increased to a large extent. The surfactant 

molecules are arranged in bilayers separated by the aqueous medium. From such an 

arrangement the lamellar phase can be obtained. 

In d) the amount of surfactant is large. The surfactant molecules are arranged in 

cylinders as in b). However unlike the arrangement given in b) the surface of the 

cylinders is formed by surfactant molecule head groups packed inside and surrounded 
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by the aqueous solution which is now trapped inside the cylinders. From such an 

arrangement the inverse hexagonal and inverse cubic phases can be obtained. 

b) 

a) increasing amphiphik 
concentration 

Figure 1: Various supramolecular building blocks oflyotropic liquid crystals 

obtained by increasing the concentration of surfactant in water. From left to right the 

phases obtainable from each arrangement are: a) micellar, b) hexagonal and cubic, 

c) lamellar, d) inverse hexagonal and inverse cubic, and e) inverse micellar [10], 

In Figure 1 e) the concentration of surfactant in water is high so that the aqueous 

medium is trapped inside the spheres formed by the surfactant molecule head group. 

This arrangement gives the inverse micellar phase. 

It is of interest to note when comparing all the supramolecular building blocks that the 

arrangement given in a) and b) is the opposite of d) and e) considering the position of 

the surfactant molecule head groups. 
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Phase Diagram 

Lamellar 

Micellar 

micellar 
sohidon 

20) 
20 30 50 60 70 80 

C „ E O . /wt% 
Cubic Hexagonal 

Figure 2: CieEOg as surfactant mixed with water at different ratios to obtain the 

phase diagram for the most common phases in the lyotropic liquid crystalline media 

[11]. 

Considering the characteristics of lyotropic liquid crystals, we can build up a phase 

diagram for the most common phases to be encountered in the liquid crystalline 

media. The phase diagram shown in Figure 2 using CieEOg as surfactant mixed with 

water demonstrates that the existence of each liquid crystalline phase is based on the 

ratio of surfactant to water and on the temperature chosen. The most common phases 

such as hexagonal, cubic and lamellar can be obtained. We note that at room 

temperature the hexagonal phase covers a large range of surfactant concentration. 

The factor that could be responsible for the sequence of the mesophases observed with 

increasing temperature is claimed to be a decrease in intermicellar repulsions [11]. The 

transformation of hexagonal via cubic to lamellar phases is due to a decrease in the 

repulsions between adjacent head groups in the interface. According to the reference 

mentioned above it probably arises from a decrease in the hydration of the EO groups 
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with increasing temperature. The maximum temperatures for the existence of the 

different mesophases represent the point at which the surface area reaches the packing 

limit. 

According to the reference [11] in addition it is interesting to note that with increasing 

m in CnEOm the stability of the hexagonal phase increases whereas the stability of the 

lamellar phase decreases. Extensive lamellar regions occur only with small EOm 

surfactant (m < 5). The cubic phases occur only with EOm surfactant where m > 8. The 

authors reported that at low values of n the melting point of the hexagonal phase (Hi) 

is at a lower temperature limit than the cloud point. The cloud point approaches the Hi 

melting point with increasing n. 

1.1.2 The liquid crystal templating mechanism with the outline of two 

possible pathways 

In 1992 Beck and co-workers [12, 13] synthesized a range of mesoporus silicate 

materials (denoted as the M41S family) using low concentrations ( 1 - 1 0 wt%) of 

cationic surfactant. The researchers at Mobil R & D corp. introduced a new family of 

mesoporous molecular sieves, M41S, which exhibit narrow pore size distribution 

whose dimensions can be tailored from 15 to 100 A. The M41S family consists of 

three structure types. The first of these, MCM41 (Mobil Corporation Material 41), 

contains a hexagonal arrangement of channels. A second material, MCM-48, has a 

complex interconnecting, 3-dimensional channel system and MCM-50 is characterized 

by a lamellar system. 

Partial exchange of silica to alumina in M41S materials results in mesoporous 

aluminosilicates. Similarly, it is possible to incorporate transition metals, such as 

vanadium into the MCM-41 structure [14]. 

It is generally accepted that to synthesize silica / surfactant mesophases it needs the 

assembly of dissolved silica sources around surfactant arrays. 

Mobil researchers [15] observed that the resulting silica / surfactant mesophases 

strongly resemble mesophases seen in surfactant / water systems. They suggested that 

surfactant molecules act as structure-directing agents in the synthesis of MCM-41. 
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They postulated the so called "Uquid-crystal templating mechanism" and proposed two 

possible pathways. 

The proposed mechanistic pathways suggest either 1) the presence of the liquid-crystal 

phase prior to the addition of the reagent or 2) that the silicate species generated in the 

reaction mixture influences the ordering of surfactant micelles to the organized liquid-

crystal phase. For either pathway, the resultant composition produces an inorganic 

material that mimics known liquid-crystal phases. 

The case where the surfactant concentration is in the range of the hexagonal phase 

corresponds to using a preformed liquid-crystalline array as the template for the 

inorganic phase, as described in pathway 1 in Figure 3. However, as shown in the 

following, this is not the formation pathway in the initial Mobil work. 

SurfacfMit 
micefle 

t 

Hexagonal 
may 

Micellarrocf 

(D 
<=!> c=p> 

Silicate 

© 

Catcit)a!ion 
=c> 

WC#41 

Figure 3: Schematic representation of the reaction pathway for the formation of MCM 

41:1) liquid crystal phase initiated and 2) silicate anion initiated to form the ordering 

of surfactant micelles to the liquid crystal phase [9]. 

According to NMR investigations Chen et al. [16] showed that under the 

conditions used by Mobil scientists preformed Hi liquid-crystalline phases are not 

present in the synthesis medium and therefore are not the structure-directing agent. In 

the course of further research [4] the Mobil scientists also concluded that for the 

synthesis and the conditions chosen preformed Hi liquid crystal were not formed 

initially. These investigations seemed to be in contradiction with the reaction pathway 

1 and thus favouring the idea that MCM 41 can only be formed by adding silica to the 

8 
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micellar solution. This would imply that the silicate species significantly change the 

thermodynamics of the phase system. 

A great deal of attention has been paid to the synthesis of MCM-41 with surfactant 

concentrations in the range of the micellar phase [17-19]. 

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

mixture is responsible for the porous structure. With the addition of silica to the 

surfactant mixture the interfacial interactions become increasingly important. The 

presence of a silicate anion species not only serves to charge balance the surfactant 

cations but also participate in the formation and ordering of the liquid-crystal phase. 

This implies that silica and surfactant cooperatively organize into an organic-inorganic 

liquid-crystalline phase during the course of their reaction. The details of the 

mechanism are still uncertain. Mainly two models have been proposed. 

The first model is based on '"'N NMR spectroscopy and X-ray powder diffraction data 

where it is assumed [20] that hexagonal mesophases are present and that the silica 

source dissolves into the aqueous regions around the surfactant arrays. The silicates 

becomes ordered into layers between which the hexagonal mesophases are 

sandwiched. These silicate sheets and hexagonal surfactant phases then give rise to 

hexagonal silca-surfactant mesophases via puckering of the silicate sheets. 

The second model [16] is based on X-ray powder diffraction, thermogravimetric 

analysis, ^^Si NMR and in situ NMR spectroscopy of precursor solutions. It was 

suggested that randomly ordered rodlike micelles were formed initially and that they 

interact with silicate species to form surfactant rods encapsulated by 2-3 monolayers 

of silica. These species then spontaneously assemble into a hexagonal structure that 

has long range order. 

1.1.3 True liquid crystal templating 

The success in fabrication of nanostructured silicas and modified silicas has been a 

stimulus to work in the use of template approaches to the fabrication of nanostructured 

materials and in the last few years there has been much effort to extend this approach 

to the fabrication of non-siliceous materials [21]. Attard et al. successfully synthesized 

nanstructured silica [1] from synthesis gels containing non-ionic polyoxyethylene 
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surfactant at concentrations required to form liquid crystal phases. This method, which 

is not restricted to the formation of silica, employs much higher concentration of the 

surfactant (typically of the order of 50 wt%) so that the fabrication of the 

nanostructured material takes place from a lyotropic liquid crystalline phase in a 

process which can be described as true liquid crystal templating. It was shown that 

mesoporous silica, with pore morphologies identical to the M41S material, could be 

produced in the lyotropic liquid crystal phases of non-ionic polyoxyethylene 

surfactant. 

The synthesis was carried out at room temperature under mildly acidic conditions. In 

this direct templating method, a source of silica used as precursor is provided by 

tetramethyl orthosilicate (TMOS) which hydrolysed in the aqueous domains of the 

regions of the liquid crystalline phases and then polymerized to solid silica. The 

methanol produced during the hydrolysis of the TMOS was removed throughout the 

synthesis procedure by keeping the synthesis gel under constant vacuum. Liquid 

crystalline phases such as hexagonal, cubic and lamellar were obtained as products 

and the former also showed stability to calcination. 

Calcination of the silica removed the template leaving an organised porous structure. 

We want to outline briefly the significant advantages of the true liquid crystalline 

templating approach. 

The nanostructure of the final material is determined by the structure of the allotropic 

liquid crystalline phase, consequently the dimensions and topology of the structure can 

be varied in a predictable fashion by the choice of the surfactant and by the addition of 

co-solvent, based upon the knowledge of the phase behaviour of the system. The direct 

templating method is not limited to hexagonal, lamellar and cubic phases but has the 

possibility of being extended to inverse phases. This wide range of different lyotropic 

phases with varying topologies can be exploited. 

The method is not limited to inorganic oxides such as silica as there is no need for 

headgroup-precursor interactions. The use of non-ionic surfactant, in the direct 

templating method emphasizes the fact that charge interactions are not important. 

10 
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Hence this approach covers the formation of a wide range of mesoporous materials, 

from polymers to metals, by a suitable choice of a surfactant. 

1.1.4 Mesoporous metals templated by liquid crystals from block 

copolymer-co surfactant-water systems 

A potentially predictable approach for the synthesis of mesoporous materials is the 

direct templating by the use of liquid crystalline phases. Such an approach allowed us 

to design structural features of mesophases by controlling in advance the templating of 

liquid crystalline phases. Until now the templating of mesoporous materials has been 

restricted to only a few surfactants in the surfactant/water binary system [1,2, 22, 23]. 

Attention has been directed towards the templating synthesis of periodic mesoporous 

metals by templating with liquid crystalline phases prepared from ternary systems 

consisting of amphiphilic triblock copolymers such as Pluronic F127, cosurfactant 

such as butanol, and water [24, 25]. Amphiphilic poly(ethylene oxide)-

poly(propylene-oxide)-poly(ethylene oxide) (PEO-PPO-PEO) block copolymers, 

known as Poloxamers and Pluronics, are commercially cheaply available and have the 

ability to form lyotropic liquid crystalline structures in water [26]. The PEO-PPO-PEO 

block copolymer, Pluronic F127 (Poloxamer 407), can be represented as 

EO100PO70EO100 on the basis of its 12 600 molecular weight and 70 wt% PEO content 

[27]. Pluronic F127 (formula shown below) is a unique surfactant because of its high 

molecular weight with a large hydrophilic volume. The long hydrophilic chain offers 

the possibility to synthesize mesoporous materials with thick walls that may lead to an 

increased hydrothermal stability [28]. The triblock-copolymer-alcohol-water system 

exhibits a rich phase behaviour. Phases such as micellar, reverse micellar, cubic, 

hexagonal and lamellar lyotropic liquid crystalline phases can be obtained by varying 

the content of the selective solvent, water and butanol. The cosurfactant chain length 

and the cosurfactant/surfactant mass ratio can be used to have the control over the pore 

size. 

11 
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H C X C H z C H g O ) ^ ( C H C H g O ^ j ( C H g C H g ^ - H 

C H 3 

Pluronic F127 

When mixed with water the Pluronic F127 surfactant molecules assemble 

spontaneously in regular structures of nanometer-sized dimensions and gives rise to a 

large range of pore size diameters with high hydrothermal stability. 

Based upon the knowledge obtained from the studies of lyotropic liquid crystalline 

phases, we direct our attention in the next section towards the fabrication of 

mesoporous materials. 

1.1.5 Electrochemical deposition of mesoporous metal films from 

lyotropic crystalline phases 

To show the procedure of how to make nanostructured materials, we found it more 

convenient to get the reader first acquainted with the structure and properties of the 

lyotropic phases. Using this background knowledge, we can focus on the 

electrochemical deposition of mesoporous materials exploiting the physical properties 

of lyotropic liquid crystalline media. 

Particular interest exists and much effort has been put to study the electrochemical 

deposition of nanostructured metals from lyotropic liquid crystalline media of non-

ionic surfactant, preferably from the hexagonal Hi phase. Using this approach 

nanostructured metal films of Pt [22, 23, 29-32], Co [33], Sn [34, 35], Ni [36], metal 

alloys [37, 38], semiconductors [39] and polymers [40] have been deposited. 

As one example for the templated electrodeposition process we outline the fabrication 

of mesoporous Pt films. Attard et al. [2] developed a method to produce Pt thin films 

on nanoscale. These films were obtained by electrochemical deposition of the Pt metal 

on a gold electrode from a hexagonal lyotropic liquid crystalline phase used as the 

template mixture. This mixture contains a non-ionic surfactant surrounded by the 

aqueous medium in which Pt, present in the form of Pt salt, is dissolved. 

12 
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The reduction of Pt (IV) dissolved within the aqueous domains of the hexagonal liquid 

crystal structure leads to the electrodeposition of nanostructured Pt films. The 

surfactant molecules, arranged in cylinders of indefinite length with hexagonal 

geometry, were removed after deposition to leave a thin film with hexagonally 

arranged ordered nanostructure as a cast of the liquid crystalline architecture. Figure 4 

pictures the templated electrodeposition process. 

Templated Electrodeposition: 

Electroplate 

te:ni|)IzU)e 

Figure 4: Schematic representation of the templating process used to deposit the 

nanostructured metal films. The cylinders represent the micellar rods in the lyotropic 

liquid crystalline phase. Within the aqueous domains of this phase the metal is 

dissolved and after electrochemical deposition of the metal and removal of surfactant 

the nanostructured metal is produced with hexagonally arranged pores continuously 

running through the film. 

13 
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These films exhibit a very high surface area of the order of 5x10® cm /̂cm^ 

corresponding to a specific surface area of the order of 22 m /̂g [22]. It was shown that 

Pt films can also be prepared with different topologies from other lyotropic liquid 

phases (in addition the cubic phase). Figure 5 shows the Transmission electron 

micrographs (TEM) of Pt films deposited from the hexagonal and cubic phase. 

Separately, it was also shown that the diameter of the pores and the wall thickness 

depends on the surfactant used. The authors claimed that the size of the pore diameter 

can be controlled by the choice of surfactant [22]. 

Hexagonal Hi Cubic Vi 

50 rmi 

50 nm 

Figure 5: Transmission electron micrograph of a sample scraped from a 

nanostructured Pt film depositedfrom the C/gEOg plating bath. The figure shows an 

hexagonal and cubic arrangement of the pores [22], 

The true liquid crystal templating can be extended to a wide range of metals [33, 39]. 

In principle any metal can be used in the template mixture. Limitation for the 

electrodeposition of the metal is given if the potential for the deposition occurs in a 

region where hydrogen or oxygen evolves. The electrodeposition is also restricted 

when the faradaic efficiency is decreased. Another sort of limitation is given by the 

14 
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metal salt destabilizing the boundaries of lyotropic liquid crystalline phases. An 

example for that is CUSO4 which destabilizes the phase boundary of the Hi hexagonal 

phase so that Hi cannot be obtained by electrodeposition of Cu from this phase. In 

order to avoid this problem CUSO4 can be replaced by CUCI2 or CuNOg. 

1.1.5. a Application 

There is a range of applications available for which one can use mesoporous metals. 

Pt is a metal which can be used in a variety of catalytic processes. These include the 

oxidation of ammonia for the production of nitric acid [41], hydrogenation of olefins 

[42, 43] and reduction of NO* in the control of car-exhaust emissions [44]. Pt also 

plays an important role in a variety of electronic and electrical devices [42, 43, 45]. 

Using the approach to the deposition of nanostructured materials from lyotropic liquid 

crystalline phases high surface area Pt microelectrodes are shown to be excellent 

amperometric sensors for the detection of hydrogen peroxide over a wide range of 

concentration [31]. hi addition, nanostructured Pt can be used as electrode material for 

oxygen measurements [30] or in electroanalysis [32]. 

With the emergence of the fabrication of nanostructured metal films from lyotropic 

liquid crystalline media, investigations were reported on the electrochemical 

deposition of cobalt films with ordered arrays of uniform pore distribution on a 

hexagonal lattice with long range of periodicity. These nanostructured Co films 

exhibit in magnetic measurements magnetic properties unlike those of bulk 

polycrystalline cobalt. This fabrication technique might be of advantage for the 

development of new magnetic materials [33]. 

The electrochemical deposition of Pd as high surface area metal with regular, 

controlled nanostructure is of potential application as a catalyst for methane oxidation 

in gas-sensors. This will be described in detail in Chapter 7. 

7.7. J.6 Prqpgrfiea; a naMOgA-wcfMreii 

With the deposition of Hi-e metal films from lyotropic liquid crystalline media, we 

obtain a regular porous structure. The pores in regular arrangement run through the 
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film so that the controlled nanostructure is obtained. Using this approach it has 

become possible to deposit electrochemically high surface area metal films with the 

geometrical area of the same value as used for the deposition of planar metal films. 

Comparing this to planar metal films the research has made a significant step forward 

[22]. Electrochemical measurements in the porous structure also imply disadvantages 

which we have to consider in our studies. Especially we want to address the electric 

double layer near the electrode surface and the diffusion of electroactive species in the 

pores. 

At equilibrium potentials a charged metal surface is balanced by species of opposite 

charge. According to the Gouy-Chapman model these species are forming the excess 

charge near the electrode surface and decay exponentially with the increase of the 

Debye length. This double layer formed at the electrode surface is of a few nanometer 

thick. In nanometer-sized pores the behaviour therefore can be much different from 

that at planar electrodes. 

We also want to consider the diffusion of electroactive species in narrow pores. The 

flux of these species to the electrode surface will cause the existence of a diffusion 

layer. At planar electrodes this diffusion layer thickness can be made thinner by 

applying convection to the system. This would not be the case for nanometer-sized 

pores. A diffusion layer of electroactive species determines the solution behaviour 

within these pores. 

In terms of the disadvantages of using Hi-e metal films with narrow pores we also 

want to stress probable defects on the Pd surface in the pores. These defects possibly 

can be seen in additional features in the cyclic voltammetry of H]-e metal films 

compared with the voltammetry of a planar electrode. 

1.2 Electrochemistry of noble metals 

Constant interest exists in the study of the electrochemical properties of noble metals. 

The references mentioned here cover only a selected sample of the published material 

[46-50]. The most widely studied noble metal is platinum. Platinum electrodes were 

studied by carrying out cyclic voltammetric measurements over the full range of 
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potentials covering the adsorption and desorption of hydrogen and oxygen [47]. The 

approach to the deposition of mesoporous metals such as platinum from lyotropic 

liquid crystalline phases, preferably the hexagonal phase, enabled the researchers in 

Southampton to study the electrochemical properties of mesoporous Pt [22, 23]. 

However, a lot of research has also been done on the electrochemistry of bulk 

palladium. Its electrochemical properties differ significantly from those of Pt. The Pd 

metal has the special ability for hydrogen to enter and permeate rapidly through the 

lattice in large quantities [51]. Therefore the palladium-hydrogen system has been the 

focus of several studies [47-50, 52]. 

There has not been a great deal reported on the electrochemistry of mesoporous Pd. 

Cioffi et al. [53] reported about the electrochemical synthesis of Pd nanoparticles that 

are subsequently potentiostatically deposited or embedded into the electrochemically 

produced polymer matrix (polypyrrole film). They carried out cyclic voltammetric 

measurements of the Pd nanocomosites and realized that nanostructured and bulk-Pd 

exhibit different response on the anodic scan. The peak for the formation of PdO at the 

anodic scan is more pronounced for Pd nanocomposites than for bulk Pd. In addition, 

the oxidation peak at the anodic scan using Pd nanocomposites electrodes involves 

more charge than using bulk Pd. This is clearly in contrast to the reduction at the 

cathodic scan. The oxide stripping peaks for both electrodes are well-pronounced not 

showing any difference in the charge passed in the stripping reaction. However, the 

authors are not able to give a reasonable explanation for this inconsistent behaviour. 

Guerin and Attard [37] analyzed the electrochemical properties of mesoporous Pd + Pt 

films. These alloys were deposited from the aqueous binary mixture that contained a 

non-ionic surfactant to produce the liquid crystalline phase. The main focus lay in the 

hydrogen region and the unusual electrochemical phenomenon which the authors 

observed in their studies. The cyclic voltammetry of nanostmctured Pt-Pd alloys 

differs markedly from that of bulk Pd. For bulk Pd the hydrogen region only shows 

features which are associated with hydrogen absorption into the bulk. In the case of 

nanstructured Pd-Pt alloys some differences, when comparing to bulk Pd can be 

noticed. 3 peaks in total can be observed. Two of them are attributable to hydrogen 

adsorption and absorption. The appearance of the last peak was associated with the 

dissolution and replating effect. During cyclic voltammetry some Pd will be stripped 
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from the electrode surface and replated leading to the formation, after several cycles, 

of islands or layers of Pd. The authors claimed that these islands or layers, as they 

grow, will also finally start to show adsorption and absorption characteristics. 

1.3 Gas sensors 

There is a growing need for gas detection in both domestic and industrial areas for the 

purpose of control and safety applications. 

The specific needs for gas detection and monitoring have emerged particularly as 

technology and industrialization appeared with the outcome that organic fuels and 

other chemicals have become an essential part of domestic as well as industrial life. 

The concern about the protection of the environment has raised much attention due to 

the increased consumption of natural gases in domestic and industrial appliances. The 

detection of gases has become an increasing problem. For example, people working in 

coal mines needed to detect the presence of combustible gases. 

Because of the potential danger from the exposure to gases, sensors appeared in 

industries and in homes. This emerged from the concern to protect the environment. 

Nowadays sensors are used in everyday life placed in houses, ofGces, shops etc. 

There are currently needs for three broad categories of gas monitoring: toxic gases, 

flammable gases and oxygen concentration. The first two prevent the risk of 

contamination or explosion while the third is important for the control of 

concentration of oxygen in combustion processes as well as the control of breathable 

gas in atmospheres. 

One of the first needs for gas sensors was to protect the environment against the 

unwanted occurrence of fire and explosion. In this case the concentration to be 

measured is in the range up to the lower exposure limit which, for flammable gases, is 

up to a few per cent. For people working in coal mines, combustible gases such as 

methane were often present and could not be detected by human senses. 5% of 

methane in air is sufficient to reach the lower exposure limit. 

18 



Introduction 

1.3.1 Solid - state - gas sensors 

Solid - state - gas sensors, with sufficiently low purchase cost are widely used. In 

addition, there is a significant sector of the gas sensor market that is served by liquid 

electrolyte electrochemical cells. 

Solid - state - gas sensors can be grouped into solid-electrolyte, semiconductor and 

catalytic gas sensors. The first two are of minor interest in our research and are 

described in more detail by P. T. Moseley [54]. 

The catalytic gas sensor is the one of interest for the present work. Potentially 

explosive mixtures of methane or other flammable gases can be monitored by means 

of catalytically active solid state gas sensors. They consist of catalytically active 

material, a thermometer and a heater to ensure a sufficient temperature of the catalyst 

for a rapid combustion of the gas. Those devices, referred to as pellistors, are 

essentially catalytic micro-calorimeters. 

Porous Refractory 
Bead with Catalyst 

Platinum 
wire Coll 

Approx. 1mm 
K ^ 

Figure 6: Representation of a pellistor, showing the platinum wire used as a heater 

and the bead loaded with the catalyst 
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Sensor 

Kovar header 

Insulating 
Glass 

Pins for electrical connections 

Figure 7: Schematic representation of a commercial pellistor mounted on a header 

Commecial pellistors, Figure 6 and Figure 7, consist of a platinum coil embedded in a 

porous refractory bead. The bead is loaded with the catalyst. The platinum coil serves 

two purposes: heating the bead to its operating temperature (500 to 550 °C) and 

measuring, by changing its resistance, any heat change of the bead. In the absence of 

methane, the platinum wire has a certain resistance which is taken as the reference 

resistance for the measurement. In the presence of some methane in the atmosphere 

surrounding the sensor, the catalyst starts to oxidize methane which reacts to produce 

water and carbon dioxide. Consequently heat will be produced which brings the sensor 

bead to a higher temperature. Since the platinum wire is embedded in the bead it is 

also affected by any temperature changes and as a metal its resistance increases 

proportionally with the temperature. The Wheatstone bridge, described in detail in 

Chapter 7, is used to measure the resistance changes and with the use of a calibration 

curve it can be related to the concentration of methane in air. 
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1.3.2 New technologies and improvements for gas sensors 

The successful fabrication of pellistors is a labour intensive process. It requires a 

technician to have some experience in making the platinum coil and depositing the 

droplet of solution to make the bead. The amount of catalyst deposited are controlled 

by eye. The pellistors can only be made one by one. This process is time-consuming 

and requires labour intensive costs to produce large batches of pellistors. 

There has been a growing need for the fabrication of a new type of pellistor 

manufactured in large numbers without interference of a technician. This could reduce 

the cost required for the manufacturing process. 

With the emergence of silicon and micromachined technologies sensors can be 

produced in large numbers at lower cost with a high degree of precision in the pattern 

and with the thickness of the different layers of only a few tens of nanometers. This 

miniaturization can reach a very low size of the sensor so that the ability to design and 

to make a sensor requires smaller amounts of catalyst and less power to operate. 

The fabrication of nanostructured materials of high surface area from the lyotropic 

liquid crystalline media combined with the very fact that palladium is known to be as 

one of the best catalyst for the methane oxidation [55, 56] offers unique opportunity as 

catalytic active material in sensors. 

One of the main problems arising from the work with pellistors is their lack of 

selectivity. Any combustible gas will in principle lead to a response of the sensor. The 

detection of methane as the gas of interest results also to the detection of other 

hydrocarbons such as propane or butane as well as organic vapours such as ethanol or 

acetone. These gases are likely to interfere. A certain degree of selectivity can be 

achieved either by mixing the metal oxide semiconductor catalyst and pellistor type 

catalyst [57-59] or by operating the sensor at different temperature [60]. Another 

attractive way to achieve this selectivity is the use of an array of sensing elements, 

each with different catalysts. Each catalyst can then detect gases differently. This 

combination results in a network from which it is possible to obtain precise distinction 

between several combustible gases [61-65]. 

The catalytic activity of pellistors can be largely affected by gas-phase species as part 

of the gaseous reactants. In addition to coke formation which results from the 
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hydrocarbon catalyst interaction [66-68], poisoning have been reported for various 

chemical products such as molecules containing sulphur, halogen, silicon etc. [69-72], 

It has been the focus in the course of the research of many scientists to understand the 

mechanism of the process of poisoning. 

1,4 Plan 

In the course of our research we have been particularly interested in the 

electrochemical deposition of nanostructured materials from the lyotropic liquid 

crystalline phases of non-ionic surfactant. We report about the deposition of 

nanostructured Pd and Rh metals by electrochemical reduction of the metal ions 

dissolved in the aqueous domains of a hexagonal lyotropic liquid crystalline phase. In 

Chapter 3 and Chapter 5 we describe in the first part the surface morphology using 

scanning electron microscopy and prove the existence for the hexagonal arrangement 

and regular pore distribution by TEM and XRD. In the next part we describe the 

electrochemical behaviour of the nanostructured Pd and Rh metal films covering the 

full range of potentials including the adsorption and desorption of hydrogen and 

oxygen. We focus our attention on the palladium - hydrogen system in Chapter 3 and 

in Chapter 4 we investigate in detail the effect of poisons on the process of the 

hydrogen absorption into Pd bulk. 

Using the approach to the deposition of nanostructured Pd and Rh, in Chapter 6 we 

describe the deposition of two nanostructured metal films one on top of the other. In 

using cyclic voltammetric measurements we demonstrate the epitaxial deposition and 

show that the pores within the layers continuously interconnect. 

The electrochemical deposition of Pd as high surface area metal with regular, 

controlled nanostructure is of potential application as a catalyst for methane oxidation 

in gas sensors. This is the subject of Chapter 7. 
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Chapter 2 Experimental 



Experimental 

2.1 Cbemlcak and Material 

All aqueous solutions were freshly prepared using purified water (18 MQ cm"' 

resistance) from a Whatman "STILLplus" system coupled to a Whatman RO 50. 

Hydrochloric acid 37% (AnalaR BDH), sulfuric acid 98% (AnalaR BDH), ammonium 

tetrachloropalladate (premion-99.998% Alfa Aesar), rhodium (III) chloride (Alfa 

Aesar), hexachloroplatinic acid (Aldrich), Brij® 56 (Aldrich), octaethylene glycol 

monohexadecyl ether (CieEOg, Fluka), perchloric acid 60% (Fluka), crystal violet 

(Aldrich), sodium nitrate (Aldrich), sodium nitrite (Aldrich), sodium hydroxide 

(AnalaR BDH), ammonium chloride (Fisons pic.), methanol 99.8% (Alfa Aesar), and 

heptane 99% (Lancaster) were all used as received. To prepare the reference 

electrodes the following reagents were used; potassium chloride (AnalaR BDH), 

mercury (II) chloride (AnalaR BDH), mercury (electronic grade-99.9998% Alfa 

Aesar), sodium sulfate (AnalaR BDH), mercurous sulfate (Fluka). All glassware used 

was soaked overnight in a 3 % Decon/deionised water solution and washed thoroughly 

at least 3 times with deionised water prior to use. 

2.2 Instrumentation 

Experiments were carried out using an EG&G Potentiostat/Galvanostat Model 263 A. 

For the electrochemical studies the gold electrodes (1 mm and 25 |im diameter gold 

wires sealed in glass) were polished to a mirror finish using sand paper and then 

alumina (Buehler) slurries with successively smaller particle sizes ranging from 25 

to 0.3 pm. For the purpose of structural characterization of the produced metal films 

the working electrode was a 1 cm^ area flat electrode (made by evaporating of a 10 nm 

chromium adhesion layer followed by 200 nm thick gold layer onto thin glass 

microscopic slides). Large area (1 cm^) platinum gauze was used as counter electrode. 

As reference electrode a home made saturated calomel electrode (SCE) as well as a 

saturated mercurous sulphate electrode (SMSE) were used. The 1 cm^ flat gold 
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working electrode was cleaned by sonication using an ultrasonic bath (Decon FS1006) 

in isopropanol for 15 minutes, then kept in deionized water until use. 

The phase transitions were identified on the basis of the optical textures which are 

characteristic for each lyotropic liquid crystalline phase in a defined range of 

temperature and surfactant concentration. The presence of these phases was observed 

by using an Olympus BH-2 polarised light microscope equipped with a Linkam 

TMS90 heating stage and temperature control unit. The heating and cooling rates were 

varied between 30°C / min and 5°C / min. The temperature of the phase transition was 

recorded during the heating and cooling stage. 

An analytical scanning electron microscope (JOEL 6400) or Philips (XL30ESEM) was 

used to study the morphology and structure of the films. The low-angle x-ray 

diffraction (Siemens Diffractometer D5000 with Cu Ka radiation) was used to 

confirm the phase structure of the template mixture and as primary evidence for the 

formation of nanostructured metal films in the 20 range from -0.5 to ~ 5 degrees. In 

addition the crystal structure of the resulting material was studied using the wide angle 

x-ray diffraction. The regularity of the nanostructure was investigated using a JOEL 

2000FX transmission electron microscope operating at an accelerating voltage of 200 

kV. The TEM metal film characterization was carried out by scratching tiny metal 

particles from the gold substrate into the TEM Cu grid. 

Mass spectra were recorded on a Micromass Platform quadrupole mass analyser 

(Micromass, Altrincham, UK) with an electrospray ion source. The instrument was 

calibrated with a mixture of sodium and caesium iodide, the operating conditions were 

capillary 3.5 kV, HV lens 0.5 kV, cone voltage 20 V, source temperature 110 °C, ES 

(Electrospray) eluent: 100% acetonitrile at 100 pi /min, -1-10 pg / ml solutions were 

made using an Hewlett Packard (Palo Alto, CA, USA) HP 1050 autosampler. 
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2.3 Î ngparatkH: of the lM%uid crystal ik%npiate 
m i x t u r e s 

The liquid crystalline template mixtures were prepared in wt% ratios of water mixed 

with the surfactant at room temperature. The solution appeared to be very viscous. To 

ensure homogeneity of the mixtures the solutions were heated and stirred manually for 

ca. 5 min using a glass rod. After cooling the temperature the template mixture 

becomes gel-like. 

]BIl€wc4]r(*clbie!:ii(;al (ligptositio:! oiT i ia i ios tnEctuETed 

2.4.1 Deposition onto gold electrodes of 1 mm and 25 diameter sealed 

in glass 

Mesoporous Pd was deposited onto the freshly polished gold surface from a solution 

containing 12 wt% (NH4)2PdCl4, 47 wt% Bry® 56, 39 wt% HzO (purified) and 2 wt% 

heptane. The same composition was used to prepare a mesoporous platinum, and 

rhodium film from the metal salt - either HiPtClg or RhClg - Brij®56, H2O and 

heptane. In place of Brij®56, Ci6(E0)g was also used subject to the experimental 

requirements. The electrochemical deposition of the mesoporous metals was carried 

out potentiostatically at 25 °C with the deposition initiated by a potential step from 

+0.4 V, where no reaction occurs, to +0.1 V where Pd, -O.IV where Pt or -0.2V, the 

potential where Rh are deposited. The potentials are reported with respect to the 

saturated calomel electrode. The total amount of all metals deposited, assuming a 

100% faradaic efficiency, was controlled by measuring the total charge passed. 3.5 mC 

was the charge passed for the deposition onto gold electrodes of 1 mm diameter and 

88 |LiC was passed for the deposition onto gold electrodes of 25 |im diameter. After 

deposition the mesoporous metal films were rinsed in purified H2O in order to remove 

the adhering surfactant mixture. 
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2.4.2 Deposition onto the gold electrode area of SRL devices 

Reference electrode 

SCE 

Pd based 

solution 

Droplet of 

Pd based 

solution 

SRL 136a and 162g with gold 

substrate as working electrode 

Glass frit 

Glass frit 

Pt counter 

electrode 

0.5 cm 

Figure 8: Schematic representation of the droplet apparatus 

The electrochemical deposition of mesoporous metal films (Pd, Pt, Rh) from Brij® 56 

and Ci6(EO)8 onto the SRL 162g and SRL 136a devices were carried out using the 

droplet apparatus shown in Figure 8. The substrates were positioned in a zero insertion 

force socket used as the sample holder positioned on an x,y,z microdrive. The droplet 

of electrolyte solution was confined to the area of the gold electrode on top of the 

micro-hotplate, taking care not to break down the heater membrane. To reduce the 

number of broken devices slight changes in the experimental procedure were made. 

The deposition mixture was put onto the electrode area. 

The electrochemical deposition of mesoporous Pd from the hexagonal phase using 50 

wt. % Brij® 56 or Ci6(EO)8 and 50 wt% 1.06 M (NH4)2PdCl4 /heptane at 25 °C was 
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carried out potentiostatically with the deposition initiated by a potential step from +0.4 

V where no reaction occurs to +0.1 V where Pd is deposited. The potentials are 

reported with respect to the saturated calomel electrode. 

The deposition of mesoporous Pt and Rh was carried out using Ci6(E0)g or Brij®56, 

HiPtClg and RhClg at the same composition shown above. The potential was stepped 

from +0.4V to -O.IV in the case of Pt and -0.2V for Rh. At these potentials the 

deposition of the metals occurs. The charge passed for the deposition of the metals 

were mostly of 20 mC. 

Shortly after deposition the gold electrode area was rinsed in water (purified) for 5 

minutes. The devices on which the mesoporous metals were deposited were soaked 

overnight in purified water unless otherwise stated. 

2.5 Electrochemical measurements on nanostructured 
metal Rims 

Mesoporous metal films were freshly prepared before each electrochemical 

measurement. Electrochemical measurements were carried out at room temperature in 

a glass beaker cell containing 1 M H2SO4 solution. A stream of highly purified argon 

was bubbled into the solution during the electrochemical experiments. The counter 

electrode was a large area platinum gauze. All potentials are reported with respect to 

the saturated mercurous sulfate electrode (potentials with respect to SMSE are shifted 

0.45V negative of the corresponding potential vs. SCE). The reference electrode was 

used in conjunction with a Luggin capillary for all experiments and stored in a 

saturated potassium sulfate solution when not in use. The reference electrodes were 

rinsed in purified H2O prior to use. 
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All the gas-testing measurements were carried out by City Technology. 

To test the response of metal catalyst layers deposited onto devices to methane and 

volatile silicon compounds (HMDS), an entire gas testing rig was built. It consists of 

two major parts. The first is the gas handling part which controls the concentration of 

the gases as well as their flow and the second is the Wheatstone bridge with the 

interface electronics. This second part is in detail described in Chapter 7. 

Two mass flow controllers (DMFC Tylan 2900 series), with a maximum flow of 500 

seem (standard cubic centimetre), were used to control the flow of the gases from their 

cylinders to the gas test chamber by controlling the total flow and therefore the total 

concentration of methane in air. The two gases used in this work were synthetic air 

and 2.5% methane in air, both supplied by BOC Special Gases. %" Nylon tubing was 

used to connect the cylinders, the mass flow controllers and the gas test chamber. A 

flow meter calibrated to air was put after the gas test chamber to ensure that the 

chamber was leak free. Exhaust of the gases was provided by a nylon tube going in a 

fumehood. 

29 



The preparation and characterizaton of Hpe Pd films 

Chapter 3 The preparation and 

characterizaton of Hi-e Pd films 
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3.1 lEktirodhwctioi* 

In this chapter we report the deposition of nanostructured palladium by 

electrochemical reduction of palladium ions dissolved in aqueous domains of the 

hexagonal lyotropic liquid crystalline phase (H|-e Pd). 

The first part describes the phase behaviour of the plating system while the second part 

focuses on the characterization of the deposited nanostructured Pd film. Here we 

describe the surface morphology using Scanning Electron Microscopy and prove the 

existence for the hexagonal arrangement and regular pore distribution by Transmission 

Electron Microscopy and X-Ray Diffraction. 

In the third part we describe the electrochemical properties of the H;-e Pd film. The 

Hi-e Pd electrodes were studied over the full range of potentials including the 

adsorption and desorption of hydrogen and oxygen. 

On the one hand our attention was drawn to potential regions where the surface oxide 

was formed. From the charge passed for the surface stripping reaction in the cyclic 

voltammetry we can calculate the electrochemical active surface area. To our 

knowledge, different surface oxide states can be produced on the Pd metal surface 

following through the cyclic voltammetry when applying periodic potential cycling to 

Pd electrodes. We were particular interested in the oxide states of the Hi-e Pd films 

when cycled to the oxide region. The use of Hi-e Pd films by Guerin [10] revealed 

remarkable voltammetric features in the oxide region on the anodic cycle presumable 

caused by different oxidation states of palladium. 

On the other hand we focused our attention to more negative potentials in the 

voltammetry where the hydrogen adsorption/absorption on the Pd surface and into the 

bulk-Pd takes place. The palladium-hydrogen system has been the subject of several 

studies in the past [47-52]. The electrochemistry of palladium differs significantly 

from that of platinum. The Pd process has the special ability for hydrogen to enter and 

permeate rapidly through the lattice in large quantities. It is well-known that thin 

layers of Pd limit the amount of hydrogen absorbed into the bulk-Pd [50]. We are 

therefore interested to see the effect of the thin walls (2.5 nm) of our nanostructured 

Pd films on this process. As outlined in the literature the use of thin films of Pd as 

electrodes enhances the distinction between the adsorption and absorption of hydrogen 
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[50, 73, 74]. We focus on the separation between these two features and describe in 

detail the permeation of hydrogen through the metal lattice and the transition from the 

a - to the p hydride phase. 

3.2 Phase behaviour 

The nanostructure of the metals deposited from the lyotropic liquid crystalline phases 

of non-ionic surfactant mixtures are directly determined by the structures of the 

lyotropic phases used. We therefore found it necessary to characterize the phase 

behaviour of mixtures of non-ionic surfactant, water and palladium salt. 

Two non-ionic surfactants were used in this work octaethyleneglycol monohexadecyl 

ether (CieEOg) and Bry®56. Cî EOg is available as highly puriGed, monodisperse 

material whereas Brij®56 is a polydisperse commercial cheaply available surfactant 

which is predominantly polyoxyethylene(lO) cetyl ether (decaethyleneglycol 

monohexadecyl ether (Ci&EOio)) but also contains a range of other surfactants. Section 

7.3.2 outlines this issue in detail showing mass spectroscopic analysis of Brij®56 and 

comparing three different batches of Brij®56 with each other. 

Figure 9 shows the phase diagram obtained using mixtures of CigEOg and ammonium 

tetrachloropalladate solution. The most common lyotropic liquid crystalline phases 

were observed: hexagonal, cubic and lamellar. The hexagonal phase, Hi, exists from 

30 to 40 wt% CieEOg up to 80 to 90 wt% and is stable up to 55°C for compositions 

around 55 wt% CigEOg. The cubic phase, Vi, occupies a smaller region of existence 

between 55 to 60 wt% and 80-90 wt% of CigEOg in water at higher temperatures than 

the hexagonal phase with the maximum temperature point (61 C) around 60 wt%. At 

higher concentrations of surfactant in water the lamellar phase, La, predominates. The 

domain of existence of the lamellar phase starts between 55 and 60 wt% of surfactant 

in water and continues above 90 wt%. 

Figure 10 shows the phase diagram of Brij®56 from which the similar phase behaviour 

is observed. The large region of the phase diagram is occupied by the hexagonal phase 

which domain of existence starts between 30-40 wt% of surfactant in water and 
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continues to 80-90 wt%. In this case the hexagonal phase is stable to a similar value of 

temperature compared to the phase diagram of CigEOg with the maximum point of 

53°C at 55 wt% surfactant. 

4 0 6 0 8 0 

w t . % ( E O ) g 

100 

Figure 9: Phase diagram for mixtures of a 1.40 mol/l solution of (NH4)2PdCl4 in 

water and CieEOs- The concentration (by weight) of surfactant was increased from 20 

to 80%. Hi is the hexagonal phase, Vj the cubic phase, Lathe lamellar phase and L] 

the micellar solution. The weight ratio between (NH4)2PdCl4 and water was kept 

fixed at 0.4 and the weight ratio of surfactant to heptane was kept constant at 22. 
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The cubic phase, Vi, has a slightly reduced range of stability. Although it exists in the 

same range of surfactant concentration as in the phase diagram for CieEOg the 

maximum point occurs at 59 C at 60 wt% of surfactant in water. 

The domain of existence of the cubic phase shown in both phase diagrams does not 

cover a large range of temperature and no evidence has been found for the existence of 

this phase at room temperature. However, the electrodeposition of mesoporous Pd 

from this phase can lead to a relatively high surface area which is of interest for the 

use of mesoporous Pd films as high surface area metal catalyst deposited on low-

power micropellistors. 

The domain of existence of the lamellar phase for Brij®56 looks very similar to those 

results reported for CieEOg. Comparing the phase diagram in our studies to the phase 

diagram of CieEOg in water shown by Mitchell et al. [11] we do not note any 

difference. In our case we assume that the addition of ammonium tetrachloropalladate 

does not perturb the phase boundaries. This contrasts to the results shown in [23] 

where hexachioroplatinic acid added to the template mixture of CieEOg + water leads 

to qualitative changes in the phase behaviour caused by interaction between the metal 

salt and the surfactant head groups. 

Brij®56 is a bulk commercial surfactant and slight variations in compositions occur 

between the different batches. Measurements using two different batches of material 

showed essentially the same phase behaviour when mixed with water and ammonium 

tetrachloropalladate solutions except there was a variation of ±1.5 C in the positions 

of the hexagonal/cubic and cubic/lamellar boundaries. 
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Figure 10: Phase diagram for mixtures of a 1.40 mol/l solution of (NH4)2PdCl4 in 

water, Brij®56 and heptane. The ratio between (NH4)2PdCl4 / water (0.4) and 

surfactant / heptane (22) was kept constant. The composition (by weight) of surfactant 

m foZwfzoM wag 20 fo ̂ 0%. ^ w fAg /zexagonaZ Ky 

fAe Zg fAa Za/MeZ/w a/zf/ Zy fAg /MzcgZZar fo/wfzoM. 

This section has shown the phase behaviour of mixtures containing non-ionic 

surfactant, water and palladium salt. We have not found much difference of the phase 

behaviour when CigEOg or Brij®56 was used as surfactant. Subsequent reduction of Pd 

salt leads to Pd hexagonally arranged on nanometer scale. In the next section we study 

briefly the electrodeposition of these metal films. 
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213 ]EiectnDd%*M)!dtion (of inesoporous IPd onto gold 
electrodes 

This section describes the Pd deposition onto the gold electrode from the template 

mixture. The Pd salt was mixed with the non-ionic surfactant, water and heptane to 

produce the template mixture for the deposition of the mesoporous Pd films. No 

supporting electrolyte was added to the templating solution as this could influence the 

existence of the liquid crystalline phases and disrupt the pore arrangement. 
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Figure 11: Current transient for the electrodeposition of mesoporous Pdfrom 12 wt% 

on 1 mm diameter gold disc electrode 



The preparation and characterizaton of Hpe Pd films 

Figure 11 shows a typical current transient obtained during the electrodeposition of Pd 

from the template mixture at 0.1 V vs SCE on a 1mm diameter gold disc electrode. S. 

Guerin [10] investigated the elctrodeposition of Pd under the same conditions and 

found 0.1 V as suitable potential for the deposition of Pd. From the figure we note that 

the reduction current rises nearly to -55 p.A immediately after the potential step as a 

result of the double layer charging. The current decreases then to reach -24 jiA after 

120 s. The total amount of Pd deposited, assuming a 100% faradaic efficiency, 

corresponds to a charge of 3.5 mC. The current never reaches a plateau over the period 

of time of 120s but the decay becomes very slow thereafter. 

We would not expect the current of mesoporous Pd to reach the plateau due to the fact 

that the mixture is too thick to allow convection. Therefore a concentration 

polarization may occur which would force the Pd ions to travel further to reach the 

electrode surface. The ions come from further away and hence the current at the 

electrode surface decreases towards zero. This is in contrast to the results shown for 

Pd deposited from the aqueous solution [10]. The current reaches a plateau 

presumably because of the convection in the solution. 

This section has briefly shown the properties of the electrodeposition of mesoporous 

Pd from the template mixture. In the next section we study in detail the 

characterization of these metal films. 
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The Hi-e Pd films electrochemically deposited at 0.1 V vs SCE fi-om the hexagonal 

phase are adhered well to the evaporated gold electrodes used for the deposition. 

Figure 12 shows a scanning electron micrograph of an Hi-e Pd film. Scanning 

Electron Microscopy (SEM) was used to examine the surface morphology of the 

deposited mesoporous Pd film. 

Figure 12 shows the edge of view of mesoporous Pd film at a tilt angle of 70° 

deposited on gold/glass. The Hi-e Pd film is starting to lift away from the substrate. 

The film is dense, uniform and continuous over the whole range with no evidence of 

nanostructure on the SEM scale. 

To examine the nanostructure of the electrochemically deposited Pd films it is 

necessary to use Transmission Electron Microscopy (TEM). To provide clear evidence 

for the hexagonal arrangement of Pd films in nanometer - sized dimensions is subject 

to the orientation of the TEM-image. The evidence for the hexagonal array of the 

pores miming through the Pd film can be given if the image shows a "pores end on" 

view. However, the experiments carried out by B. Cressey at the Southampton 

microscopy centre revealed that the pores end on image is rather unlikely to be 

obtained. This is certainly the case for Pd films prepared from the Brij®56 template 

mixture. Figure 13 shows an orientation of the TEM-image from which the hexagonal 

array of the pores cannot be seen but we can see the porous channels running through 

the film. Inspection of these pores shows that they are continuous and approximately 

straight over their whole length. The pores of the structure shown in Figure 13 have a 

diameter of (20 ± 2 A) and the wall thickness has been found to be (20 ± 2 A). The 

measurements were taken using the software programm "Scanimage". Figure 14 

shows the TEM - image of Hi-e Pd scraped from the electrode surface. This image 

shows an orientation of the sample which approaches the pores end on view. From the 

results obtained we can conclude that clear evidence for hexagonal arranged pores 

cannot be given. We note slight indication of a porous structure consisting of 

cylindrical pores with pore size diameter of (25 ± 2) A and wall thickness of (25 ± 2 

A). 



The preparation and characterizaton of Hj-e Pd films 

In both figures the porous structure only appears at the edge of the TEM-image of the 

Pd-film scraped from the electrode surface. Most part of the image appears to be dark 

since the sample is too thick and therefore the electron beam cannot travel through. 
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Figure 12: Scanning electron micrograph of an Hj-e Pdfilm deposited on an 

evaporated gold electrode. The film was depositedfrom a mixture of 12 -wt% 

(NH4)2PdCl4, 47 wt% Cj^EOs, 39 wt% water, 2 wt% heptane. The total charge passed 

was 0.53 C/ cm^ and the image was obtained at the tilt angle of 70. 

Better evidence for a regular pore distribution in Hi-e Pd films may be given by X-ray 

diffraction. The Pd films formed by electrochemical deposition fi-om the template 

mixture were studied by low angle XRD. Figure 15 shows the low angle XRD 

patterns obtained for the hexagonal phase of the Pd template mixture. The low angle 

x-ray reflection of the Pd film shows a diffraction peak corresponding to the (100) 

diffraction plane of the hexagonal structure with a d-spacing of 55 A. This value was 

estimated using the Bragg equation. 
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