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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 C;4EO;s or Brij®56. Electrochemical studies showed that both metal
films have a high electroactive 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 H; nanostructure.

The hydrogen region of nanostructured Pd in the cyclic voltammetry in 1 M H,SO4 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 from 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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Introduction

1.1 Liquid crystal phases and nanostructured metals

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 erystals

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.

/\/\/\/\/\/\/\/\/

//
\

‘\\/

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].
o o) OH
/\/\/\/\/E\/}\O/\/ \/
n
hydrocarbon alkyl chain 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)

increasing emphiphile
concentration

PRt

Figure 1: Various supramolecular building blocks of lyotropic 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

micellar
solution

5 60 70 80

C,EO, /wt%

Hexagonal

Figure 2: C16EQg 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 Ci¢EQOg 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 C,EOy, the stability of the hexagonal phase increases whereas the stability of the
lamellar phase decreases. Extensive lamellar regions occur only with small EOy,
surfactant (m < 5). The cubic phases occur only with EQ,, surfactant where m > 8. The
authors reported that at low values of n the melting point of the hexagonal phase (H;)
is at a lower temperature limit than the cloud point. The cloud point approaches the H;

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 — 10 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 “liquid-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.

Hexagonal

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 "N NMR investigations Chen et al. [16] showed that under the
conditions used by Mobil scientists preformed H; 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 H; 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
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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, 2Si NMR and in situ '*N 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.

1.1.3.a Advantages

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.
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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-PEC
block copolymer, Pluronic F127 (Poloxamer 407), can be represented as
EO100PO70EO10 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.
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HO-(CHCH;0),; (CHCH;0) - (CH,CH;0) - H

CHs

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

Iyotropic 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 Iyotropic liquid crystalline media of non-
ionic surfactant, preferably from the hexagonal H; 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.
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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:

(a) M Mz
e gt B Electroplate
£ )
¢ ‘ i | o ‘,/'
: »./ AN | /
A

Remove template

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.
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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 H; Cubic V;

— 50 nm

Figure 5: Transmission electron micrograph of a sample scraped from a
nanostructured Pt film deposited from the C16EO;s 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
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metal salt destabilizing the boundaries of lyotropic liquid crystalline phases. An
example for that is CuSO, which destabilizes the phase boundary of the H, hexagonal
phase so that H; cannot be obtained by electrodeposition of Cu from this phase. In

order to avoid this problem CuSQO4 can be replaced by CuCl, or CuNOs.

1.1.5.a Application

There 1s 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 NOy 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]. In 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.

1.1.5.b Properties of a nanostructured metal film

With the deposition of Hj-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 Hj-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 Hj-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 eclectrochemical phenomenon which the authors
observed in their studies. The cyclic voltammetry of nanostructured 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 1s 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, offices, 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 ofi 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 Coil

Approx. Imm

€

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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Insulating
Glass

Kovar header

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 pelilistors 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
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2.1 Chemicals and Materials

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 (CisEQg, Fluka), perchloric acid 60% (Fluka), crystal violet
(Aldrich), sodium nitrate (Aldrich), sodium nitrite (Aldrich), sodium hydroxide
(AnalaR BDH), ammonium chloride (Fisons plc.), 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 chioride (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 (I mm and 25 pm 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 pm
to 0.3 um. 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
TMSO90 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 Ko 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 26 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 pl /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 Preparation of the Iliquid crystal template
mixtures

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.

2.4 Electrochemical deposition of nanostructured
metal films

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

in glass

Mesoporous Pd was deposited onto the freshly polished gold surface from a solution
containing 12 wt% (NH4),PdCls, 47 wt% Bri‘j® 56, 39 wt% H,0 (purified) and 2 wt%
heptane. The same composition was used to prepare a mesoporous platinum, and
rhodium film from the metal salt — either H,PtCls or RhCl; — Brij®56, H,O and
heptane. In place of Brij®56, Cis(EO)s 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, -0.1V 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 uC was passed for the deposition onto gold electrodes of 25 pm diameter. After

deposition the mesoporous metal films were rinsed in purified H,O 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
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Figure 8: Schematic representation of the droplet apparatus

The deposition mixture was put onto the electrode area.
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The electrochemical deposition of mesoporous metal films (Pd, Pt, Rh) from Brij® 56
and C;4(EO)s 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 electrochemical deposition of mesoporous Pd from the hexagonal phase using 50

wt. % Brij® 56 or C4(EO)s and 50 wt% 1.06 M (NH,),PdCl, /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 C;(EO)s or Brij®56,
H,PtCls and RhCl; at the same composition shown above. The potential was stepped
from +0.4V to —-0.1V 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 films

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 H,SOy4 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 H,O prior to use.
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2.6 Gas-testing measurements of nanostructured
metal layers deposited onto SRL devices

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
sccm (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.
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Chapter 3 The preparation and

characterizaton of H;-e Pd films
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3.1 Introduction

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 Hi—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 H;-e Pd films
when cycled to the oxide region. The use of Hj-¢ 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

o to the B 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 (C16EOg) and Brij®56. C;¢EOQ; is available as highly purified, monodisperse
material whereas Brij®56 is a polydisperse commercial cheaply available surfactant
which is predominantly polyoxyethylene(10) cetyl ether (decaethyleneglycol
monohexadecyl ether (C16EQj)) 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 C;4EOg and ammonium
tetrachloropalladate solution. The most common lyotropic liquid crystalline phases
were observed: hexagonal, cubic and lamellar. The hexagonal phase, H;, exists from
30 to 40 wt% C16EOs up to 80 to 90 wi% and is stable up to 55°C for compositions
around 55 wt% CsEOs. The cubic phase, Vi, occupies a smaller region of existence
between 55 to 60 wt% and 80-90 wt% of C;¢EQOg 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, Ly, 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 C;¢EOg with the maximum point of

53°C at 55 wt% surfactant.
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Figure 9: Phase diagram for mixtures of a 1.40 mol/l solution of (NH4),PdCly in
water and C1sEQg. The concentration (by weight) of surfactant was increased from 20
to 80%. H; is the hexagonal phase, V; the cubic phase, L,the lamellar phase and L;
the micellar solution. The weight ratio between (NHy),PdCly 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, V, has a slightly reduced range of stability. Although it exists in the
same range of surfactant concentration as in the phase diagram for C;sEO;g 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 C;sEOg. Comparing the phase diagram in our studies to the phase
diagram of C;sEQOg 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 hexachloroplatinic acid added to the template mixture of C;sEOg + 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.

34



The preparation and characterizaton of H;-¢ Pd films

80 T | I / !
70 - -
O 60 | _
~ L»&
S
© 50 |- -
O
g
S 40 —
30 -
20 L
20 40 60 80 100

wt. % Brij®56

Figure 10: Phase diagram for mixtures of a 1.40 mol/l solution of (NH),PdCl,in
water, Brij®56 and heptane. The ratio between (NH,),PdCl, /water (0.4) and
surfactant / heptane (22) was kept constant. The composition (by weight) of surfactant
in the aqueous solution was increased from 20 to 80%. H| is the hexagonal phase, V,

the cubic phase, L, the lamellar phase and L the micellar solution.

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 C;¢EOg 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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3.3 Electrodeposition of mesoporous Pd 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 Pd from 12 wt%
(NH),PdCly + 47 wt% C16EQs + 2 wt% heptane and 39 wt% water at 0.1 V vs SCE

on 1 mm diameter gold disc electrode
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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 Imm 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 pA immediately after the potential step as a
result of the double layer charging. The current decreases then to reach -24 pA 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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3.4 Characterization of nanostructured palladium

The H;-e Pd films electrochemically deposited at 0.1 V vs SCE from the hexagonal
phase are adhered well to the evaporated gold electrodes used for the deposition.
Figure 12 shows a scanning electron micrograph of an Hj-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 H;—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 running 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 H;—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).
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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 H;-e Pd film deposited on an
evaporated gold electrode. The film was deposited from a mixture of 12 wt%
(NH):PdCly, 47 wt% C16EOs, 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 Hj-e Pd films may be given by X-ray
diffraction. The Pd films formed by electrochemical deposition from 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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nA = 2dsin@ Equation 1
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Figure 13: Transmission electron micrograph of a sample scraped from an H;-e Pd
film deposited from the template solution of 12 wt% (NHy),PdCl,, 47 wt% CsEQs, 39
wit% water, 2 wt% heptane on an evaporated gold electrode. The charge passed for

deposition was 0.55 C / cm’.

Although the peak maximum in Figure 15 appears to be broad, the value calculated
for the d-spacing is consistent with the deposition of Pd films with a nanostructure of

regular pore distribution derived from the structure of the template solution. The pore

to pore distance for this hexagonal array, given by d;go / cos30°, was found to be 63.5

A.
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Figure 14: Transmission electron micrograph of a sample scraped from an H;-e Pd
film deposited from the C6(EQ)s templating bath under the same conditions as in
Figure 13. .

The high angle XRD patterns for Pd films electrochemically deposited on evaporated
gold from the hexagonal template phase are shown in Figure 16. The diffraction
patterns show the characteristic reflection for a highly polycrystalline Pd film with a
face centred cubic crystal structure [75]. The diffraction pattern for the Pd film
exhibits a (111) growth orientation with a significant (200) reflection.

41




The preparation and characterizaton of H;-e Pd films

90

%
80
3 *
N * %
¢ ® °
i e %o g
70 LA Jow
*
3 ¢ * °
® 9
50 | LN
o
®
- ©
= &
= 50 o
§ L4
£
3 ®
3 40 90
o o °
e ¢
30 - oo
A ¢
o? ¢
20 Ye '0.
(TN
vo0n’ 4¢ R
10 - ¢ 7% asnge o 0 *
@ o oy ‘0‘.0.000..‘:’ ~.‘.,'o““ . ~ .
() +f
¢ L AL AN oMt e
0+ + t T :
1 1.5 2 25 3 35 4

2-Theta-Scale

Figure 15: Low angle x-ray reflection of an H;-e Pd film deposited on an evaporated
gold electrode from the template solution 12 wt% (NH),PdCl,, 47 wt% C;6EOs, 39

wit% water, 2 wt% heptane.

The grain size of the Pd film was estimated from the XRD peak broadening by means

of the Scherrer equation [76].
L=09A/cosb Equation 2

Where L is the grain size thickness (A), A is the wavelength of x-ray (1.54 A), B is the
width at half height in (rad) of the 2 0 diffraction peak and 0 is the diffraction angle of

the peak centre.

The estimated grain size of the Pd particle was found to be 200 A.
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Mesoporous Pd films deposited onto the gold substrates were shown to be dense,
uniform and continuous. By using TEM we only have slight indication for the
hexagonal arrangement of the Pd film on nanoscale. Clear evidence for the regular
pore distribution was given by XRD-measurements. In the next section we use cyclic
voltammetry to determine the electroactive surface area of Hj-e Pd films as another

tool to prove the existence of the nanostructure.
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Figure 16: Wide angle x-ray reflection of an H-e Pd film deposited on an evaporated
gold electrode. The 2-Theta scale between 30 and 50 was enlarged.
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3.5 Electrochemical characterization of the
electroactive surface area

Cyclic voltammetric measurements were used to characterize the electrochemically
active surface area of Hj-e Pd films estimated from the charge passed for the oxide
stripping peak. The H;-e Pd films were deposited from the liquid crystalline templates
containing mixtures of surfactant molecules and aqueous solutions spontaneously
assembled into regular structures of nanometer-sized dimensions. After deposition the
surfactant filled the pores of the Hj-e Pd films. The obtained nanostructured metal
films were then washed in water to remove the surfactant. Superficial washing
removed the surfactant only from the outside of the film. Comparing Figure 17 and
Figure 18 it will become clear that prolonged washing was necessary to remove the
surfactant out of the pores.

Figure 17 shows a set of voltammograms of Hj-¢ Pd film in 1 M sulfuric acid solution
at 20 mV/s deposited on a gold disc electrode of 1mm diameter. The film was washed
for 10 min in water after deposition. The hydrogen region, which is explained in detail
in section 3.7, exhibits well-resolved peaks associated to the formation of adsorbed
and absorbed hydrogen.

We focus in this part on the oxide region. On the anodic scan, from 0.1 V the
formation of the surface oxide layer occurs. On the reverse scan, the cathodic sweep,
the reduction of the formed surface oxide appears giving rise to a well defined peak at
0.05 V. These features are very similar to those of bulk polycrystalline Pd electrodes
under the same conditions outlined in section 3.7.2.

However it has to be stressed that the charge passed for the formation and stripping of

the surface oxide layer reaches smaller values than for Hi-e Pd films.
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Figure 17: Cyclic voltammogram of an H;-e Pd film (200 nm thick, deposited from the
Brz'j®5 6 plating bath, total deposition charge 3.5 mC) deposited on a gold disc
electrode (area 0.0079 em’) recorded at 20 mV/s in 1 M sulfuric acid. The film was

soaked in water for 10 min immediately before the start of the voltammetry.

The peaks for the formation and reduction of the H;-e Pd surface oxide layer increase
in size with each successive cycle. This happens because the surfactant left in the
pores of the H;-e Pd after deposition diffuses out and are replaced by the 1 M sulfuric
acid solution during cycling. As a consequence the electrochemically active surface
area in contact with the acid solution increases which leads to the increase of the

charge associated to the formation and removal of the surface oxide layer.
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Figure 18: Cyclic voltammogram of an H; —e Pd film (200 nm thick, deposited from
the Brij®56 plating bath, total deposition charge 3.5 mC) deposited on gold disc
electrode (area 0.0079 cm?) recorded at 20 mV/s in 1 M sulfuric acid. The film was

soaked in water for I hour before the start of the voltammetry.

Figure 18 shows a set of voltammograms of H;-e Pd in 1 M sulfuric acid at 20 mV/s
deposited on the gold disc electrode of lmm diameter. The same conditions were
chosen compared to the voltammogram in Figure 17. The difference in Figure 18 is
the prolonged washing to remove the surfactant from the pores (1 hour). We can see
from Figure 18 that the charge associated to the removal of the surface oxide layer
stabilizes after only one cycle indicating that the surfactant originally occupying the

pores diffused out. This effect implies that to get a stable voltammetry after the first
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cycle requires a prolonged washing of Hj-e Pd in water of at least one hour to remove
the surfactant from the pores. The changes in the voltammetry between the first and
the subsequent cycles in Figure 18 are caused by the fact that the soak of 1 M sulfuric
acid into the pores cleans the Pd surface.

As expected, it takes more time for the removal of all of the surfactant from the pores
for films with increase in thickness as the pores become longer. Experiments (not
presented here) showed that that to wash out the surfactant completely from the pores
of a film of 1um thickness takes at least 4 h.

To estimate the total surface area from the charge passed the oxide stripping peak
Rand and Woods [77, 78] used the conversion factor of 424 pC / cm®. They
investigated the voltammetry of polycrystalline Pd in 1 M sulfuric acid. We transferred
this conversion factor to our studies, Figure 18, assuming that the surface oxide layer
formed on our nanostructured Pd electrodes is the same as that formed on bulk Pd
electrodes. We obtained a specific surface area of 91 m?* / g and an area per unit
volume of 1.1 x 107 em? / ecm?®, a value which is consistent with the nanostructure
found by TEM and XRD and implies that the pores running throughout the
nanostructured film are completely accessed by the electrolyte solution. Taking all
prepared samples into account we found on average a variation in the estimated
surface area of 20%.

Cyclic voltammetric measurements revealed the existence of high surface area Pd
metal films electrochemically deposited on nanoscale. To access electrochemically the
high surface area given by the nanostructure with the first cyclic voltammetric cycle it
was necessary to soak the freshly prepared Pd films in acid media to replace the
surfactant left in the pores of the nanostructure by the electrolyte solution. The longer
the pores become due to the increase in thickness of the metal film the more time it
takes to wash out the surfactant. Proceeding from the fact that we can obtain
nanostructured Pd metal films by direct-templating from the liquid crystalline phases
with access to the high electroactive surface area we can now focus on the oxide

region given in the cyclic voltammogram of these H;—e Pd films.
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3.6 The oxide region in the voltammetry of Hy-e Pd

3.6.1 Mass loss of Hy-¢ Pd by repeatedly cycling into the oxide formation

region

To investigate the dissolution of Hj-e Pd films, determined by the decrease of mass of
Pd electrodes, during cycling in 1 M sulfuric acid voltammetric measurements were
carried out with the use of the EQCM-equipment which enables us to monitor the
changes of the mesoporous Pd film during the experiment.
EQCM works by using a thin quartz crystal partially loaded on both sides with metal
electrodes. These two electrodes serve two purposes. They allow us to establish an
alternating electrical field across the crystal, causing the crystal to vibrate around the
resonant frequency and in addition one of them can be used as a working electrode for
electrochemical experiments. The earliest forms of EQCM were using the Sauerbrey
equation to interpret the frequency changes of the quartz crystal.
Af = -2fs* dm / A(ugp)™”? Equation 3

where Af is the frequency shift,

fo is the resonant frequency of the quartz crystal before mass changes,

Am is the mass change,

A is the piezoelectrically active area,

Lq is the shear modulus of the quartz crystal,

pqis the density of the quartz crystal.
It can be seen from equation 3 that this model assumes that only mass changes induce
frequency shifts. In fact, frequency changes will also be affected by changes in the
viscoelastic properties of the layer and of the solution in contact with the electrode.
Since the frequency changes have a more complex origin than a simple mass change,
another equation describing the frequency changes and taking into account the mass
changes and the viscoelastic properties of the overlayer at the electrode was proposed.
It is known as the Sauerbrey-Kanazawa-Bruckenstein equation.

Afs = (27 / (aps)"™”) (Am / 4) — 5% 7 (27 (pgug)"®) (o11)"

where pp and . are the mass density and the viscosity of the liquid,

2 ) Equation 4
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f; is the frequency of the quartz crystal and the overlayer [79].
However changes in frequency alone are insufficient to describe mass and viscoelastic
changes. It is necessary to focus on the distinction between the contribution of rigid
mass and viscoelastic properties to frequency changes. Therefore an electrochemical
model based on the Butterworth-van Dyke equivalent circuit was established to
separate the mass from the resistive components of the oscillating frequency. The
analysis method employed in our case has been described by Calvo et al. [80] and uses
a non-linear fitting analysis of the measured electroacoustic impedance of a quartz
crystal to extract mass and viscous resistance of the overlayer.
We considered a viscous solution in contact with a thin and rigid gold electrode
deposited on the quartz crystal. These conditions satisfy the criteria for the relative
hardness of the underlayer (gold electrode) and the overlayer (template mixture)
described by Calvo et al. [81]. Therefore the contribution of the overlayer to the total
impedance is expressed as:
Zr=Re+joly  with wly= Xy Equation 5
Where Ry and X;r are the real and the imaginary parts of the electroacoustic
impedance.
Two limiting cases can be distinguished, the first is for a film of low viscosity. Here
the imaginary part, X, of equation is equal to the real part Ry. The second case is for a
film of high viscosity. In this case the real part Ry tends towards zero. This limit
corresponds to the Sauerbrey equation and the imaginary part is given by:
Xip= (2anpLy / (Wgp)™) (womy/ 4) Equation 6
Where my is the mass of the overlayer and A the active area of the quartz crystal.
To explain simply the changes Ry and X\ ¢ during the experiment we conciude that for
our model, Ry only depends on viscoelastic changes of the overlayer whereas X
depends on both, the viscoelastic changes and the mass changes of the overlayer. In
the case where AR = 0 the imaginary part of the electroacoustic impedance X
corresponds to the Sauerbrey equation and purely on mass changes. From the
measurements of the electroacoustic impedance we can extract the real and imaginary

part. This allows us to obtain useful information on mass and viscoelastic properties of

the electrochemical reaction.
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After electrodeposition of mesoporous Pd onto the quartz crystal from the hexagonal
lyotropic liquid crystalline phase the mesoporous Pd film was rinsed with purified
water to remove the template from the outside of the film. The mesoporous Pd film

was then soaked in water overnight to remove the surfactant from the pores.
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Figure 19: Cyclic voltammogram of Hj-e Pd in 1 M H,SO, at 20 mV/s with the
simultaneous use of EQCM. It shows the changes in the real Ry and imaginary parts
AXir of the electroacoustic impedance and changes in the charge Q passed for

deposition of the mesoporous Pd film when cycled between -0.65 to 0.7 V vs SMSE.
Figure 19 shows the results of continuous cyclic voltammetry between -0.65 V to 0.7

V vs SMSE of a mesoporous Pd film at 20 mV/s in 1M sulfuric acid with

simultaneous use of EQCM.
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Figure 20: Mass changes of a mesoporous Pd film during cycling between -0.65 to 0.7

Var 20 mV/s in 1 M sulfuric acid. Same experimental conditions as in Figure 19.

We can see from the figure that the real part of the electroacoustic impedance, Ry, does
not change at all during the process which indicates that the viscoelastic properties of
the nanostructure have not been affected. It is of interest to note that the imaginary part
AXy¢ decreases during the experiment. The fall in AX;s implies the loss of mass
according to the Sauerbrey equation (equation 6).

Figure 20 focuses on the changes of mass as a function of potential. This experiment
shows 10 continuous cyclic voltammitric cycles. We can see from this experiment that
the quantity of Pd lost during the whole experiment is far from negligible (12%). Such
a result can dramatically influence the estimation of the surface area which is based on
the total mass of Pd deposited assuming a faradaic efficiency of 100%.

The EQCM-measurements on the mesoporous Pd film during cyclic voltammetry in 1
M sulfuric acid show that the loss of mass starts with the formation of the surface

oxide layer at around 0.1 V vs SMSE on the anodic cycle and stops around 0.05 V on
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the cathodic scan, with a beginning of the mass gain, when the oxide is stripped from
the electrode surface. Similarly the mass gain stops with the beginning of the mass
loss in the cathodic scan at 0.1 V. Similar behaviour of mass loss is identical to that
reported for bulk polycrystalline Pd [46, 78, 82]. Figure 20 shows 10 continuous
cycles with the mass constantly decreasing with each cycle. In fact, during the first
cycle the mass loss was approximately 1 pg/cm?® and increased then to a value of 4
ug/cm? after 10 cycles. The mass gain caused by the redeposition of Pd onto gold or
one Pd layer on top of another follows the same behaviour and increases cycle after
cycle.

The decrease in mass implies the dissolution of the surface oxide layer formed when
cycled in the oxide region. Conversely at the potential at which the oxide is stripped
from the electrode the metal, reduced to the zero oxidation state, is redeposited. It can
be seen from the imaginary part, AXy, that the mass loss dominates over the mass
gain, so more metal dissolves than is replated. This is certainly linked to the cycling in
sulfuric acid. Similar results to those obtained in our studies have appeared for bulk
polycrystalline Pd [77]. It shows the dissolution of Pd in the presence of sulfuric acid
when cycled in the oxide region.

To investigate the effect of cyclic voltammetric cycles in 1 M sulfuric acid on the
surface area 40 subsequent voltammetric cycles were carried out at 100 mV/s in 1 M
sulfuric acid on mesoporous Pd deposited on a gold disc electrode. The current was
related to the surface oxide stripping peak of each cycle. The resulting plot is shown in
Figure 21. We can see from this figure that the current increases significantly to 6
cycles. As the current is related to the surface oxide stripping peak the
electrochemically active surface area increases with each cycle; from the 6™ cycle the
current decreases and hence the active surface area is decreasing.

A possible explanation for the increase of the electrochemical active surface area
might be given when taking the surface roughening by dissolution and replating into
account. We proceed from the fact that the residue of surfactant was removed
completely from the pores by soaking the H;-e Pd layers in water. This was shown in
the cyclic voltammetry of H;-e Pd in 1 M H,SO; in Figure 18 where the surface oxide
stripping peak stabilizes after only one voltammetric cycle indicating that the

surfactant originally occupying the pores diffused out.
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Figure 21: H;-e Pd was deposited (total deposition charge 3.5 mC, deposited from the
Brij®56 plating bath) on the gold disc electrode (area 0.0079 cm’). The metal film was
soaked in water overnight afier deposition. Figure a), b) and c) show subsequent
voltammetric measurements of the mesoporous metal film in 1 M sulfuric acid at 100
mV/s vs SMSE between -0.65 to 0.7 V. The current was estimated from the cyclic

voltammograms and related to each cycle in figure d).

Therefore the increase in the electroactive surface area in Figure 21 is not attributable
to the removal of surfactant from the pores by continuous cyclic voltammetry. The

increase rather corresponds to the fact that the surface becomes rougher with more

voltammetric cycles.
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A possible explanation for the decrease of the electrochemical active surface area may
be given by considering the dissolution of Pd during cycling in sulfuric acid which
causes overall the mass loss. With more cycles the dissolution process determines the
experiment. That could cause finally the damage of the nanostructure.

In this section we investigated the dissolution of H;—e Pd films during cycling in I M
sulfuric acid with the simultaneous use of the EQCM. We showed that the loss of
mass appears when cycling the Pd electrodes in the oxide formation region and

increases continuously with subsequent cycles.

3.6.2 Surface modifications of H;-e Pd films

We noticed from the cyclic voltammogram in Figure 18 two additional peaks on the
anodic scan at 0.25 V and 0.4 V vs SMSE. These features on the cyclic
voltammogram have been noticed for Hj-e Pd films (3.5 mC total deposition charge).
It is of particular interest to note that these peaks in the oxide region appear in our case
without a great deal of potential pre-treatment. The well-pronounced pair of peaks of
H;-e Pd immersed in 1 M H,SO4 appears after a few voltammetric cycles when
starting the scan at 0.2 V vs SMSE and continuing first to the negative direction. It has
to be emphasized that we have not found any evidence of these features in the cyclic
voltammograms of ordinary Pd wire electrodes in our work.

In searching the literature we found reports [77, 83-86] of investigations of
electrochemical processes of oxidized films formed on the Pd metal electrode. The
mentioned publications showed that to get the additional peaks in the oxide region
required periodic potential cycling of Pd electrodes for more than 10 minutes. This
subsequent cleaning of the prepared Pd electrodes (Pd wire of at least 0.5 mm
diameter) was pointed out by Rand and Woods [77, 86] who obtained the
voltammetric features on the anodic cycle in the oxide region at 0.85 and 1.1 V vs
SHE which is very similar to our studies (converting the SHE to SMSE). Burke et al.
[83] investigated the electrode behaviour of Pd in aqueous solution and noticed two
voltammetric features in the oxide region on the anodic scan as mentioned above. The
experiments of Burke et al. showed clear and well-resolved peaks associated to

potentials similar to those in our studies. They claimed the clear and well-defined
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resolution as a result of considerably large surface area and attributed this behaviour to
the potential pre-treatment causing dissolution and replating of the Pd metal.

It has been suggested by Dall’Antonia et al. [85] that the additional voltammetric
peaks on the anodic scan correspond to the different oxide states of Pd when cycled in
the oxide region. Using Pd electrode polarization experiments they came to the
conclusion that Pd initially oxidizes with the formation of chemisorbed O followed by
the development of the surface lattice of PdO. Further Pd oxidation leads to the
development of multi-layers of PdO, on top of several multi-layers of PdO. The oxide
film on Pd that has been developed in several steps can be reduced in a single
negative-going sweep that reveals two voltammetric features. The first one
corresponds to the reduction of PdO, followed by the reduction of PdO. According to
Dall’ Antonia et al. [85] the well-defined oxide stripping is only due to the reduction of
PdO. From reviewing other publications such as Perdriel et al. [84] we noticed the
voltammetric peaks in the oxide region with the PdO, formation occurring at 1.283 V
vs SHE. They also applied periodic potential cycling to Pd electrodes immersed in 1
M H,SO4 which produced a series of modifications at the metal surface. These
modifications imply the change in the roughness factor and therefore the increase in
the surface area. Again the response of the surface pre-treatment of Pd electrodes was
seen on the voltammetry in the oxide region and reflects the several additional peaks
associated to the different potentials.

We can conclude that the additional voltammetric features on the anodic scan in the
oxide region in our cyclic voltammetry for H;-e Pd are consistent with the literature.

We attribute this behaviour to the formation of the different Pd oxide states.
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3.7 Hydrogen electrode reaction on nanostructured
palladium

3.7.1 Introduction

The hydrogen electrode reaction at transition metal electrodes can take place in
alkaline as well as in acid media by the multistep sequence which can be described as
the Volmer-Heyrovsky-Tafel-mechanism [48, 87-89]. The hydrogen electrode reaction
on the metal surface is determined in detail by three well-known steps.
The first step in this process is the formation of adsorbed hydrogen on the metal
surface originated from H atoms discharged from H,O or H3O" ions (Volmer
reaction).

H;O0" + ¢ — H s + H,O Equation 7
H",4s presents the adsorbed hydrogen on the metal surface.
This is followed by either the electrochemical process (Heyrovsky reaction)

H s + H;0" + & — Hy, + H,O Equation 8
or the chemical catalytic recombination-type desorption process (Tafel reaction).

H'yas + Hpas = H Equation 9
The relative importance of the Tafel or Heyrovsky reactions depends on the electrode
potential.
The hydrogen electrode reaction at palladium electrodes is further complicated by
extensive permeation of atomic hydrogen into the metal lattice to form o- and B
hydride. In the literature no clear consensus has been found about the mechanism by
which hydrogen enters the metal and in which way the adsorbed hydrogen is an
intermediate between the adsorbed and absorbed hydrogen process. It has been
suggested that the transition from the adsorbed to the absorbed state occurs via an
intermediate subsurface state as dissolved hydrogen [48, 49, 88]. The chemisorbed
hydrogen then undergoes the diffusion from the metal surface into the bulk-metal in
competition with the Tafel- and Heyrovsky reaction. According to this the relationship
between the adsorption and absorption process can be represented as follows:

H +e+M = MHy = MH; = MH Equation 10
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This sequence indicates the formation of the subsurface layer where H occupies
interstitial sites in the host lattice below the surface. Moreover, we found literature
indicating the existence of the subsurface layer for hydrogen at single-crystal faces of
Ni and Pt suggested by Eberhardt et al. [90].

Lynch and Flanagan [91] claimed two adsorbed states of hydrogen (weakly and
strongly chemisorbed) with different Pd-H bond strengths. They suggested that weakly
chemisorbed hydrogen is located in subsurface interstitial sites and thus a precursor to
absorbed hydrogen. This was suggested by estimating the rate constants for the
adsorption and absorption processes after recording the hydrogen take up when the

palladium filaments were exposed to high temperatures under high vacuum.

3.7.2 Electrochemical measurements

Figure 22 shows the comparison between the Hi—e Pd film and the plain Pd film
deposited from the aqueous solution. The total amount of charge used to deposit Pd
for both films was the same. Outlining the differences between both voltammograms
we can see that the charge estimated from the surface oxide stripping peak is much
larger for the H;—e Pd film than for the corresponding plain Pd film. This difference
results from the greater surface area of H;—e Pd due to the dense array of the
cylindrical pores puncturing the film. However, it is notable that the oxidation and
reduction processes occur at the same potential for both films.

The second striking difference which is apparent from the voltammograms is the fact
that the two voltammograms differ significantly at more negative potentials. The H,—e
Pd film exhibits a very sharp pair of peaks (denoted by H; and Hg) around -0.45 V vs
SMSE with a smaller, broader pair of peaks (H; and Hs) at -0.52 V vs SMSE and then
a rapidly increasing reduction current at the cathodic scan which is associated with the
peak in the oxidation current at -0.625 V vs SMSE (H3 and H,) on the return scan. We
can clearly see that this voltammogram at negative potantials is very different from the
voltammetry of plain Pd. For plain Pd a rather featureless and unresolved peak can be

seen. Similar results were obtained for a polycrystalline Pd wire (not shown).
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Figure 22: Cyclic voltammogram at 20 mV/s in 1 M sulphuric acid of H;-e¢ Pd (0.53
cmz) a) deposited from the template mixture of 12 wt% (NH,):PdCl,, 47 wt% Brij®56,
39 wt% water, 2 wt% heptane and Pd (0.052 cm’) b) deposited from the aqueous
solution containing 50 mM (NH ),PdCl,, 1 M HCI and 1 M NH,CI on the gold
electrode (1 mm electrode). The charge passed for deposition for both films was 3.5
mC.

This difference in the voltammetry between the H,—e Pd film and the plain Pd film is
due to the presence of the nanostructure. The well-resolved pair of peaks of the H,—¢
Pd film (H; and Hg) corresponds to the formation and removal of adsorbed hydrogen
atoms at the Pd surface. This corresponds to the Volmer-reaction (equation 7). The
evidence for the attribution of the peaks H; and Hg to the hydrogen adsorption is given
in an experiment shown later in which crystal violet, known as inhibitor for the H-

adsorption, suppresses H; and Hg.
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Similar results have been obtained by Baldauf and Kolb [92] in studies of 1-10
monolayers Pd films deposited on gold single crystal. Tateishi et al. [73, 74] also
focused on cyclic voltammetric studies of small Pd particles supported on carbon
electrode surfaces. In both cases well-resolved (not as well-resolved as in our studies)
peaks of adsorbed hydrogen can be obtained caused by the fact that the current for the
formation of absorbed hydrogen into bulk Pd does not dominate in the voltammetry as
it does for bulk Pd electrodes. The existence of the hydrogen adsorption peak in the
cyclic voltammetry was proved by Baldauf and Kolb [92] in showing that the mid-
peak potential for the adsorbed H-couple varied with the proton concentration. In their
studies the authors measured the dependence of the current peaks on the proton and
sulfate concentration and noticed that the potential of one pair of the current peaks in
the hydrogen region shifts linearly with proton concentration in a solution of constant
sulfate concentration (0.1 M Na,;SOy). The slope was estimated to be 60 mV decade™.
On the other hand their data did not reveal any potential shift at constant pH when the
sulfate concentration was altered. This shows evidently that this pair of current peaks
is caused by the hydrogen adsorption reaction.

The second possibility to confirm the assignment of hydrogen adsorption peaks was
also provided by Baldauf and Kolb [92] showing the influence of an appropriate
surface modification on the hydrogen adsorption peaks. The addition of crystal violet
to the solution completely blocks the H-adsorption but leaves the amount of hydrogen
absorbed into the bulk Pd unaltered.

We also investigated the effect of crystal violet on the voltammetry. Figure 23 shows
very similar results to those reported by Baldauf and Kolb [92]. In the presence of 1
mM crystal violet the peaks H; and H¢ were totally suppressed confirming that they
arise from the formation of the adsorbed hydrogen at the electrode surface. Based on
the total charge passed for the formation of adsorbed hydrogen and comparing this to

the charge of the corresponding oxide stripping peak the H to the surface Pd ratio was

found to be 0.20.
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Figure 23: Cyclic voltammograms for a 200 nm thick H;-e Pd film deposited onto a 1
mm diameter gold electrode recorded at 20 mV/s in 1 M H,SO,4 without (curve a) and

with (curve b) 1 mM crystal violet present.

For our H;—e Pd films it was not possible to carry out voltammetric studies below 0.1
M without encountering significant distortion in the voltammetry. This was caused by
the fact that significant concentration changes can be expected to occur within narrow
pores in the structure during the voltammetry. If we refer for example to the charge
passed in the peaks H; and H¢ 59 and 88 pC in Figure 22 and convert this to the
corresponding change in the proton concentration within the pores of the nanostructure
we find a change in the proton concentration of the order of several mmolar. In
addition at low electrolyte concentration or at high sweep rates the voltammetry can be

distorted by the IR drop occurring along the pores (Figure 24).
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Figure 24 Cyclic voltammograms of an H;-e Pd film (200 nm thick, deposited from
the Brij®5 6 plating bath, deposition charge 3.5 mC) deposited on a gold disc
electrode (area 0.0079 cm®) recorded at 5 a), 20 b), 50 ¢) and 200 mV/s in 0.1 M
H,80,.

This effect has been investigated by Elliott and Owen [29]. Nevertheless, we have
investigated the concentration dependence of the mid-potential for the H; and Hs

peaks over a limited proton concentration range and find that it agrees with the results

of Baldauf and Kolb [92].
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Figure 25: Cyclic voltammograms of an H;-e Pd film (200 nm thick, deposited from
the Brij®56 Dlating bath, deposition charge 3.5 mC) deposited on a gold disc
electrode (area 0.0079 cm®) recorded at 20 mV/s in 0.1 M H,SO, a)andb) 0.1 M
HCIO,.

Figure 25 shows a typical voltammogram for an H;—e Pd in 0.1 M sulfuric acid and
0.1 M perchloric acid. Comparing the results to those presented in Figure 22 we notice
11 mV shift in the mid-peak potential when going from 1 M to 0.1 M sulfuric acid. In
addition, changing from the sulfuric to the perchloric acid solution has only little
effect on the voltammetry beyond a small shift which can be attributed to the
difference of the two solutions.

The Hydrogen region of H;-e Pd shown in the cyclic voltammogram in 1 M sulfuric

acid is well-defined unlike that for a plain Pd film deposited from the aqueous solution
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under the same conditions. Crystal violet, known as an inhibitor for the H-adsorption
on the Pd surface, was added to the solution and so it was possible to knock out the
adsorption peaks (H;, Hg) completely. We then have been left with the remaining two
pairs of peaks (H,-Hs, H3-H,) associated with the formation of absorbed hydrogen

The H-absorption process into the bulk palladium is subject of the next section.

3.7.3 Absorption of hydrogen into H;-e Pd

In this section we concentrate on the hydrogen-absorption behaviour with the
emphasis on the a- B phase transition. When the potential is scanned further cathodic,
Figure 26, we can clearly see that the peaks H; and Hy of Figure 22 become the two

large peaks associated with the formation and oxidation of the 3-hydride phase.
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Figure 26: Cyclic voltammogram of an H-e Pd film deposited from the Brij®56
plating solution onto a gold disc electrode (Imm diameter, deposition charge 3.5 mC)

recorded at 10 mV/s in 1 M H,S0..
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In order to investigate the formation of the hydride phases in more detail we carried
out a series of experiments in which the potentiai of the electrode was stepped from

-0.56 V to increasingly cathodic potentials, held at the cathodic potential for 120 s and
then swept back at 10 mV/s to —0.2 V. In a separate set of experiments the length of
time that the electrode was held at the cathodic potential was varied in order to ensure
that sufficient time was allowed for the system to equilibrate at the cathodic potential

before the anodic sweep.
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Figure 27. Cyclic voltammogram of an H;-e Pd film deposited from the Brij®56
plating solution onto a gold disc electrode (1 mm diameter, 3.5 mC deposition charge)
recorded at 10 mV/s in 1 M H,S80,. Before the anodic sweep hydrogen was loaded
into bulk Pd for different lengths of time 5 s a), 20 s b) and 120 s ¢) at -0.55 V.
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The peak on the anodic sweep in Figure 27 corresponds to the oxidation of absorbed
hydrogen atoms in bulk Pd. We can see that the area underneath the peak increases
until the length of time of 120 s is reached. We did not find any significant increase in

the area underneath the peak when hydrogen was loaded into the bulk Pd for more

than 120 s.
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Figure 28: Example of a voltammgram for the oxidation of hydrogen absorbed and

adsorbed on an H;-¢ Pd film in 1 M H,SOq recorded at 10 mV/s. The electrode was

stepped from -0.2 to -0.72 V vs SMSE and held there for 120 s to load the electrode
with hydrogen immediately before the anodic scan. The inset shows the corresponding
current transient for loading the electrode with hydrogen at -0.72 V. The H;-e Pd film
was deposited (3.5 mC) from the Brij®56 plating bath onto a 1 mm diameter gold disc

electrode.
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This was also found to be the case when the electrode was stepped to far negative
potentials (-0.76 V vs SMSE). We therefore found the length of time of 120 s to
absorb hydrogen into Pd bulk of our H;—e Pd films sufficient to equilibrate at each
potential.

Figure 28 shows the reverse scan of a typical cyclic voltammogram of H,—e Pd at

10 mV/s in 1 M sulfuric acid after stepping the potential of the electrode from -0.56 V
to -0.72 V vs SMSE and held at this potential for 120 s. The corresponding potential
step experiment is shown as an inset in the same figure. On the reverse voltammetric
sweep there are two well-resolved peaks. The peak at -0.6 V vs SMSE corresponds to
the reduction of B-hydride, while the peak at -0.453 V vs SMSE corresponds to the
reduction of the adsorbed hydrogen on the Pd surface. The oxidation occurs at the
same potential as shown in Figure 22 for the pair of peaks H; and Hg. It is also of
interest to note that the peaks in the voltammetry are better resolved than the
corresponding peaks reported from similar experiments on thin Pd films (300 to 500
monolayer equivalents) by Czerwinski et al. [50]. This indicates that the permeation of
hydrogen into bulk-Pd and the H-adsorption on the Pd surface occurs for the H;—e Pd
films more rapidly than for thin Pd films studied by Czerwinski et al. [50].

By decreasing the potential of the electrode below -0.65 V vs SMSE we obtain the
resulting anodic voltammetric sweep from which the a- and the B-hydride phase can
be clearly distinguished (Figure 29).

The B-hydride phase on the anodic cycle dominating the cyclic voltammogram, Figure
28, has almost disappeared in Figure 29. Figure 29 shows the cyclic voltammogram of
H;—e Pd at 10 mV/s after stepping the potential of the electrode to -0.60 V to load up
hydrogen into bulk Pd. The peak at -0.55 V can be attributed to the formation of the o
hydride phase, while the peak at -0.45 V corresponds to the hydrogen adsorption on
the Pd surface. This peak again occurs at around the same potential as peak Hg in

Figure 22 and Figure 26.
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Figure 29: Cyclic voltammogram for the oxidation of hydrogen absorbed and
adsorbed on an H-e Pd film in 1 M H,8O, recorded at 10 mV/s. The electrode was
stepped from -0.2 to -0.60 V vs SMSE and held there for 120 s to load the electrode
with hydrogen immediately before the anodic scan. The H,-e Pd film was deposited

from the Brij®5 6 plating bath onto a 1 mm diameter gold disc electrode (charge
passed 3.5 mC).

The proof for the existence of an H-adsorption peak can be provided by adding crystal
violet to the acid solution. The potential of the electrode was stepped to -0.72 V vs
SMSE and held at that potential for 120 s. Figure 30 shows the voltammetry of the
reverse anodic cycle corresponding to the formation of absorbed hydrogen. Curve a)
presents the voltammetry obtained after adding crystal violet to the solution. Curve b)

shows the reverse sweep without crystal violet added to the solution prior to the
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insertion of hydrogen. We note from curve a) that crystal violet when added to the

solution knocks out the peak at -0.45 V vs SMSE completely.
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Figure 30: Cyclic voltammogram for a 200 nm thick H;-e Pd film deposited from a
Brij®56 plating solution onto a I mm diameter gold disc electrode (deposition charge
3.5 mC) recorded at 20 mV/s in 1 M H,SO, without (curve b) and with (curve a) 1 mM
crystal violet. The electrode was stepped from -0.2 to -0.72 V vs SMSE and held there

for 120 s to load the electrode with hydrogen immediately before the anodic scan.

As crystal violet inhibits the H-adsorption on to the metal surface we can conciude
that the peak at -0.45 V is associated to the adsorption of hydrogen on the Pd surface.

Comparing the peaks for absorption of hydrogen in curve a) with b) we note
remarkable difference in peak potential and sharpness. The areas underneath the peaks

are roughly the same. The potential of the hydrogen absorption peak on the anodic
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sweep in curve a) occurs at -0.63 V which is about 0.03 V different from the

absorption peak in curve b).
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Figure 31: Plot of the H/Pd ratio as a function of potential for an H-e Pd film. The
hydrogen loading of the electrode was determined from anodic voltammetric sweeps
of the type shown in Figure 28 after stepping the electrode to different cathodic
potentials. The total palladium loading was calculated from the charge passed to
deposit the Hj-e Pd film (3.5 mC curve a) and 7 mC curve b) for 1 mm diameter
electrode) and the measured faradaic efficiency of 95% for the deposition.

By carrying out a series of experiments in which the potential of the electrode was
stepped to different cathodic values we integrate the charge passed in the reverse
anodic sweep corresponding to the reduction of absorbed hydrogen and build up a plot
of the charge as a function of the potential. We then converted the charge to the
hydrogen/palladium ratio at each potential using the faradaic law and the total charge

passed in the deposition of the Pd film. We considered the faradaic efficiency of 95%
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for the deposition of Hi—e Pd calculated from EQCM-measurements [10]. The
resulting plot for 3.5 mC curve a) and 7 mC curve b) as charge passed for deposition
of Hi—e Pd films is shown in Figure 31. Below -0.55 V vs SMSE the H/Pd ratio
increases slowly as the potential becomes more cathodic. This corresponds to the
formation of a-hydride which is stable up to H/Pd less than about 0.05 [93]. The sharp
rise in the H/Pd ratio at -0.653 V (equivalent to 0.046 V vs SHE) corresponds to the
formation of the B-hydride phase. Within the experimental error this is consistent with
Czerwinski et al. [50] who carried out similar experiments on thin Pd films (300 to
500 monolayers equivalent). The transition from the o- to the B-phase was reported to
be -0.23 V vs SCE in 0.5 M H,SO.. It is of interest to note that the transition between
both phases for an H,;—e Pd film occurs over a significantly smaller range (~20 mV as
compared to ~50mV) in comparison to Czerwinski et al. [50].

Furthermore we can see from the Figure 31 that at more cathodic potentials the H/Pd
ratio curve tends towards a plateau at around -0.70 V before increasing again at
potentials more negative than -0.70 V vs SMSE. This significant increase in the H/Pd
ratio at negative potentials more than -0.70 V is unexpected and was not reported in
the literature elsewhere. From the literature [50] we would normally expect the B-
hydride phase to reach a plateau. If we return to the voltammetric anodic sweep of the
H;—e Pd film in Figure 28 we can see at potentials between -0.65 V to -0.72 V an
additional current as contribution to the stripping charge.

Figure 32 shows a set of cyclic voltammograms as reverse scans after stepping the
electrode to different cathodic potentials and held there to load the electrode with
hydrogen. It is notable that the remarkable feature on the anodic cycle occurs when
stepping the electrode to cathodic potentials more negative than -0.65 V and held at
that potential for 120 s before the anodic sweep. The additional current in the
voltammetry appears to increase dramatically when stepping the electrode to cathodic
potentials more negative than -0.70 V. This additional current appears to be
capacitative and can only be explained as a result of a nanostructured Pd film used in
our studies where the surface area of the Pd film is large compared to the volume of
the metal. It has also to be stressed that the physical properties of our H;—e Pd film are
not to be compared with those of a plain Pd film used by Czerwinski et al. [50]. The
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surface area is essentially less. However, it is not clear why the double layer

capacitance should be so much greater than that of the Pd metal.
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Figure 32: Set of cyclic voltammogram of an H,-e Pd film deposited from the Brij®56
plating solution onto a gold disc electrode (1 mm diameter, 3.5 mC deposition charge)
recorded at 10 mV/s in 1 M H,SOy. The electrode was stepped from -0.2 to different
cathodic potentials -0.76 a), -0.72 b) and -0.68 V c) vs SMSE and held there for 120 s

to load the electrode with hydrogen immediately before the anodic scan.

Comparing both curves a) and b) in Figure 31 we do not note any significant
difference. The transition between the a- and the B-phase occurs at the same potential
and in a smaller range compared to Czerwinski et al. [50]. For H;—e Pd films with the

deposition charge of 3.5 mC an even sharper rise in the H/Pd ratio is to be seen at
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potentials more negative than -0.70 V compared with H;—e Pd films of 7 mC total
deposition charge.

From the cyclic voltammetric studies we noticed at increasingly higher potentials more
negative than -0.653 V that the formation of the B-hydride phase and its subsequent
oxidation does not destroy the nanostructure of the Pd film although it has to be
considered that the insertion of hydrogen into the bulk Pd to make the B-phase is
accompanied by an 3% expansion in Pd lattice parameter [93]. The fact that the
nanostructure has not been destroyed was shown in estimating the area underneath the
surface oxide stripping peak of the Hj-e Pd film. We did not find any difference in the
electroactive surface area before and after the hydrogen insertion.

From our experiments we note a sharper transition between the o- and the B phase as a
function of potential and more clearly resolved peaks in the voltammetry compared to
Czerwinski et al. [50] and Tateishi et al. [73, 74] who used thin Pd films for the
studies. This is due to the enhanced kinetics in our electrode processes and caused by
the fact that Pd atoms within the metal are not more than a few nanometers away from
the surface. Hydrogen can permeate into the Pd metal walls of nanometer-sized
dimensions from both sides. Thus considering the diffusion of hydrogen into the Pd
lattice we do not expect the diffusion to be rate-limiting in the absorption process. The
diffusion coefficient for hydrogen in the a-phase was estimated to be 2x10” ¢cm?/s and
for the p-phase an order of magnitude higher (2x10°® cm?/s) [94]. The time taken for a
hydrogen atom to diffuse right through the metal lattice would be of the order of 20 ns.
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3.8 Conclusion

In this chapter we have shown that we can prepare nanostructured H;—e Pd films by
electrochemical deposition from the liquid crystalline phases of either C1¢EOg or
Brij®56. These films contain regular hexagonal arrangement of cylindrical pores with
pore size diameter of 2.5 nm and wall thickness of 2.5 nm. Electrochemical studies
showed that Hi—e Pd films have high electroactive surface areas of the order of 91
m*/g (corresponding to 1x10’ em%/em?). Cyclic voltammetry with the simultaneous
use of the EQCM provided us with the fact that H;—e Pd when cycled in the oxide
region dissolves subsequently with each voltammetric cycle so that mass loss
dominates over mass gain. Cyclic voltammetric measurements of Pd deposited from
the aqueous solution showed that the charge passed for formation and stripping of the
surface oxide layer reached smaller values than for H;—e Pd. This is based on the
obtained high surface area. We also found the hydrogen region of H;-e Pd in the cyclic
voltammetry of 1 M sulfuric acid more clearly resolved than of plain Pd. Due to the
very high surface to volume ratio of H;—e Pd films we can readily distinguish the
formation of H between adsorption and absorption processes. With the use of crystal
violet, as an appropriate surface modification, we were able to knock out the H-
adsorption on the Pd surface completely. With the remaining peaks in the hydrogen
region associated to the o- P hydride phases we studied in detail the absorption
process and focused on the characteristics of the phase transition. Because of the fast
kinetic for the formation of a- and f hydride phases we noticed clearly resolved peaks
in the absorption region and a sharper rise in the H/Pd ratio compared to Czerwinski et
al. [50].

The electrochemical deposition of Pd as high surface metal with regular, controlled
nanostructure is of potential application as a catalyst for methane oxidation in gas-

sensors. This will be the subject of chapter 7.
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Chapter 4 The effect of poisons on
promoting the H sorption into the Pd

metal lattice
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4.1 Introduction

It is the focus of this chapter to investigate the effect of poisons on the process of
hydrogen absorption into bulk palladium. We compare the peaks associated with the
formation and oxidation of the B-hydride phase of palladium with and without the
addition of crystal violet to the sulfuric acid solution in a convenient range of
potential. In addition, we direct our attention towards the electrochemical properties
resulting from the deposition of another metal, such as H;-e Pt and H;-e Rh on top of
Hi-e Pd. Our aim is to compare the electrochemical features obtained for both
systems.

The poisoning of the palladium surface and its effect on the absorption of hydrogen
into the metal lattice has been extensively studied by Conway and Jerkiewicz [48]. We
include in our discussion the explanation of their results and the general interpretation
outlined from reviewing the literature on this topic. We discuss the different options
raised in their paper and cited therein in order to provide a reasonable explanation for
the difference in the hydrogen absorption process in the voltammetry in the presence
of the poison. We discuss here in detail the effect of the poison in promoting H
sorption into the palladium lattice. With respect to our own results and the
experimental findings in the literature it is our main concern in this chapter to find a
general and consistent mechanism for the permeation of hydrogen into the palladium

metal lattice in the presence of poisons which block the Pd surface sites.
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4.2 The hydrogen absorption process
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Figure 33: Set of cyclic voltammograms of H;-e Pd (200 nm thick, deposition charge 3.5

mC, deposited from the Brij®56 plating bath) deposited on a gold disc electrode (area
0.0079 cmz) recorded at 10 mV/s in IM H,SO4 without crystal violet a) and in the
presence of I mM crystal violet b).

Figure 33 a) shows the cyclic voltammogram of H;-e Pd recorded in 1 M sulfuric acid

at 10 mV/s without the addition of crystal violet. The voltammetry shows two

voltammetric features associated to the formation ofiadsorbed and absorbed hydrogen.
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At -0.46 V vs SMSE on the cathodic scan the peak corresponds to the formation of
adsorbed hydrogen which is oxidized on the anodic scan at -0.445 V vs SMSE. The
permeation of hydrogen into the metal is clearly visible at -0.7 V vs SMSE on the
cathodic sweep with the oxidation occurring on the return sweep at -0.58 V vs SMSE.
The voltammetry shown in curve b) in the same figure shows the return sweep of H;-¢
Pd in 1 M sulfuric acid in the presence of crystal violet at 10 mV/s. The first striking
difference to the voltammetry in a) is the absence of the peaks for adsorbed hydrogen
onto Pd. This is not surprising since we know from previous results that the coverage
of the Pd surface by crystal violet completely blocks H adsorption. It is more
interesting to note that the H-absorption peak on the cathodic sweep occurs at -0.68 V
vs SMSE and on the return sweep at -0.61 V which is significantly shifted of about 20
mV from the positions of the absorption peaks in the voltammetry of curve a). We
have to note that the peaks for the hydrogen absorption process on nanostructured Pd
in the presence of crystal violet appear to be sharper. The width at half height of the
peak in the voltammetry a) was estimated to be 70 mV whereas in the voltammetry b)
we found for the width at half height of the absorption peak a value of 25 mV,
However, we have to emphasize that comparing both voltammograms there is no shift
in the mid peak potential indicating that thermodynamic conditions have not changed
whilst the experiments were carried out. We also find that the charge underneath the
absorption peaks remains, within the experimental error, the same for both
voltammograms.

We therefore strongly assume that the system is kinetically controlled. This indicates
that the inhibition of hydrogen adsorption onto the Pd surface by the coverage of
poisons affects the rate of entry of hydrogen into the Pd bulk.

To propose a mechanism by which hydrogen permeates into Pd bulk we discuss the
effect of poisons on promoting the H sorption into the metal reviewing the available
literature.

The hydrogen electrode reaction at transition metal electrodes can take place in
alkaline as well as in acid media by the multistep sequence which can be described as
the Volmer-Heyrovsky-Tafel-mechanism [48, 87-89]. The hydrogen electrode reaction

on the metal surface is determined in detail by three well-known steps.
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The first step in this process is the formation of adsorbed hydrogen on the metal
surface originated from H atoms discharged from H,O or H3;O" ions (Volmer
reaction).

H;0" + & - H' s + H,O Equation 11
Where H’,4s represents the adsorbed hydrogen on the metal surface.
This is followed by either the electrochemical process (Heyrovsky reaction)

H' s + H;0" + ¢ - H, + H,O Equation 12
or the chemical catalytic recombination-type desorption process (Tafel reaction).

H'oas + H'gis — Hs Equation 13
One of the options which we want to present here in reviewing the literature and
discussing the effect on promoting the hydrogen sorption into the metal lattice is given
by Shuler and Laidler [95, 96] who claimed that adsorbed hydrogen atoms are more
tightly bound on the poisoned surface than on the clean surface. However, this seems
rather unlikely, since poisons normally block binding sites for hydrogen at the metal
surface. Therefore an increase in the M-H,4s bond strength is rather unreasonable.
Another postulation which has been put forward is that the poisons interfere with the
H atom recombination step in the cathodic H, evolution. According to these authors
[97, 98], the number of active sites available for hydrogen atoms adsorbed on the Pd
surface is reduced by the coverage of poisons. This then interferes with the cathodic
H; recombination step reaction (equation 13) so that the activation energy for this
reaction will increase. The authors suggest that while the H, evolution is slowed down
the formation of absorbed hydrogen is favoured (equation 14) in a second order
reaction for the Hags coverage.

Huss + Hygs = Hops Equation 14
We find this conclusion rather unreasonable because it contradicts with our
experimental findings. Proceeding from the assumption that the poisons present at the
electrode surface interfere with the recombination step reaction so that the H;
evolution is diminished, as the authors suggested, we would necessarily expect to see
less hydrogen evolved in the hydrogen region. However, we note in comparing
voltammogram a) with b) in Figure 33 no difference in the rate of hydrogen evolved

in the hydrogen region at cathodic potentials of -0.76 V vs SMSE.
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Figure 34: Cyclic voltammogram at 10 mV/s in 1 M H,SO4 of H;-e Pt deposited from
the template mixture of 12 wt% H,PtCls, 47 wt% C1sEOs, 39 wt% water and 2 wt%
heptane at -0.1 V vs SCE on Hj-e Pd. H;-e Pd was initially deposited on gold (0.0079
cm’ electrode area) Jfrom the template mixture of 12 wt% (NH,),PdCl,, 47 wt%
C16EOs, 39 wt% water and 2 wt% heptane at 0.1 V vs SCE (3.5 mC deposition
charge).

Another model was presented by Conway and Jerkiewicz [48]. The authors considered
the free energy curves of activation for adsorbed and absorbed hydrogen. They
suggested that the kinetics for the transition of adsorbed to absorbed hydrogen change
with the addition of poisons so that the H-entry into Pd bulk is enhanced. The authors
proceeded from the assumption that the absorption process occurs via the adsorbed
state as the intermediate (equation 15).

Huas = Haps Equation 15
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However, no proof in the literature has been given for this. From the results presented
in Figure 33 we note that the adsorption peak for Hi-e Pd occurs at a potential which
is 200 mV different from the adsorption peak. The formation of absorbed hydrogen
from the adsorbed state is described by a chemical reaction and is not driven
electrochemically. Since the H-adsorption and absorption process occur at very
different potentials we would not assume the adsorbed hydrogen as intermediate in the
H-absorption process. We would rather suggest that the H-absorption process takes
place without passing through the adsorbed state (equation 16) so that hydrogen
diffuses directly into Pd bulk.

H;0" + & — Hys + HyO Equation 16
We then suggest that this process speeds up when the formation of adsorbed hydrogen
is suppressed by the coverage of poisons. With the addition of crystal violet in the
voltammogram b) in Figure 33 we note inhibition of H-adsorption, faster kinetics in
the absorption process and the same rate of evolved hydrogen compared to
voltammogram a).
One could argue that the formation of adsorbed hydrogen starts on the cathodic scan at
potentials of -0.65 V after which the H-absorption process immediately occurs.
However, no experimental evidence has been found for this.
The striking difference to the model proposed by Conway and Jerkiewicz corresponds
to the fact that we claim the hydrogen to diffuse directly into Pd bulk. This occurs with
faster kinetcs when the Pd surface is poisoned by crystal violet.
Of course, we have to emphasize that with our H;-e Pd films the distinction between
the absorbed and adsorbed hydrogen peak is possible. This is due to the enhanced
kinetics in our electrode processes and caused by the fact that Pd atoms within the
metal are not more than a few nanometers away from the surface. Hydrogen can
permeate into the metal walls of nanometer-sized dimensions from both sides and we
therefore do not expect the diffusion to be rate-limiting in the absorption process. This
was not the case in the experiments carried out by Conway and Jerkiewicz [48] who
used ordinary Pd electrodes.
We add to this discussion results from the electrochemical deposition of Pt on top of
H;-e Pd showing similar electrochemical properties for the hydrogen absorption

process as for crystal violet when added to the acid solution.
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Figure 34 shows a cyclic voltammogram at 10 mV/s in 1 M sulfuric acid for H;-e Pt
deposited on top of H;-e Pd. Hi-e Pd was initially deposited onto the gold disc
electrode of 1 mm diameter (0.0079 cm” electrode area). Both metals were deposited
from the C;4EQg template mixture with the total deposition charge of 3.5 mC. As we
will outline in Chapter 6, the H;-e Pt-Pd bilayer film consists of pores running
continuously through the final film. The electroactive surface areas estimated for both
H;-e metal layers were found to be consistent with the nanostructure.

Focusing on the hydrogen region we note that the peak on the cathodic scan at -0.66 V
vs SMSE is associated to the formation of absorbed hydrogen and gives rise to the
desorption peak on the anodic sweep at -0.605 V. Comparing these results to those
obtained in voltammogram a) of Figure 33 for H;-e Pd deposited on the gold disc
electrode of the same electrode areca we note that the hydrogen absorption peak
appears to be sharper with the significant shift in the position of the peaks of 25 mV.
However, as outlined before, and to emphasize it again, no shift in the mid peak
potential can be seen when comparing the voltammograms. It is noteworthy that
similar behaviour between the voltammetry in Figure 34 and in Figure 33 b) was
observed where crystal violet was added to the acid solution in which H;-e Pd was
electrochemically cycled.

The cyclic voltammetry in sulfuric acid in the potential limit of the hydrogen
absorption region for the nanostructured Pt-Pd bilayer film reveals electrochemical
properties similar to those shown for crystal violet when added to the acid solution. It
is of interest to note that this behaviour appears in the presence of a dissimilar metal
deposited on top of Hj-e Pd. Our experiments showed that this effect is not restricted
to Pt but can also be extended to Rh. H;-e¢ Rh deposited onto Hi-e Pd under the same
experimental conditions showed identical electrochemical behaviour in the cyclic
voltammetry in acid solution.

However, from the cyclic voltammetric measurements of Hj-e Pd film electrodes we
could not clearly demonstrate the absence of the hydrogen adsorption peak on the Pd
surface sites when Pt and Rh were electrochemically deposited on top. In the

following we want to discuss this issue in detail showing the cyclic voltammetry for

Pt-Pd bilayers.
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From the results presented in Figure 34 we can only assume so far that the rate of the
hydrogen absorption reaction is significantly affected by the deposition of Pt onto the
Pd surface. It remains an open question as to whether hydrogen permeates into Pd bulk
without passing the adsorbed state with the coverage of Pt.

A couple of other questions remain unsolved. One of the problems necessary to
discuss is to what extent the morphology of Pd is relevant to enhance the absorption

process kinetically.

3000 T T T ] T T
2000 +
1000 F

0F

i/ uA

-1000 [~
-2000
-3000 [~

-4000 [

-5000 § } | | | i
-0.8 -06 -04 -02 00 02 04 0.6

Evs SMSE/V

Figure 35: Cyclic voltammogram of Hj-e Pt a) (3.5 mC total deposition charge;
deposited from the Brz'j®5 6 plating bath) deposited on Pd bulk (0.0045 cm’) and cyclic
voltammogram of Pd bulk electrode b) recorded at 100 mV/s in 1 M sulfuric acid.

Figure 35 shows a cyclic voltammogram for H,-e Pt deposited on a Pd wire
(polycrystalline; 0.0045 cm? electrode area) a) and the Pd wire alone b). For both
voltammograms we notice a broad peak at -0.53 V a) and -0.43 V b) on the anodic
scan and a rather non-pronounced feature on the return sweep at far negative

potentials. This behaviour on the reverse cathodic voltammetric sweep is similar to
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that seen for polycrystalline Pd [46]. The charge underneath the peak on the anodic
scan is estimated, in both cases, to be approximately 4.1 mC. It is noteworthy that with
the deposition of 3.5 mC H;-e Pt on to the Pd wire (polycrystalline Pd) a shift in the
cathodic peak potential of 0.1 V vs SMSE is visible. Despite this, we can say that the
electrochemical features seen in this voltammetry are quite different from those seen

in Figure 33 a) and Figure 34.
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Figure 36: Set of cyclic voltammograms of H;-e Pd deposited on a gold disc electrode
(area 0.0079 cm®) recorded at 100 mV/s in 1 M sulfuric acid with different thicknesses
of Pd corresponding to the charge ranging from 1 a) 2 b) to 3.5 mC c). On top of
every Hj-e Pd film the same amount of H; —e Pt (3.5 mC) was deposited. Both metal
films were deposited from the C16EQOg plating bath.
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As already pointed out, the feature on the cathodic scan at far negative potentials is not
pronounced and is very different from the well-defined peak on the cathodic response
in Figure 33 a) and Figure 34. We attribute this behaviour to the absence of the
nanostructure of Pd.

Figure 36 shows a set of cyclic voltammograms for different thicknesses of Pd as
determined by the charge passed for their deposition. Hi-e Pd was deposited initially
on the gold disc electrode. On top of every Hi-¢ Pd film the same amount of Hi-¢ Pt
(3.5 mC) was electrochemically deposited. The cyclic voltammetry of these films in 1
M sulfuric acid at 100 mV/s covers the hydrogen and oxygen evolution region as
potential limits. The voltammetry is determined by the H-absorption process in which
the -hydride phase dominates over the o-hydride phase as we know from earlier
experiments in Chapter 3 so that we can proceed from the fact that the large peak
occurring in the hydrogen region is attributable to the B-hydride phase. The charge
underneath the anodic peak in each voltammogram is the same as the charge for the
corresponding peak on the cathodic scan.

It is worth mentioning that with increasing Pd thickness from 1 mC to 3.5 mC
remarkable differences occur in the voltammetries. First the peak potential for the H-
absorption shifts on the anodic scan from -0.61 V to -0.58 V to more positive
potentials and on the cathodic scan correspondingly from -0.67 V to -0.7 V to more
negative potentials. As we outlined before, this might be because the system is
kinetically controlled.

Another striking difference visible in the voltammetry is that with increasing Pd
thickness the charge underneath the peak on the anodic scan and on the reverse
voltammetric cathodic sweep increases sequentially from 0.33 to 1.5 mC. This clearly
demonstrates the fact that the amount of hydrogen absorbed into bulk Pd is also
dependant on the amount of Pd.

Summarizing the facts regarding the extent to which the morphology of the Pd is
relevant for the H-absorption process, we can separate our results into two parts. On
the one hand we found that nanostructured Pd is required to obtain a high surface /
volume ratio and therefore to affect the H entry into the bulk Pd to large extent. On the

other hand we showed that subsequent increase of the Pd thickness leads to the
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increase in the amount of hydrogen permeating into the metal lattice. These two
observations are of fundamental interest in studying the H-absorption process.
To investigate the formation of the hydride phases in more detail when a dissimilar

metal was deposited onto H;-e Pd we carried out a series of experiments in which the
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Figure 37: Example of a voltammogram for hydrogen absorbed in an H;-e Pd film, on
which H;-e Pt was deposited, in 1 M H,SO4 recorded at 10 mV/s. The electrode was
stepped from -0.2 V to -0.72 V vs SMSE and held there for 120s to load the electrode
with hydrogen immediately before the anodic scan. Both metal films were deposited
from the C;4EQs plating bath onto a 1 mm diameter gold disc electrode (charge passed
3.5 mC).
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potential of the electrode was stepped from -0.56 V to increasingly cathodic potentials,
held at the cathodic potential for 120s and then swept back at 10 mV/s to -0.2 V vs
SMSE. Experiments of this type have been already carried out in Chapter 3 to get
more insight into the Pd hydride phases. This time, however, we want to discuss the
effect of Pt deposited on top of the H;-e Pd. In a separate set of experiments the length
of time that the electrode was held at the cathodic potential was varied in order to
ensure that sufficient time was allowed for the system to equilibrate at the cathodic
potential before the anodic sweep. We found that the reduction occurs rapidly and is
complete after 120s. These results are similar to those observed in Chapter 3.

Figure 37 shows the reverse scan of a typical cyclic voltammogram at 10 mV/sin 1 M
sulfuric acid of H;-e Pd on which H;-e Pt was deposited. The potential of the electrode
Was‘stepped from -0.56 V to -0.72 V vs SMSE and held at this potential for 120s.
Usually we would expect to see, based on the results in Chapter 3, two well resolved
peaks on the reverse voltammetric sweep. We found in Chapter 3 for the same sort of
experiments, in which the electrode was stepped to different cathodic potentials, on
the reverse anodic sweep a peak at -0.453 V vs SMSE corresponding to the oxidation
of the adsorbed hydrogen on the Pd surface. This is not to be seen in the experiments
described here when H,-e Pt was deposited onto H;-e Pd. It seems from this figure and
the experiments shown here that the adsorbed hydrogen has completely disappeared.
However, direct proof for this is given later. We also want to point out that there is a
shift in the peak potential. The peak corresponding to the oxidation of the f-hydride
phase in Figure 26 in Chapter 3 occurs at -0.6 V vs SMSE. This is not in accordance to
the results shown here. The peak for the oxidation of the -hydride phase occurs at -
0.62 V vs SMSE. That is very similar to the experiment where crystal violet was
added to the acid solution to block the Pd surface sites.

By carrying out a series of experiments of the sort shown in Figure 37 in which the
potential was stepped to different cathodic values and then integrating the total charge
passed in the reverse anodic sweep corresponding to the oxidation of absorbed
hydrogen we can then build up a plot of the charge as a function of the potential. We
then convert the charge to the H/Pd ratio at each potential using the Faraday law and

the total charge passed in the deposition of the Pd film. We use a value for the faradaic
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efficiency of 95% for the deposition of Hi-¢ Pd calculated from EQCM-measurements
[10]. The resulting plot for H-e Pd on which H;-e Pt was deposited is shown in Figure
38 a). Below -0.55 V vs SMSE the H/Pd ratio increases slowly as the potential

becomes more cathodic. This corresponds to the formation of a-hydride.
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Figure 38: Plot of the H/Pd ratio as a function of potential for an H;-e Pd film b) and
H;-e Pd on which 3.5 mC H,-e Pt a) was deposited. The hydrogen loading of the
electrode was determined from anodic voltammetric sweeps of the type shown in

Figure 37 after stepping the electrode to different cathodic potentials. The total Pd
loading was calculated from the charge passed to deposit the H;-e Pd film (3.5 mC for

Imm diameter electrode) and the measured faradaic efficiency for the deposition.
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We then observe a sharp rise in the H/Pd at -0.653 V corresponding to the formation
of the B-hydride phase. These features are identical to those seen for the Hi-e Pd film
in curve b) (without the deposition of Hj-e Pt on top). Comparing the o-f3 phase
transition between H;-e Pd and H;-e Pd on which H;-e Pt was deposited, we note that
the transition between both phases for a Pt — Pd bilayer system occurs over a slightly

smaller range of potential (~10 mV instead of ~20 mV).
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Figure 39: Set of cyclic voltammograms at 10 mV/s in 1 M sulfuric acid of Pt
deposited from the aqueous solution containing 25 mM H,PtCls and 1 M HCI onto
Hj-e Pd with increasing number of Pt atoms covering the Pd surface. Hj-e Pd a) was
initially deposited onto a (0.0079 cm’) gold disc electrode (3.5 mC total deposition
charge). In curve b) 1 Pt atom and in curve c) 3 Pt atoms are for every 10 Pd atoms.

This corresponds to a Pt coverage on the Pd surface of 0.1 and 0.3 monolayers.
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Again we note, as already pointed out in Chapter 3 and in the literature [99], that at
more cathodic potentials the H/Pd ratio in Figure 38 tends towards a plateau at around
0.58 for curve a) and 0.52 for curve b) before increasing again at potentials more
cathodic than -0.68 V a) and -0.70 V b). The plateau values of 0.58 and 0.52
correspond to the composition of the B-hydride phase formed by the H;-e Pd film. The
further increase in the apparent H/Pd ratio in Figure 38 at more cathodic potentials as
reported above has already been discussed in detail in Chapter 3.

The voltammetric features corresponding to the hydrogen absorption process seen for
H;-e Pd in the presence of crystal violet and for the Pt-Pd bilayer system are very
similar and therefore it is likely that they can be accounted by a single mechanism.
However, in all the experiments shown so far we cannot provide the reader with clear
evidence that H-adsorption on the Pd surface disappears completely in the presence of
Pt deposited on top of Hi-e Pd. In case of the absence of the H-adsorption on the Pd
surface when Pt is deposited onto Hj-e Pd we would expect similar behaviour to
crystal violet as inhibitor of the H-adsorption in blocking the Pd surface. This would
extend the range of poisons from crystal violet to Pt promoting the H-sorption into the
metal lattice in a way that hydrogen diffuses directly into the bulk Pd without passing
through the adsorbed state. In the following we want to show the absence of the
hydrogen adsorption peak on H;-e Pd when Pt was deposited on top of H;—e Pd.
Figure 39 shows a set of cyclic voltammograms at 10 mV/s in 1 M sulfuric acid of H;-
e Pt deposited from the aqueous solution containing 25 mM H,PtClg and 1 M HCl
onto H;-e Pd with increasing number of Pt atoms covering the Pd surface. H;-¢ Pd a)
was initially deposited onto the gold disc electrode (0.0079 cm® area; 3.5 mC total
deposition charge). We note that with increasing number of Pt atoms deposited onto
H;-e Pd a continuous shift in peak potential of the hydrogen absorption peak on the
anodic sweep from -0.58 V a), -0.595 V b) to -0.615 V c) appears. In addition, the H-
absorption peak becomes increasingly sharper from 70 mV a), 40 mV b) to 20 mV c)
as values for the width at half height. The H-adsorption peak, seen in voltammogram
a) and enlarged in the inset in Figure 39, disappears completely with subsequent Pt
coverage in curve b) and c).

To conclude, increasing the thickness of H;-e Pt deposited onto H;-e Pd results in the

disappearance of the H-adsorption peak. The H-absorption peak shifts in potential and

89



The effect of poisons on promoting the H sorption into the Pd metal lattice

becomes increasingly sharper. Hence the deposition of a dissimilar metal onto H;-¢ Pd
causes the inhibition of the H-adsorption onto the Pd surface enhancing the direct
diffusion of H into the Pd metal. These features are similar to those seen for the
voltammetry of H;-e Pd where crystal violet was added to the acid solution to block
the surface sites. These results are also consistent with those shown for the H;-e Pt-Pd
bilayer system, with the total deposition charge of 3.5 mC for each metal, where small
amounts of Pt get onto the Pd surface in the pores. This causes the same effect as
shown in the experiment described in Figure 39.

However, to accomplish this study as conclusive and proper as we can, we thought
about an experiment in which the amount of crystal violet added to the acid solution
varies significantly from 0.5 to 1 mM. This is necessary to show the reader the general
effect of poisons on the hydrogen absorption process.

Figure 40 shows the same sort of experiment as in Figure 39, but for crystal violet
surface coverage. We can see a set of cyclic voltammograms at 10 mV/s in 1 M
sulfuric acid of Hj-e Pd deposited on a gold disc electrode. Figure 40 a) shows the
cyclic voltammogram of an H;-e Pd film electrode without crystal violet whereas b)
and c) presents the cyclic voltammograms of H;-e Pd in the presence of crystal violet
with increasing concentration of 0.5 mM b) and 1 mM c).

We observe similar behaviour to that seen for the Pt-Pd bilayer system. With
increasing concentration of crystal violet added to the acid solution, we note a
continuous shift in peak potential of the hydrogen absorption on the anodic sweep
from -0.58 V a), -0.60 V b) to -0.61 V c). Again, as already seen in the previous figure,
the hydrogen absorption peak becomes increasingly sharper from 70 mV a), 40 mV b)
to 25 mV c) as values for the width at half height. The H-adsorption peak, present in
voltammogram a), disappears completely with the addition of crystal violet.

In showing the cyclic voltammetry of Hj-e Pd electrodes, we demonstrated
convincingly the effect of blocking the Pd surface sites on promoting the hydrogen
sorption into the metal lattice with increasing the amount of Pt covering the Pd surface
and with increasing concentration of crystal violet. Since no difference has been found
in the electrochemical properties between the Pt-Pd bilayer system and crystal violet

added to the acid solution, we postulate that the same mechanism of H entry into the
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bulk Pd occurs in both cases and suggest that this occurs without passing through the
adsorbed state.
With the coverage of poisons onto the Pd surface and the inhibition of H-adsorption
the H-absorption process speeds up so that faster kinetics could be seen in the
voltammetries.
We might have problems to understand the fact that crystal violet diffuses into the
pores of the Hj-e metal film with a pore size diameter of only 2-3 nm and fully
adsorbs on the Pd surface. It is hard to believe that crystal violet with a structure given
below and a relatively large molecule size of ca. 1 nm inhibits completely the H-
adsorption in the porous structure. Taking the low diffusion of crystal violet into
account, one could argue that the Pd surface of the bottom part of the nanostructured
metal might not be blocked by crystal violet. It remains also an open question how
hydrogen can diffuse directly into Pd bulk in the presence of crystal violet so that the
absorption process still occurs. These issues might be in contradiction to our results.
However, despite this we stress our experimental findings that we observed a
disappearance of the H-adsorption and still see the absorption process with faster
kinetics in the presence of crystal violet.
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Figure 40: Set of cyclic voltammograms of H;-e Pd (200nm thick, deposition charge

3.5 mC, deposited from the Brz'j®5 6 plating bath) deposited on a gold disc electrode

(area 0.0079 cmz) recorded at 10 mV/s in 1 M H,SO4 without crystal violet a) and in
the presence of 0.5 mM b) and I mM crystal violet c).
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4.3 Conclusion

In this chapter we were concerned with the poisoning of the Pd surface and the effect
on the absorption of hydrogen into the metal lattice. With respect to our results and the
experimental findings in the literature it has been our focus to find a general and
consistent mechanism for the permeation of hydrogen into the Pd metal lattice when
the surface sites are blocked by either crystal violet or Pt.

With crystal violet, as an inhibitor to block the hydrogen-adsorption on the Pd surface
sites, we could clearly distinguish between the H-adsorption and the absorption peaks
in the voltammetry. Herein the B-phase significantly dominates the absorption process.
We noticed in the voltammetry a clear shift in the peak potential and increasingly
sharper peaks in the presence of crystal violet added to the acid solution. This
behaviour was also shown in the cyclic voltammetry of Hj-e Pd films on which H;-e
Pt was electrochemically deposited. The experiments showed that this was not only
restricted to Pt but can also be extended to Rh.

We assumed that the H-absorption takes place without passing the adsorbed state so
that hydrogen diffuses directly into Pd bulk. This process speeds up when the
formation of adsorbed hydrogen is suppressed by the coverage of poisons.

To prove this as a general and consistent mechanism, we provided the reader with the
evidence that the H-adsorption on the Pd surface disappears and the kinetics of the H-
absorption become faster with increasing the coverage of platinum. This was also
shown on Hj-e Pd electrodes in acid solutions to which a stepwise higher
concentration of crystal violet was added.

These results are in accordance with the Hj-e Pt-Pd bilayer system, with the total
deposition charge of 3.5 mC for each metal, where small amount of Pt get onto the Pd

surface in the pores and cause the same effect as shown in Figure 39.
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Chapter 5 Preparation and
characterization of H;-e Rhodium

films
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5.1 Introduction

We have been particularly interested in the electrochemical deposition of
nanostructured materials from the lyotropic liquid crystalline phases of non-ionic
surfactants. Using this approach we have electrochemically deposited Pd metal films
from the hexagonal phase to produce metal films with regular arrays of nanometer-
sized continuous pores arranged in a regular hexagonal array with wall thicknesses
again of nanometers. We have shown that we can prepare Pd metal films with high
surface area (91 m2/g corresponding to an area per unit volume of 1.1* 107 ecm?¥em?).
In this section we report the deposition of nanostructured rhodium by electrochemical
reduction of rhodium ions dissolved in the aqueous domains of a hexagonal lyotropic
liquid crystalline phase. The rhodium films described are denoted as Hj-e films to
indicate the electrochemical deposition from the H; hexagonal phase and as a
consequence they contain a regular array of hexagonally packed pores.

In the first part of the chapter we describe the phase behaviour for the template
mixture and in the second part the characterization of nanostructured Rh metal films
using transmission electron microscopy, X-ray diffraction and scanning electron
microscopy. In the third part we describe the electrochemical behaviour of the
nanostructured Rh metal. There is no work in the literature about the preparation of
nanostructured rhodium. However, a variety of publications exists reporting the
electrochemical oxidation of Rh electrodes and attempting to understand the structure
of the surface oxide layers formed on the rhodium electrodes [100-102]. This literature
will be discussed in detail with our experimental findings below.

We also present the results of a preliminary study demonstrating electrocatalytic

properties of rhodium used for the nitrate reduction process.

5.2 Phase behaviour

As shown previously the nanostructure of metals deposited from the non-ionic
surfactant mixtures are directly determined by the structure of the lyotropic liquid
crystalline phases employed. The studies of nanostructured Rh films therefore begin

by describing the phase behaviour of mixtures containing the non-ionic surfactant and

95



Preparation and characterization of H,-e Rhodium films

RhCl;. Ci6EOsg (octa ethylene glycol monohexadecylether) was used as a highly

purified, monodisperse, commercial surfactant.
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Figure 41: Pseudobinary phase diagram of C;sEQOgs and water in which the
concentration of RhCls was kept constant at 1.91 mol/l. The weight ratio of surfactant
to heptane was kept fixed at 22. The solid lines which correspond to the domain
boundaries are drawn as guides to the eye. H, is the hexagonal phase, V; the cubic

phase, L, the lamellar phase and L is the micellar solution.

Figure 41 shows the phase diagram for the Rh templating solution. The most common
phases were obtained such as: hexagonal phase H;, cubic phase V; and lamellar phase
L. The solid lines which correspond to the domain boundaries are drawn as guides to
the eye. The dotted lines drawn vertically show the compositions at which the
temperature was estimated. The hexagonal domain exists from 30 to 40 wit% C;4EQOg
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up to 80 to 90 wt% and is stable up to 49 °C. The cubic phase V, exists between 55-55
wt% up to 80-90 wt% of template with the maximum temperature around 55 wt% (62
°C). The domain of existence of the cubic phase does not cover a large range of
temperature comparing with the hexagonal phase and no evidence has been found for
the existence of the cubic phase at room temperature. The domain of existence of the
lamellar phase starts between 50 and 55 wt% of surfactant in water and continues
above 90%.

The phase behavior and location of the phase boundaries found for the rhodium
chloride/C16EQOs systems are very similar to those reported by Mitchell [11] for the
Ci6EOg water system indicating that the presence of the rhodium salt does not
significantly perturb the phase behaviour of the system. This contrasts with the
findings for the corresponding platinum plating bath based on hexachloroplatinic acid
where large shifts in the phase boundaries are observed [23]. This is due to strong
interactions between the hexachloroplatinate anions and the elthylene oxide
headgroups of the surfactant.

The phase diagram in Figure 41 shows a large composition and temperature range
over which the hexagonal phase is stable. In all the subsequent experiments the H;-e
rhodium films were prepared by carrying out the deposition from this phase. In each
case the presence of the hexagonal phase was confirmed by polarizing light
microscopy prior to the deposition of rhodium.

In the next section we study briefly the electrodeposition of the H;-e Rh film.
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5.3 The electrodeposition of mesoporous H;-e¢ Rh films
onto gold electrodes

This section describes the Rh deposition onto the gold electrode from the template
mixture. The Rh salt was mixed with the non-ionic surfactant, water and heptane to
produce the template mixture for the deposition of the mesoporous Rh films. As
already pointed in Chapter 3, no supporting electrolyte was added to the template
solution as this could influence the existence of the liquid crystalline phases and

disrupt the pore arrangement.
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Figure 42: Current transient for the electrodeposition of mesoporous Rh from 12 wt%
RhCls, 47 wt% C16EQg, 2 wt% heptane and 39 wt% water at -0.2 V vs SCE on 1 mm

diameter gold disc electrode
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Figure 42 shows a typical current transient obtained during the electrodeposition of Rh
from the template mixture at -0.2 V vs SCE on a 1 mm diameter gold disc electrode.
According to the literature [103] this potential was found as suitable to be applied for
the deposition of Rh. Although the experimental conditions were different from those
in our experiments we did not note any deviation from our experiments in this
potential. From Figure 42 we note that the reduction current rises nearly to -49 pA
immediately after the potential step as a result of the double layer charging. The
current decreases then to reach -21 pA after 131 s.

The charge passed to deposit Rh onto the gold electrode with the geometrical area of
0.0079 cm? was 3.5 mC in all our experiments. Using the Faraday law and considering
the porous structure of the metal film we estimated a thickness of the deposited
material of 130 nm. This is based on a faradaic efficiency of 100%. This is consistent
with the literature [101] and our experimental findings in the SEM-measurements.

The current never reaches a plateau over the period of time of 131 s but the decay
becomes very slow thereafter. This was already shown in Chapter 3 where we
compared the results for Pd deposited from the aqueous solution with the
electrodeposition from the template mixture.

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

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

of these metal films.
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5.4 Characterization of H;-e Rh films
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Figure 43: Scanning electron micrograph of an H;-e Rh film deposited on an
evaporated gold electrode. The film was deposited from a mixture of 12 wt% RhCl;,
47 wt% C16EQs, 2 wt% heptane and 39 wt% water at -0.2 V vs SCE. The total charge
passed was 0.56 C / cm’ and the image was obtained at a tilt angle of 70°.

The H;-e Rh films electrochemically deposited at -0.2 V vs SCE from the hexagonal
phase are adhered well to the evaporated gold electrodes used for the deposition.

Figure 43 shows a scanning electron micrograph of an Hj-e Rh film. Scanning
Electron Microscopy (SEM) was used to examine the surface morphology of the

deposited mesoporous Rh film.
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Figure 44: Transmission electron micrograph of a sample scraped from an H;-e Rh

film deposited from a mixture 12 wt% RhCl3, 47 wt% C6EQs, 39 wt% water, 2 wt%

heptane on an evaporated gold electrode at -0.2 V vs SCE. The total charge passed for
deposition was 0.65 C / cm’.

Figure 43 shows the edge of view of mesoporous Rh film at a tilt angle of 70°
deposited on gold/glass. 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 Rh films it is
necessary to use Transmission Electron Microscopy (TEM). To provide clear evidence
for the hexagonal arrangement of Rh films in nanometer — sized dimensions is subject
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to the orientation of the TEM-image. The evidence for the hexagonal array of the
pores running through the Rh film can be given if the image shows a “pores end on”
view. We noticed from our experiments that to get this sort of image for H;-e Rh films
deposited from the Ci¢EOs system is of higher probability than for H;-e Pd films.
Again, as already pointed out for H;-e Pd films, from the TEM-image of H;-e Rh
deposited from the Brij®56 system we cannot obtain sufficient information as to
whether the film is of hexagonal array.

Figure 44 shows the TEM — image of H;—e Rh deposited from the C;4EO;g and scraped
from the electrode surface. This image shows an orientation of the sample with the
pores end on view. From the results obtained we can conclude that the H;-e Rh films
are punctured by pores of hexagonal arrangement. The film is determined by a porous
structure consisting of cylindrical pores with pore size diameter of (35 + 2) A and wall
thickness of (25 + 2 A). These values are very similar to those found for other
nanoporous metals deposited under similar conditions from the hexagonal lyotropic
liquid crystalline phase formed by C;sEOg [22, 99]

We note that 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.
More support for a regular pore distribution in Hj-e Rh films may be given by X-ray
diffraction. The Rh films formed by electrochemical deposition from the template
mixture were studied by low angle XRD. Figure 45 shows the low angle XRD patterns
obtained for the hexagonal phase of the Rh template mixture. The low angle x-ray
reflection of the Rh film shows a diffraction peak corresponding to the (100)
diffraction plane of the hexagonal structure with a d-spacing of 49 A. The value
calculated for the d-spacing is consistent with the deposition of Rh films with a
nanostructure of regular pore distribution derived from the structure of the template

solution. The pore to pore distance for this hexagonal array, given by digo / cos3 0, was

found to be 56.5 A.
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Mesoporous Rh films deposited onto the gold substrates were shown to be dense,
uniform and continuous. By using TEM we could provide evidence for the hexagonal
arrangement of the Rh film on nanoscale. More support for the regular pore
distribution was given by XRD-measurements. In the next section we use cyclic
voltammetry to determine the electroactive surface area of H;-e Rh films as another

tool to prove the existence of the nanostructure.
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Figure 45: Low angle X-ray diffraction of H;-e Rh film deposited on an evaporated
gold electrode at -0.2 V' vs SCE from a mixture of 12 wt% RhCl3, 47 wt% C1sEOs, 39
wit% water and 2 wt% heptane. The total charge passed for deposition was 0.70 C /

2
cm.
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5.5 Electrochemical characterization of H;-e Rh films

Proceeding from the fact that we can make nanostructured Pd metal films by direct-
templating from liquid crystalline phases with access to the high electroactive surface

area we transfer this successful method to the fabrication of nanostructured Rh films.

30

a f n | |
-0.6 -0.3 0.0 0.3 0.6
Evs SMSE /V

Figure 46: Cyclic voltammogram of an Hj-e Rh film (126 nm thick, total deposition

charge 3.5mC) deposited at -0.2 V vs SCE from the template mixture of 12 wt% RhCl;,
47 wt% C16EOg, 39 wt% water and 2 wt% heptane on a gold disc electrode (area
0.0079cm?) recorded at 50 mV/s in 1 M sulfuric acid. The film was soaked in water for

one hour prior to the voltammetry. The surface area of the Hy-e Rh film is 0.39 cm’.

Attention is directed towards the surface oxides of the resulting H;-e Rh metal

electrodes from which the electroactive surface area can be estimated by calculating
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the charge passed in the surface oxide stripping reaction in order to prove that we
obtain high surface area H;-e Rh films. Rhodium is a noble metal that forms surface
oxides upon anodic polarization. Growth of surface oxides on rhodium metal
electrodes can be conveniently studied by cyclic voltammetry.

Figure 46 shows the cyclic voltammetry for a freshly prepared H-e Rh film electrode
which was washed in water for 1 hour and then transferred to 1 M sulfuric acid. The
H;-e Rh electrode was electrochemically pre-treated by applied periodic potential-
cycling in the acid solution before the start of the voltammetry. On the anodic sweep
starting from -0.16 V vs SMSE we see the formation of the surface oxide. According
to Jerkiewicz and Borodzinski [101] and Villiard and Jerkiewicz [102], who carried
out a comprehensive study of the electrochemical formation and reduction of
polycrystalline rhodium oxide layers in 0.5 M sulfuric acid solution at 298 K, Rh in
the anodic region reveals different oxide states leading to the surface species Rh(OH)
and at more anodic potentials Rh(OH);. The existence of these surface species were
confirmed by XPS measurements [104] of the anodically-formed oxides on Rh. The
electroadsorbed OH" ions covering the metal surface subsequently lose protons and
become O surface species [105-107]. This process is followed by place exchange
between the surface and the metal atom which is similar to the behaviour observed for
Pt and oxygen ions [107].

It is worthwhile emphasizing that while oxide growth proceeds in two steps, oxide
reduction is a one-step process as shown in Figure 46 giving rise to a well-defined
stripping peak in the voltammeiry at -0.31 V vs SMSE.

The voltammetry of polycrystalline Rh has been investigated by Rand and Woods
[77]. Using their conversion factor of 660 uC/cm2 [78, 101] for the surface oxide
stripping peak we can estimate the electroactive surface area for our H;-e Rh films
assuming that the surface oxide on the nanostructured Rh is the same as that formed
on bulk Rh. The deposited H;-e Rh film shows the specific surface area of 32 m?/g
corresponding to an area per unit volume of 3.3x10° cm?/cm’. This value, together
with the TEM and X-Ray data, is found to be consistent with the nanostructure and

shows that the pores throughout the Hj-e film are accessible by the electrolyte

solution.
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The peaks in the voltammetry at more negative potentials are associated with the
formation of adsorbed hydrogen at -0.62 V vs SMSE on the cathodic scan and with the
oxidation of desorbed hydrogen at -0.59 V at the anodic scan. These features look very
similar to those reported for a polycrystalline rhodium film electrode [101]. Using the
conversion factor of 221 uC / cm® for the charge corresponding to one electron
required for every Rh surface atom, we found the value of the electroactive surface of
0.38 cm? corresponding to the specific surface area of 31 m%/g. According to [108] the
adsorbed hydrogen on rhodium can appear in two distinguishable forms, as a weakly
and as a strongly bound hydrogen. In dilute acidic solutions only weakly bound
hydrogen can be seen in the voltammetry. The strongly bound form of adsorbed
hydrogen becomes increasingly pronounced in more acidic solutions when increasing
the concentration from 1 to 7.5 M. This was shown by Capon and Parsons [100] who
then use cyclic voltammetry to provide the evidence for the different forms of
adsorbed hydrogen on rhodium. In our case only one form of adsorbed hydrogen can
be seen and we strongly assume, after reviewing the literature that it is the weakly
bound hydrogen. Again we found no difference between the H;-e Rh film and the
plain Rh film electrode.

There is no evidence for any absorption of hydrogen into the bulk-Rh in the
voltammetry. These experimental findings are consistent with the literature [101] and
with calculations using the all-electron full-potential LMTO method carried out by
Hennig et al. [109] who found that the dissolution energy of hydrogen in rhodium was
too low to allow penetration of H into the bulk.

Electrochemical investigations of Rh [101, 102, 110-114] have shown that the oxide
growth on Rh in alkaline and acidic solution under potential cycling conditions,
covering the full range of potential from the hydrogen adsorption to the oxide region,
depends on the solution pH, the switching potential limits, the sweep rate, the
temperature and the time for which the potential was held in the oxide region. The
data showed explicitly the effect of the increase of the polarization potential on the
oxide charge density with the oxide reduction peak potential shifting towards less
positive potentials [102]. On the other hand the authors demonstrated in their cyclic
voltammetry for Rh in acid solution the effect of the increase of the polarization time

on the oxide charge density with the reduction peak potential moving again towards
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less positive potentials. In both cases the charge determined from the oxide stripping
peak remained the same despite the qualitative changes on the oxide stripping. The
authors claimed that the Rh oxide layer undergoes rearrangement during the oxide
growth with the potentiodynamic treatment leading to more stable forms of the oxide.
The authors claimed that on potential-cycling the transformation from Rh(OH); to Rh
O(OH) appears.

Reported data from our studies will show the effect of potential-cycling on Rh
electrodes, specially affecting the surface oxide growth on Rh. In the following we
present data on this aspect of the H;—e Rh electrochemistry focusing on the qualitative
changes in the Rh oxide stripping peak on increasing the number of voltammetric
cycles in the restricted potential range from ~0.7 V to 0.7 V vs SMSE.

Figure 47 shows a set of cyclic voltammograms after the first two cycles of a H;-e Rh
film electrode at 50 mV/s in 1 M sulfuric acid. We note on the cathodic scan of the
cyclic voltammogram of the H;-e Rh film 3 peaks. The peak at more negative
potentials at -0.64 V vs SMSE is associated to the hydrogen adsorption. On continuing
the cathodic scan to more positive potentials we can see a well-defined peak at -0.53 V
and a less pronounced peak at -0.31 V with a poorly resolved shoulder.

However, it is clear that the voltammogram shown in this figure do not reveal the
voltammetric feature on the cathodic sweep for a Rh electrode presented in Figure 46

with the surface oxide stripping peak occurring at -0.31 V and with a well-defined

hydrogen region.
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Figure 47: Cyclic voltammogram shows the first two cycles at 50 mV/s in 1 M
sulphuric acid of H;-e Rh deposited from the template mixture on a gold disc
electrode of 1 mm diameter (total deposition charge 3.5 mC) at -0.2 V vs SCE.

The next figure shows how potential-cycling affects the appearance of the Rh
voltammetry. Figure 48 presents a set of cyclic voltammograms showing ten
subsequent cycles at 50 mV/s in 1 M sulfuric acid of the H;-e Rh film electrode. This
is the same Rh electrode used in Figure 47. We can note that on potentiodynamic

treatment the peak at -0.53 V decreases in current and charge density and shifts

towards positive potentials.
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Figure 48: Set of cyclic voltammograms showing ten subsequent cycles at 50 mV/s in
1 M sulfuric acid of Hi-e Rh film electrode deposited from the CsEOs template

mixture on a gold disc electrode of 1 mm diameter (total deposition charge 3.5 mC).

On the other hand the peak at -0.31 V increases in current and charge density on
potential-cycling. It is worth emphasizing that the summation of the charge underneath
the peaks for both oxides states on the cathodic scan is similar for each voltammetric
cycle. This is confirmed by the fact that we do not note any difference between each
voltammetric cycle on the anodic scan. The surface area determined from the charge
passed in the oxide stripping peak was estimated to be 0.34 cm® which corresponds to
the specific surface area of 28 m” / g. This considers the estimation of the charge

passed in both stripping peaks at -0.53 V and -0.31 V. We found this value consistent

with that obtained from the oxide stripping peak in Figure 46.
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Looking in the hydrogen region of the voltammetry we observe a more pronounced
peak which has been shifted to -0.62 V. The fact that this peak is better resolved after
potentiodynamic treatment has been also shown by Burke and O’Sullivan [112, 113]

who carried out cyclic voltammetry on Rh electrodes.

0.8 u ] | s u | |
04 -

0.0 | ~
-0.4 - -

i/ uA

-0.8 - -
-1.2 | ~
-1.6 | ~

-2.0 - -

-0.8 -0.6 -04 -0.2 0.0 0.2 04 06 0.8
E vs SMSE /V

Figure 49: Cyclic voltammogram of polycrystalline Rh (0.5 mm diameter) at 50 mV /s
in 1 M sulfuric acid.

We now compare the results obtained for Hi-e Rh film electrodes to those seen in the

corresponding voltammogram of polycrystalline Rh. Figure 49 shows a cyclic

voltammogram after the first two cycles of a polycrystalline Rh film electrode at
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50 mV/s in 1 M sulfuric acid. On the anodic scan starting from -0.15 V we see the
formation of the surface oxide. On the return cathodic sweep at around -0.31 V this
surface oxide is removed giving rise to the well-defined stripping peak in the
voltammetry.

The voltammetry of polycrystalline Rh in 1 M sulfuric acid has been investigated by
Rand and Woods [78]. Using their conversion factor of 660 nC / cm? for the oxide
stripping peak we can estimate the electroactive surface area for the Rh film and
obtain surface areas of around 0.0024 cm® which corresponds to the specific surface
area of 0.19 m* / g. We note that the surface oxide stripping for polycrystalline Rh
occurs at the same potential as for H;-e Rh film electrodes. The obvious difference
between both electrodes can be found in the electroactive surface areas underneath the
oxide stripping so that we can only attribute the high surface area to Hj-e Rh
electrodes.

On continuing the cathodic scan to more negative potentials we note a well-defined
peak at -0.62 V with the corresponding peak on the anodic scan at -0.59 V. From the
very fact that these peaks occur at the same potential as those seen in Figure 46, we
attribute this behaviour to the hydrogen adsorption. The rather featureless peak arising
on the anodic scan at -0.68 V can be associated to the hydrogen evolution. Despite
slight deviations in the hydrogen region with the arising of the hydrogen evolution
peak for polycrystalline Rh electrodes, we can conclude that the features in the oxygen
and hydrogen region of the voltammetry do not differ comparing polycrystalline Rh in
Figure 49 and H;-e Rh in Figure 46.

As seen before it is interesting to note that periodic potential-cycling in sulfuric acid
has to be applied to the H;-e Rh film electrodes in order to obtain the voltammetric
behaviour in Figure 46. We note differences in the voltammetric features, specially on
the cathodic scan of the oxide region, to those seen for the H;-e electrode in Figure 47
where the potentiodynamic pre-treatment has not been carried out.

The crucial question arising now is whether the oxide stripping peak of polycrystalline
Rh is qualitatively changing with the shift in the peak-potential on potential-cycling.
The cyclic voltammetry of polycrystalline Rh electrodes with ten subsequent cycles
under the same experimental conditions did not reveal any differences to the

voltammetry shown in Figure 49. We can conclude that the oxide stripping for
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polycrystalline Rh remains from the first to the tenth cycle stable in peak potential
after potentiodynamic pre-treatment. The very fact that on potential-cycling the oxide
stripping shifts towards more positive potentials has only been observed for Hj-e Rh
electrodes. It is hard at this stage to find any explanation for this. According to the
literature this corresponds to the existence of two oxide states [101] and following
detailed review of the published material [110, 114] we strongly assume that the Rh
oxide layer undergoes rearrangements leading to a more stable configuration through
periodic potential-cycling.

To conclude, the formation of the Rh oxide layers leads to oxide films having two
distinguishable states, namely R(OH); and RO(OH) [101], which was confirmed by
XPS measurements of anodically-formed Rh oxide [104]. The reduction of surface
oxide layers gives rise to the oxide stripping which moves towards more positive
potentials on potential-cycling. From the voltammetry we conclude that the
summation of the charges underneath the peaks for both oxide states on the cathodic
scan is similar for each voltammetric cycle. The hydrogen region, also affected,
becomes better resolved with the potentiodynamic treatment with one peak which is a
weakly bound species attributable to the adsorption of hydrogen on the Rh surface.

We found in our studies differences in the electrochemical properties between the Hi-e
Rh and the polycrystalline Rh film electrode. One difference between both electrodes
was found in the electroactive surface area underneath the oxide stripping peak so that
the high surface area is only attributable to H;-e Rh electrodes. The other significant
difference lay in the fact that periodic potential-cycling had to be applied to H;-e Rh
electrodes in order to obtain voltammetric features similar to those seen for

polycrystalline Rh.
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5.6 The catalytic use of H;-e Rh as high surface area
metal for the electroreduction of nitrate

5.6.1 Introduction

Only a small fraction (4.9%) of the earth’s surface water is suitable for human
consumption. The rest (95.1%) is in oceans, seas, ice caps, glaciers or buried deep
underground. Of the 4.9% of fresh water, approximately 68%, is groundwater; an
important source of drinking water for many people worldwide [115]. Elevated
concentration of nitrate in groundwater has raised concern over possible
contamination of drinking water supplies and therefore health and environmental
effects. Nitrate in groundwater is mainly due to nitrogen fertilizers, animal manure or
waste, crop residue, human waste and in some cases industrial waste. A report from
the World Health Organization in 1985 on health hazards from nitrate indicates that
nitrate concentrations in surface waters had increased extensively over the last 30-40
years in many countries due the increased use of artificial fertilizers [116]. Association
of increased cancer rate with high nitrate concentration in drinking water was observed
in some places [116]. It has therefore become necessary to develop an efficient method
for the reduction of nitrate to harmless products.

Different approaches have been proposed used to remove nitrate from the
groundwater. These include membrane separation, ion exchange and biological
denitrification [117-119]. However, these processes are expensive and generate waste
which must be disposed of separately.

Several studies have examined the catalytic reduction process to remove nitrate from
contaminated water using various electrode materials, such as Pt [120], platinized Pt
[121], p-type diamond semiconductors [122-124], graphite modified with Co-
complexes [125].

Another possibility is copper used as cathode on which nitrate can be reduced to nitrite
at -1.1 V vs SCE and to ammonia with high yield at -1.4 V vs SCE [126]. Pb, Zn and
Ni are also able to be used as cathodes. They can also reduce nitrate to nitrite and

ammonia which is determined by the applied potential, the electrode material and

other factors [127].
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Hydrogen storage alloy is a new type of a functional material. It is used for the
hydrogenation of nitrate to ammonia where dissolved hydrogen atoms in the alloy
directly participate in the reduction [128].

Although several studies have been carried out on the reduction of nitrate using
various metals and metal complex-electrodes in both acidic and alkaline solutions,
relatively little has been done in neutral pH solutions. Drinking water often approaches
a neutral pH of 7. It was the target of investigations by De et al. [129] who reduced
nitrate electrochemically at surface of iridium-coated carbon fiber electrode in neutral
pH solution. The study reveals that nitrate and nitrite can be reduced at surface
modified electrodes with the formation of ammonia and nitrogen at a potential of -900
mV vs Ag/AgCl. The results obtained strongly suggest a minimal effect of pH on
nitrate reduction in the pH range of 2.0 — 13.0 in NaClOy solution at the surface of
iridium-coated carbon fiber electrodes.

Very few studies have examined the electroreduction of nitrate on rhodium electrodes
[130-132]. Our special attention is focused on the difference in the reduction rate
between mesoporous rhodium and plain rhodium film electrode. With the use of the
high surface area of the mesoporous Rh film we expect to see a higher reduction rate
and a detection of nitrate at much lower concentration compared to the plain Rh film.
Prior to these studies we want to investigate which pH value is appropriate to obtain
an efficient reduction rate. In this section we also want to provide the reader with the
evidence that the Rh electrode is a much better catalyst for the nitrate reduction than

Pd or Pt electrodes under the same experimental conditions.
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5.6.2 Electroreduction of nitrate on rhodium electrodes

To study the electroreduction of nitrate on the rhodium surface the very first concern
we are confronted with in the present work is to find the potential at which nitrate can
be reduced. We therefore carried out cyclic voltammetric measurements using
mesoporous Rh electrodes and varying the potential limits to look for any effect of

nitrate reduction on the cathodic voltammetric response.
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Figure 50: Cyclic voltammetry at 0.5 mV/s in 2 M NaOH a) with the addition of 30
mM NaNOj b) of Hj-e Rh deposited from the template mixture of 12 wt% RhCls, 47
wi% Brij®56, 39 wt% water and 2 wt% heptane on a gold disc electrode of 25 um
diameter (total deposition charge 87uC).
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Figure 50 shows the cyclic voltammetry in a restricted potential range at 0.5 mV/s in 2
M NaOH containing 30 mM NaNO; vs SMSE at a mesoporous rhodium film
electrode deposited from the template mixture of 12 wt% RhCls, 47 wt% Brij®56, 39
wit% water and 2 wt% heptane onto the gold disc electrode of 25 pm diameter.

In Figure 50 b) we can see, compared to figure a) which shows the background curve
of the Hi—e Rh film in 2 M NaOH, the increase in the reduction current during the
negative sweep. According to the literature [130-132] nitrate is reduced on the Rh
electrode giving rise to ammonia and nitrite, and we note from our studies that the
current peak increases to a limiting value of 420 nA at -1.28 V vs SMSE. This is the
suitable potential at which the nitrate reduction occurs.

Remarkable in this voltammetry is the fact that the nitrate reduction scan does not
remain in the steady-state after having reached the limiting current of 420 nA. We note
that the current declines abruptly at potentials more negative than -1.28 V vs SMSE.
This can be explained by the hydrogen covering the Rh surface [121]. To discuss this
problem in detail we present Figure 51 showing the cyclic voltammogram of H;-e¢ Rh
at 200 mV/s in 2 M NaOH deposited from a Brij®56 template mixture on a 25 pm
gold disc electrode. Covering the full potential range from the oxide to the hydrogen
region we want to focus our attention to the formation of hydrogen adsorbed onto the
Rh surface starting at -1.20 V vs SMSE. When sweeping more cathodically to -1.38 V
the hydrogen coverage increases. This behaviour competes with the nitrate reduction
process onto the Rh electrode. Increasing the hydrogen adsorption then causes a
reduced number of available active surface sites for nitrate. This leads to the fact that
the nitrate reduction is limited and the current of this reduction process declines.

The very fact that the nitrate reduction is more efficient and therefore gives much
higher reduction rate in alkaline media than in acidic solutions when using electrodes
such as gold, palladium, platinum and rhodium can be provided by Ohmori et al. [133]
and Petrij et al. [120]. They found that in acid solutions the reduction of nitrate to
nitrite and ammonia is more hampered, whereas the yields of nitrite and ammonia
increase significantly with the increase of pH in basic solutions. Hence in alkaline
solutions Rh and the other metals might give the nitrate reduction process large

turnover numbers.
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Figure 51: Cyclic voltammetry at 200 mV/s in 2 M NaOH of H;-e Rh film deposited at
-0.2 V' vs SCE from the template mixture of 12 wt% RhCl;, 39 wt % water, 47 wt%
Brif®56 and 2 wi% heptane on a gold disc electrode of 25 um diameter (total
deposition charge 87 uC).

When reducing nitrate on the mesoporous rhodium electrode in 0.1 M TRIS buffer
chosen as neutral media with the pH of 7, a significant nitrate reduction peak was not
observed in our experiments. Our studies have shown that significant nitrate reduction

occurs only in alkaline media. To study the electroreduction process of nitrate on the
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rhodium electrode with the output of a maximum current efficiency we have therefore
chosen the alkaline solutions of 2 M NaOH.

We turn to Figure 52 which shows the limiting current as a function of time.
Mesoporous rhodium was deposited onto the gold disc electrode (25 pm diameter).
The nitrate addition to 2 M NaOH solutions was used to increase the concentration in
steps from 1 mM to 570 mM. The reduction of nitrate was carried out at -1.28 V vs
SMSE. It has be emphasized that to increase the nitrate concentration up to a final
value of 570 mM we increased the volume of the aliquots of nitrate solution added to
2 M NaOH from 10 to 1000 pl. It can be clearly seen that with subsequent addition of
nitrate the current jumps for each nitrate concentration to a different value and then
decays continuously. The decay is more significant at higher nitrate concentration.
This current decay proceeds while nitrate is continuously reduced on the Rh surface.
We therefore assume that there are changes in the nitrate reduction process on the Rh
surface and below we give three possible explanations for this.

As the first possible explanation we assume the surface to be poisoned irreversibly.
This can be caused by the products resulting from the nitrate reduction. There are a
limiting number of active sites on the rhodium surface converting nitrate
electrochemically to products which then presumably block the available surface sites.
This might hamper the nitrate reduction to large extent and finally causes the decay in
current.

As a second option we assumed a soluble intermediate reversibly inhibiting the
reaction. This might also have a negative impact on the reduction rate and further
nitrate reduction would then be significantly hampered.

The third possible explanation might be found in the local pH shift near the electrode
surface of our nanostructured Rh film apparent with the subsequent addition of nitrate
electrochemically reduced onto the surface. This issue might be enhanced considering
the narrow pores of the nanostructured metal film. Significant concentration changes

can occur along the pores as outlined in Chapter 3 and [29, 99].
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Figure 52: Nitrate was reduced onto H;-e Rh film at -1.28 V vs SMSE in 2 M NaOH.
The concentration of nitrate was subsequently increased from 1 to 570 mM. H-e Rh
was deposited from a template mixture of 12 wt% RhCl3, 47 wt% C;6EQs, 39 wt%
water and 2 wt% heptane on a gold disc electrode (1.98%*10e-4 cm® area). The total
charge deposited was 87.5 uC for a thickness of 126 nm. The inset shows the current

related to each addition of nitrate.

To make a clear distinction between all possibilities shown in this section we carried
out an experiment in which nitrate was reduced on the nanostructured Rh electrode in
2 M NaOH vs SMSE under the same conditions and using the same Hj-¢ Rh film,
Figure 53. After the addition of 50 mM nitrate the current jumps to a value of 380 nA
and then as expected continuously decays. After changing the solution, the Rh

electrode was put unaltered in a fresh solution of 2 M NaOH. 50 mM nitrate was again
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added to the solution so that the reduction on the Rh surface occurred. We note that

the current jumps to the same value.
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Figure 53: 50 mM Nitrate was added to 2 M NaOH solution and reduced at -1.28 V vs

SMSE onto the Rh surface. Hi-e Rh was deposited onto the Au electrode (1.98%10°

cm?®).The charge passed for deposition was 90 uC to obtain the thickness of 126 nm.

After reducing 50 mM nitrate in one step a) the mesoporous Rh electrode was put in a

fresh solution. 50 mM nitrate was again added and the reduction on the Rh surface

occurred b).
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To draw a conclusion from this experiment, we think that the surface has not been
poisoned irreversibly. From this experiment it is hard to tell whether to favour the
second or the third option outlined above. At this stage we are aware of the fact how to
avoid discontinuity in the nitrate reduction process. To exclude further current decay
after the subsequent addition of nitrate we found it necessary to change the solution of
2 M NaOH after each addition of nitrate. The H;-e Rh film was put unchanged in the
fresh solution before start the potentiostatic measurement. We obtained then the curve
for the nitrate reduction as the limiting current as a function of concentration (Figure

54).
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Figure 54: Nitrate was reduced at -1.28 V vs SMSE in 2 M NaOH on the H;-e Rh
surface and on the Rh film deposited from the aqueous solution containing 50 mM
RhCl; and 1 M HCI (inset). H;-e Rh was deposited from the C1sEQg plating bath onto
a gold disc electrode (25 um diameter, 90 uC deposition charge).

Comparing H;-e Rh with the Rh film deposited from the aqueous solution (inset) we

can see that the electroreduction of nitrate is more sensitive using H;-e¢ Rh films. It is
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also important to note that the ratio of the two slopes in Figure 54 equals the ratio of
the electrode surface between these two Rh films. From this we conclude that the
current is not limited by mass transport of nitrate to the electrode. The current is first
order with respect to the nitrate concentration and must be determined by surface
kinetics of the reaction and hence variations in the real surface area of the electrode.
Following the data obtained in Figure 54 for the electroreduction of nitrate onto the
H;-e Rh surface we use the equation I = 4nFaDc to evaluate nD obtained from the
reduction process and transfer this equation to nD = i/4Fac with I = 5000 nA,;

a = 20%10%cm; c¢ = 10* mollem’; F = 96485 C/mol. We proceeded from the
assumption having obtained a diffusion limited current from which then the value of
nD can be estimated. The diffusion coefficient cannot be defined separately from the
number of electrons transferred in the reduction process.

In addition, it has to be noted that the electrode radius of the Rh film was chosen to be
20x10™ cm and not 12.5x10™* cm corresponding to the radius of the gold electrode
(25pum diameter) on which mesoporous Rh was deposited. This is due to the fact that
after electrodeposition of the mesoporous metal films the effective diameter of the
microeletrode changes. The deposit spreads over the surface and leads to an effective
enlargement of the geometric area. This was shown by Birkin et al. [30] outlining two
experimental methods. On the one hand the authors carried out a series of cyclic
voltammetric measurements on a 25 um Pt electrode within a solution containing
[Fe(CN)s]> and demonstrated that as the eletrodeposition charge density was
increased in the range of 0 to 37.5 C/cm® the reduction current for the redox species
also increased in a way that the geometric surface area of the deposited material was
found to be enlarged. This could be proved by calculating the number of electrons
involved in the reduction process from the current recorded. On the other hand further
evidence was given by SEM-image showing the deposit to spread over the surface of
the glass insulator leading to an effective increase in the surface area.

We found the SEM-measurement on gold microelectrodes on which mesoporous Rh
was deposited as appropriate to prove the overspill of the deposited material. Figure
55 shows the SEM-image of mesoporous Rh deposited onto a 25 pm gold disc

electrode. We note that after electrodeposition the effective diameter of the geometric
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surface has increased to around 40 pm. The apparent radius of 20%10* cm has

therefore to be considered in the equation given above.
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Figure 55: Scanning electron micrograph of an H;-e Rh film deposited on a Pt
microelectrode (25 um diameter). The film was deposited from a mixture of 12 wt%
RhCl3, 47 wt% C16EQOs, 2 wt% heptane and 39 wt% water. The total charge passed

was 90 uC and the image was obtained on the top view.

From Figure 54 and in using 20x10* cm for the radius estimated from the SEM image
we calculated a value for nD of 1.4 x 10 cm? / s. In placing a value of 1.5 x 10”
cm® / s [134] for the diffusion coefficient of nitrate we evaluated n = 1 as the number
of electrons. With this number for the nitrate reduction process we are in disagreement
with the outlined literature [125, 126, 129] proposing in clear consensus the reduction
of nitrate to ammonia and nitrite which requires 8 electrons in the reduction process.
According to the literature [125, 126, 129] the reduction process of nitrate proceeds
first via the 2-electron transfer step by which nitrite is produced cathodically:
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NOs + H,O + 2¢ = NO; + 20H  Equation 17
The accumulated nitrite ion is further reduced through subsequent elementary
reactions providing ammonia:

NO;y + 5 H,O + 6 = NH; + 70H  FEquation 18
The summation of these elementary steps is represented in one equation as follows:

NO;s + 6 H;O + 8¢ = NH; + 90OH Equation 19
In discussing the nitrate reduction process we would rather assume a kinetically
limited reaction with a rate constant k. From the nitrate reduction process on the H,-e
Rh electrode and the Rh film deposited from the aqueous solution we can conclude
that in both cases the curves are linear in current and the ratio of the electrode surface
equals the ratio of the slope between the two processes. We would rather suggest for
both cases a kinetic limitation than a mass transfer regime.
In the course of our research we also intend to provide the reader with the evidence
that the mesoporous Rh film electrode used as a catalyst for the nitrate reduction is of
higher efficiency than Pd and Pt under the same experimental conditions.
We therefore focused our attention on experimental studies reducing nitrate
potentiostatically on the H;-e Pt and H;-e Pd surface in 2 M NaOH. Each film was
deposited with the total deposition charge of 90 nC on a 25 um gold disc electrode.
We found it necessary to carry out cyclic voltammeric measurements to find out the
suitable potentials at which nitrate should be reduced on Pt and Pd. Figure 56 shows
the potentiostatic measurement when 50 mM nitrate was reduced onto the H;-e Pd
surface a) at -1.32 V vs SMSE in 2 M NaOH and the same amount was added to the
solution and reduced on Hj-e Pt b) at -1.24 V vs SMSE. We note that the current
jumps in a) to a value of around 13 nA and in b) to around 8 nA. The electroactive
surface areas of Hj-e Pt and H;-e Pd were found to be a bit less compared to the
surface area of H;-e Rh. However, this is far negligible when taking into consideration
that the current jumps to 380 nA in the nitrate reduction process on H;-e Rh for the
same amount of nitrate concentration. We then notice that the reduction current for
both metals (Pt and Pd) is far less. We finally can conclude that H;-e Rh gives more

sensitive response to nitrate.
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Figure 56: Nitrate was reduced on nanostructured Pd a) at -1.32 V and
nanostructured Pt b) at -1.24 V vs SMSE in 2 M NaOH. The total deposition charge
for both electrodes (25um diameter) was the same (90 uC).
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5.7 Conclusion

In this chapter we reported the investigation of the electrodeposition and
electrochemical properties of H;-e Rh and compared these results to those obtained for
a polycrystalline Rh film electrode. First giving the evidence by TEM and X-ray that
nanostructured Rh film was deposited in regular pore distribution we turned then to
the cyclic voltammetric studies covering the full potential from the hydrogen to the
oxide region. Our studies revealed the fact that the surface oxide layers on Rh give rise
to a stripping peak on the cathodic scan moving towards positive potentials on
potential-cycling. The hydrogen region was also affected so that the peaks became
better resolved by increasing the number of cycles. The hydrogen region revealed one
peak attributable to the adsorption of hydrogen onto the H;-e Rh surface.

We found in our studies similarity and differences in the electrochemical properties
between the Hj-e Rh and the polycrystalline Rh film electrode. One difference
between both electrodes was found in the electroactive surface area underneath the
oxide stripping peak so that the high surface area is only attributable to Hj-e Rh
electrodes. The other significant difference lay in the fact that periodic potential-
cycling had to be applied to H;-e Rh electrodes in order to obtain voltammetric
features similar to those seen for bulk polycrystalline Rh. .

We can finally conclude that the qualitative changes in the oxide region on the
cathodic sweep are due to changes in the surface oxide states enhancing the existence
of more stable configurations.

We used the H;-e Rh film electrode for the electroreduction of nitrate in alkaline
solutions as the pH conveniently chosen for our studies and compared the results to
those obtained for a Rh electrode deposited from the aqueous solution.. We found that
with the use of the H;-¢ Rh electrode we obtained greater sensivity. The H;-e Rh film
was also shown to be the better catalyst comparing to Pt and Pd. It was found that
evidently higher currents were obtained when reducing nitrate onto the Rh surface.
From our studies we assumed a kinetically limited reaction when reducing nitrate onto

H;-e Rh electrodes and Rh electrodes deposited from the aqueous solution.

126



The electrochemical deposition of (H;—e) layers of two metals in which the pores interconnect

Chapter 6 The electrochemical
deposition of (H;—e) layers of two

metals in which the pores interconnect
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6.1 Introduction

In this chapter we provide the reader with the evidence that we can deposit
nanostructured metal films one on top of the other so that the pores within the two
films interconnect. To illustrate this, we show a schematic representation, Figure 57,
of the templated electrodeposition process of one layer on top of the other. The
nanostructured metal film shows a hexagonal array derived from the hexagonal phase
of the template solution.

Cyclic voltammetric measurements were used to characterize the electrochemically
active surface area of Hj-e Pd films estimated from the charge passed in the oxide
stripping peak. The Hj-e Pd films deposited from the liquid crystalline templates
contain mixtures of surfactant molecules and aqueous solution spontaneously
assembled into regular structures of nanometer-sized dimensions. Using cyclic
voltammetry we will show that the deposition of Hj-e metals one on top of the other
occurs in such a way that the pores of hexagonal array run continuously through the
final metal film. We refer to this sort of deposition as epitaxial nanostructure
deposition.

In Chapter 3 and Chapter 5 we described in detail the electrochemical behaviour of
Hi-e Pd and Rh films in the cyclic voltammetry in acid solutions covering the full
potential from the oxide to the hydrogen region. To provide evidence for the existence
of the porous structure through the final Hj-e metal film, this chapter uses the well-
understood cyclic voltammetry of Hj-e Pd, Rh and Pt. The cyclic voltammetry of Hj-e
Pt is described in the literature [22]. It is worth emphasizing that the surface reactions
corresponding to the formation and stripping of oxide films or adsorbed hydrogen
occurs at potentials which are characteristic for these metals and distinguishable from
those for alloys of the metals [86].

To prove the deposition of nanostructured metals one on top of the other with
continuous pores through the whole film, we selected a pair of noble metals with well-
separated potentials for their surface oxide stripping peaks. Intregating the charge
underneath the peak for this surface reaction, we can directly measure the area of the
metal film accessed by the electrolyte solution. This enables us to determine
simultaneously the areas of the upper and lower metal layers. Using this approach we

should see the voltammetry of the lower metal layer even in the presence of a
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continuous nanostructured overlayer if the pores continuously connect through the
final metal film. The cyclic voltammetry of the lower metal layer should be suppressed
if the pores are blocked and the porous structure is not continuous.

The TEM-technique was found to be very difficult to apply since the contrast in the
image between the two metals is very poor so that the porous arrangement cannot be

distinguished between the two metals.

Templated Electrodeposition
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Figure 57: Schematic representation of the templated electrodeposition process of two

nanostructured metals one on top of the other
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6.2 Electrochemistry of noble metals
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Figure 58: Cyclic voltammogram of an Hj-e Pd film (200 nm thick, deposited from the
C16EOs plating bath, total deposition charge 3.5 mC) deposited on a gold disc
electrode (area 0.0079 cm’) recorded at 20 mV/s in I M sulfuric acid. The film was

soaked in water for 1 hour before the start of the voltammetry.

We have chosen for our studies palladium and rhodium as we have already
characterized their voltammetry in acid solution, and we noticed that both oxide
stripping peaks occur at well-separated potentials. We have shown that we can prepare
Pd and Rh metal films with high surface areas and with continuous pores of regular

hexagonal arrangement of nanometer-sized dimensions. In addition, mesoporous Pd
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and Rh films were shown to be dense, uniform, smooth and continuous over the whole
SEM-image (see Chapter 3 and Chapter 5).

Figure 58 shows a typical cyclic voltammogram in 1 M H,SO, at 20 mV/s for an Hy-¢
Pd film deposited on a gold disc electrode of 1 mm diameter from the Ci¢EOs
template mixture [99]. On the anodic scan, at 0.07 V the formation of the surface
oxide layers occurs. We note from the voltammogram in the oxide region on the
anodic scan two peaks at 0.21 and 0.41 V attributable to the different Pd oxide states,
as discussed in section 3.6.2. On the reverse scan, the cathodic sweep, the reduction of
the formed surface oxide appears giving rise to a well defined peak at 0.02 V. These
features are very similar to those seen for bulk polycrystalline Pd electrodes under the
same experimental conditions (section 3.7.2). However, we want to emphasize that the
charge passed for the formation and stripping of the surface oxide layers is much
smaller for the plain Pd when compared to H;-e Pd films.

On continuing the cathodic scan, we see the formation of adsorbed hydrogen at -0.46
V followed by the formation of o hydride around -0.55 V and the start of § hydride
formation at the cathodic limit. These processes are reversed as the potential starts to
scan anodic again. The voltammogram at negative potentials is very different from the
voltammetry of ordinary Pd electrodes. In section 3.7.2 we noticed that this is due to
the presence of the nanostructure. The high surface area metal combined with the thin
walls between the pores causes well-resolved peaks corresponding to the formation
and removal of adsorbed and absorbed hydrogen. In Chapter 3 we gave a full
description and detailed discussion of the voltammtery of H;-e Pd electrodes in acid
solutions.

To estimate the total surface area of the H;-e Pd film we integrate the charge passed
the surface oxide stripping reaction. Using this charge together with the conversion
factor for the oxide stripping on Pd of 424 pC/cm?, we obtain 0.76 cm”. We take into
account the total charge passed to deposit the film and calculate a specific surface area
for this film Pd film of 38 m?%g. This corresponds to an area per unit volume of
4.6x10° cm*/cm’, a value which is consistent with a nanostructure and implies that the

pores running throughout the nanostructured film are fully accessed by the electrolyte

solution.
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Figure 59 shows the cyclic voltammetry at 50 mV/s in 1 M H,SO4 of a H;-e Rh film
electrode. We have fully characterized the electrodeposition and electrochemical
behaviour of these films in Chapter 5. On the anodic scan at -0.19 V the H;-e Rh
electrode oxide formation starts. On the return scan the oxide film is stripped from the

electrode surface at -0.31 V.
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Figure 59: Cyclic voltammogram of an Hj-e Rh film (126 nm thick, total deposition
charge 3.5 mC) deposited from the template mixture of 12 wt% RhCls, 47 wt%
C16sEOs, 39 wi% water and 2 wt% heptane on a gold disc electrode (area 0.0079cm’)
recorded at 50 mV/s in 1 M sulfuric acid. The film was soaked in water for one hour

prior to the voltammetry. The surfuce area of the Hj-e Rh film is 0.39 cm’.
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The peaks in the voltammetry at cathodic potentials are associated with the formation
of adsorbed hydrogen at -0.62 V on the cathodic scan and with the oxidation of
adsorbed hydrogen at -0.59 V at the anodic scan. The features observed in the
voltammetry for the Hj-e Rh electrode are very similar to those reported for ordinary
polycrystalline Rh electrodes [101]. On integrating the charge underneath the surface
oxide stripping peak in Figure 59 and using the conversion factor of 660 uC/em? for
oxide stripping on Rh given by Rand and Woods [78], we obtain a surface area of 0.39
cm?. Using the known deposition charge for the film, this gives a value for the specific
surface area of 32 m%/g which corresponds to an area per unit volume of 3.3x10°

cm?/cm’. This was found to be consistent with the nanostructure.

6.3 Increasing the thickness of one layer deposited on
top of the other

From the results presented in Figure 58 and Figure 59 we obtain surface oxide
stripping peaks for Hj-e Pd and Hj-e Rh films which are well-separated in peak
potential. Thus these metal films, after deposition one on top of the other, can be
easily distinguished in the voltammetry.

Figure 60 shows a set of cyclic voltammograms of Hj-e Pd deposited onto H;-e Rh.
H;-¢ Rh was initially deposited onto the gold disc electrode (0.0079 cm? electrode
area) with the charge of 3.5 mC passed to deposit the film. This amount of charge was
kept constant and corresponds to a thickness of: approxiametly 126 nm. The charge
passed for the deposition of Pd was varied from 3.5 to 10.5 mC (voltammetric cycles
1-3), which corresponds to an increase in thickness from 200 nm to 600 nm.

To achieve the deposition of nanostructured metal films with pores running
continuously through the final film, we thought about the deposition procedure. To our
knowledge, using a different surfactant and changing the concentration of co-solvent
in the template mixture would alter the dimensions of the nanostructure [23].

Therefore we paid attention not to change the experimental conditions required to

deposit our H;-e metal films.
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Furthermore we were concermed about the treatment of the electrode between the
deposition of the first and the second layer. The results in Chapter 3 showed that
prolonged washing of H;-e Pd in water of at least one hour, for a film of 200 nm
thickness, was necessary to remove the surfactant from the pores. We carried out
separate experiments in which the first deposited H;-e metal film was thoroughly

washed to remove all the surfactant before placing in the second template mixture.
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Figure 60: Set of cyclic voltammograms of H;-e Pd deposited from the template
mixture of 12 wt% (NHy):PdCly, 47 wt% Ci6EQs, 39 wt% water and 2 wt%s heptane at
0.1 Vvs SCE on H;-e Rh. Hj-e Rh was initially deposited on the gold disc electrode
{area 0. 00790m2) Jfrom the template mixture of 12 wt% RhCls, 47 wt% C;sEOs, 39
wit% water and 2 wt% heptane at -0.2 V vs SCE. The amount of charge of H;-e Pd was
increased from 3.5 to 10.5 mC whereas the of H;-e Rh was kept constant. It was

cycled at 100 mV/s in 1 M H,S0,.
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In other experiments we washed the H;-e metal film superficially to leave the pores of
the metal film filled by surfactant when it is transferred to the second plating mixture.
We assume that surfactant left in the pores might then be responsible for an epitaxial
alignment of the pores. However, in carrying out both experiments we did not find any
difference in terms of the epitaxial deposition of the nanostructure.

We then deposited on the top the second H;-e metal and washed the whole metal film
thoroughly in water to remove all the surfactant from the pores. We then recorded the
cyclic voltammetry of the bilayer in Figure 60. From this voltammetry we note the
oxide formation on the anodic scan at 0.15 V with two distinguishable peaks at 0.22
and 0.43 V. On the reverse scan, the cathodic sweep, we can see two oxide stripping
peaks at 0.0 and -0.33 V corresponding to the stripping of Pd and Rh respectively. We
observe that the stripping peak for PdO at 0.0 V becomes larger with increasing the
thickness of the outer metal layer film (H;-e Pd) from 200 nm to 400 nm and then to
600 nm as determined by the deposition charge. From the voltammetry we can see that
the charge associated with the Rh oxide stripping remains constant as the thickness of

the H;-e Pd layer increases.
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Figure 61: Scanning electron micrograph of a two-nanostructured metal film (Rh on
Pd). H-e Pd was initially deposited on an evaporated gold electrode (1 cm®). Both
H)-e metal films were deposited from the template mixture as outlined in Figure 60.

The total charge passed for the deposition was 0.56 C/em’ (Pd) and 0.42 C/em” (Rh).

The image was obtained at a tilt angle of 70°

This result implies that the presence of the outer layer (H;-e Pd) directly deposited on
top of the inner layer (H;-e Rh) is not blocking the access to the Rh electrode so that
the pores of the H;-e Rh film is thoroughly accessible by the electrolyte solution.
We then integrate the charges passed in the oxide stripping processes for the rhodium
and palladium films so that we can estimate the electroactive surface areas for the two
layers. We obtain for the electroactive surface area of the H;-e Rh oxide stripping peak
a value of 0.30 cm” which corresponds to a specific surface area for the film of 24
m?/g. This value is consistent to that shown for the bare Rh film without the H;-e Pd
layer on top. This clearly indicates that the H;-e Pd outer layer does not block the
electrolyte access to the pores in the Rh film.
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We want to point out that there is no formation of an alloy between Rh and Pd since
we do not observe a single oxide stripping peak at an intermediate potential for that of
the two metals [86]. It has also to be stressed that SEM studies of the H;-e bilayer
film, Figure 61, show a smooth, dense overlayer, and there is no evidence of a patchy
or discontinuous deposition of the metal.

Figure 62 shows a set of cyclic voltammograms of H;-¢ Rh deposited on H;-e Pd. This
time, the experiments were carried out with the two layers in the reverse order. The
charge passed for the deposition of Rh was increased from 3.5 mC to 10.5 mC
(voltammetric cycles 1-3). This corresponds to an increase in the thickness from 126
nm to 378 nm. H;-e Pd was initially deposited onto the gold disc electrode with the
charge or 3.5 mC passed for the deposition of the film. This corresponds to a thickness
of 200 nm. Again we note then the same feature for the formation and removal of the
oxide layers.

However, we note that this time the Rh oxide stripping peak at -0.3 V grows in size as
the thickness of the Hj-e Rh film increases. The charges associated with the formation
of the H;-e Pd oxide stripping stays constant even though the thickness of the Rh layer
is increasing.

By integrating the charges underneath the oxide stripping peaks of Rh and Pd we can
estimate the specific surface areas for the two layers and found values of 22 and 31

m?’/g respectively. Again these values were found to be consistent with the

nanostructure.
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Figure 62: Set of cyclic voltammograms of Hj-e Rh deposited at -0.2 V vs SCE on H)-

e Pd. H-e Pd was initially deposited on a gold disc electrode (area 0.0079cm?) at 0.1

Vvs SCE. The amount of charge of Hj-e Rh was varied between 3.5 to 10.5mC (cycles

1-3). The charge of H;-e Pd was kept constant (3.5mC). It was cycled at 100 mV/s in 1

M H,80,. Hj-e Rh and H-e Pd were deposited from the template mixtures as outlined
previously (Figure 58 and Figure 59).
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6.4 Increase of the surface oxide with the removal of
the surfactant
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Figure 63: H;-e Pd was deposited on Hj-e Rh at 0.1 V vs SCE. H;-e Rh was initially
deposited on a gold disc electrode (area 0. 0079cm?) at -0.2 V vs SCE. The Hj-e metal
films were deposited from the template mixture outlined in Figure 60 with a total
deposition charge for each H-e metal of 3.5mC. The H-e nanostructured bilayer
metal film was not soaked in water. Figure a) shows the first 10 voltammetric cycles

at 50 mV/s in I M H,SO, and b) the next ten under the same conditions.

From the experiments outlined in the previous section we can conclude that no
appreciable blocking of the pores occurs between both nanostructured metal films
deposited one on top of the other.

However, at this stage we thought about an experiment from which we can obtain
conclusive proof for the continuity of the pores through the final metal film. We
therefore carried out an experiment in which the Hj-e bilayer film was only
superficially washed after deposition from the template mixture. This should remove
the plating mixture adhering to the outside of the film but leaves the pores filled by
surfactant. We then immerse the H;-e metal film into the acid solution after deposition
and after superficial washing. By running successive voltammograms, we should see
the oxide stripping peaks growing as the surfactant leaves the pores. This will cause an
increase in the electroactive surface area as the pores are accessed by the electrolyte
solution. Proceeding from the assumption that the pores run continuously through the
final metal film, we should see the oxidation peak for the outer metal layer to appear
first and increase with each voltammetric cycle. This is followed by the increase of the
inner metal layer with the conclusive evidence that the pores are continuous through
the final metal film.

Figure 63 shows a set cyclic voltammograms at 50 mV/s in 1 M H,SO, for a 200 nm
thick H;-e Pd film deposited on top of a 126 nm thick H;-e Rh film. H;-e Rh was
initially deposited onto the gold disc electrode. Figure a) in the cyclic voltammetry
shows the first ten voltammetric cycles and b) the next under the same conditions. We
can see from the voltammetry that the oxide stripping peak for Pd at around 0.0 V is
clearly visible from the start and increases in size with each cycle. The oxide stripping

for the Rh oxide at -0.3 V is not clearly resolved at the first few voltammetric cycles.

The stripping peak becomes more pronounced with subsequent cycles.
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The current of the surface oxide stripping peaks of Hj-e Rh and H;-e Pd was related to
each voltammetric cycle. In Figure 64 we can see this relationship showing a plot of

peak cathodic currents at 0.0 V and -0.3 V as a function of cycle number.
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Figure 64: H;-e Pd was deposited on H;-e Rh which was initially deposited on a gold
electrode (area 0.0079c¢m?). The H-e metal films were deposited from the template
mixtures outlined in Figure 60 with a total deposition charge for each H-e film of 3.5
mC. The film was not soaked in water. It was cycled in I M H,SOq at 50 mV/s vs
SMSE between -0.45 to 0.7 V. The current of the surface oxide stripping peak of H,-e
Rh and H;-e Pd was related to each cycle

From this experiment we observe that the current related to the oxide stripping peak of

the outer metal layer (H;-e Pd) increases first followed by the increase of that for the
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inner metal layer (H;-e Rh). The peak current of the surface oxide stripping of H;-e Rh

should reach a plateau when all the surfactant has been removed.
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Figure 65: H;-e Rh was deposited on H;-e Pd which was initially deposited on gold
(area 0.0079cm’). The H;-e metal films were deposited from the template mixtures
outlined in Figure 60 with a total deposition charge for each H;-e film of 3.5mC. The
film was not soaked in water. It was cycled in 1 M H,SO4 at 50 mV/s vs SMSE
between -0.45 to 0.7 V. The current of the surface oxide stripping of H;-e Rh and H,-e

Pd was related to each voltammetric cycle.
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It has to be stressed that the peak current for the PdO at higher cycle number decreases
slightly which is attributable to the dissolution of the metal when cycled anodically in
the oxide region. This was already shown in Chapter 3 with the support of EQCM
measurements. By integrating the charges underneath the two oxide stripping peaks at
the end of the experiment we evaluate the specific surface areas and found them
consistent with the nanostructure for both metals.

We then deposited both H;-¢ metals one on top of the other in a reverse order so that
H;-e Rh was directly deposited on top of the inner layer, H;-e Pd. Comparing Figure
64 with Figure 65 we observed the same pattern for the oxide stripping peaks, but this
time the other way round. From the plot in Figure 65 we can see that the oxide
stripping peak for the outer metal layer, H;-e Rh, grows first followed by that of the
inner layer, H;-e Pd. It has to be stressed that we do not note a decrease in the peak
cathodic current of H;-e Pd at higher cycle number. This is because H;-e Pd has been
deposited underneath H;-e Rh and the overlying material might slow the dissolution of
Pd species into the acid solution. We think that this is the reason why the dissolution
effect of Hy-e Pd is not well-established in this case.

The continuity of the pores after deposition of two nanostructured metal films is not
only restricted to the Rh and Pd bilayer films, we can extend this behaviour to a few
combinations of metals. In the course of our research we studied the epitaxial
deposition for Rh and Pt films and for Pd and Pt films. In case of combined Pt and Pd
films we noticed that the voltammetry for the bilayer system is harder to interpret. This
arises because the oxide stripping peaks for both H;-e metals overlap. This was not the
case for Rh and Pt films.

Figure 66 shows a cyclic voltammogram for a 126 nm thick H;-e Rh film deposited on
top of a 105 nm H;-e Pt film. H;-e¢ Pt was initially deposited electrochemically on
gold. We can see at 0.1 V on the anodic scan a shoulder corresponding to oxide
formation and two stripping peaks at 0.04 V and -0.3 V assigned to stripping of Pt and
Rh, respectively, on the return cathodic scan. Despite the presence of the overlying H;-
e Rh metal we note the stripping peak for Pt oxide at 0.04 V. The electroactive surface
areas associated with the Pt and Rh surface oxide stripping reactions were found to be
in a range of a nanostructure. Again the H;-e Rh metal, as outer, does not block the

access to the Pt electrode even through the film is directly deposited on top.
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Figure 66: Hj-e Rh was deposited on Hj-e Pt at -0.2 V vs SCE from the template
mixture as outlined in Figure 60. H-e Pt was initially deposited on a gold disc
electrode (area 0.0079 cm®) at -0.1 V vs SCE from the template of 47 wt% C1sEOs, 39
wit% water, 12 wt% HoPtCls and 2 wt% heptane. Both H;-e metals were deposited
with the total deposition charge of 3.5 mC. Figure shows the cyclic voltammogram at
100 mV/s in 1 M HSO,. The film was soaked in water for one hour prior fo the

voltammetry.
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6.5 Conclusions

In this chapter we proved the continuity of the pores after deposition of H;-e metal
films, one deposited directly on top of the other. We selected a pair of noble metals
with well-understood cyclic voltammetry and for which the surface oxide stripping
peaks occur at well-separated potentials. This enabled us to determine simuitaneously
the areas of the upper and the lower metal layer films.

We have chosen for our studies Pd and Rh, as these Hj-e metals fulfil the necessary
requirements outlined above.

In one experiment we showed that increasing the thickness of the outer layer does not
block the access to the pores of the inner metal electrode. In another experiment we
removed the surfactant left in the pores by running successive voltammograms. As the
surfactant leaves the pores, we could see the increase in the oxide stripping of the
outer metal layer first followed by that of the inner layer.

This finally was conclusive evidence that the pores are continuously accessible by the
electrolyte solution through the final metal film.

SEM studies of the H;-e bilayer film showed a smooth, dense overlayer with no
evidence of a patchy discontinuous deposition.

Our results imply that the surfactant micelles in the plating mixture used to deposit the
outer metal films align themselves with the surfactant micelles of the first deposited
H;-e metal film so that finally the hexagonal porous arrangement through the whole
film might be given.

The deposition of H;-e bilayers, one on top of the other, could be of advantage for the

fabrication of mesoporous multilayers with interesting catalytic or other properties.
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Chapter 7 Pellistors
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7.1 Introduction

It has been necessary to detect the presence of various gases and to measure their
concentration in air. This has become more crucial due to the industrialization. Based
on the knowledge obtained during our studies on the electrochemical deposition of
metal films with high surface areas, we aim to make use of their catalytic activity.
When heated to around 550 °C, the high surface areas of H;-e Pd films are converted
into highly active catalyst layers (PdO) for the oxidation of methane [55, 56, 135]. Our
focus in this chapter is the use of Pd films for the methane detection.

Catalytic beads operating on standard calorimetric principles have been considered as
the most widely used technology for combustible gas detection in industrial
application. These beads consist of a coiled platinum wire (acting as both the heater
and as a resistance thermometer to sense the temperature) embedded in a porous
refractory material which is loaded with an active catalyst material. Improvement in
the performance of these devices is of constant interest. Although well-established in
the marketplace, these devices suffer some drawbacks. These include their
comparatively high power consumption and the labour intensive nature of the
manufacturing process required. In addition, attention has been drawn towards the fact
that the catalyst is inhibited and poisoned by certain species [69, 71, 72], in particular
in the presence of volatile silicon compounds (as example hexamethyldisiloxane) as
frequently found in lubricants and aerosol sprays.

To overcome these outlined problems is the main concern in terms of commercial
interest. The use of silicon microfabrication and micromachined substrates is a
significant advantage and offers the possibility of reduced power consumption and
improved reproducibility of manufacture.

Based on the silicon microfabrication technology the silicon-microhotplate structures
were made at Neuchatel (Switzerland), Figure 67. The design of the substrate used to
construct the planar pellistor was developed by S. M. Lee at the Sensor Research
Laboratory, Department of Engineering, University of Warwick. The planar pellistor

substrates were fabricated using standard silicon microfabrication techniques in a six-

mask process.
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Figure 67: Micromachined substrate mounted on TO5 header for catalyst deposition

and characterization

The base material is a 380 pm thick (100) silicon wafer. We want to describe briefly
the construction (Figure 68). On the top side a 200 nm thick Pt heater is embedded in
two 250 nm thick layers of low stress silicon rich silicon nitride (SizN4). 80 nm of
thermal oxide was deposited before the low pressure chemical vapour deposition of
Si3Ny in order to help minimize any residual stress in the membrane. On the top, 300
nm thick gold electrodes were patterned by lift-off process. 10 nm layers of tantalum
and titanium were used to seed the Pt and Au layers, respectively.

Silicon microfabrication can be used to produce low power microhotplate structures in
large numbers with a high degree of control. The approach to the deposition of Pd
films arranged into regular structures of nanometer-sized dimensions gives unique
opportunity to investigate the use of the hotplate structures, when combined with a

suitable catalyst, to achieve appropriate activity, robustness and ease of application.
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In this chapter we present results for the deposition of Hj-e Pd films on to
microfabricated silicon hotplate structures and the use of these devices to detect
methane in air. We give first a brief description of the electrochemical characterization
of the substrates and then outline the deposition of the Hj-e metal films onto the gold

electrode of the SRL devices from two different template mixtures.
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o thepP ¢ heater Catalyst layer to the gold electrode

Silicon
nitride

Gold electrode
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r\ I -  §

\

Hot plate  Platinum
heater

Anisotropic
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Figure 68: Cross-section of the microfabricated silicon hotplate structure

This together with the problems which we encountered during the deposition
procedure and together with a description of the ways to solve them forms the
foundation for the next section; the catalytic layers deposited onto SRL devices for the
methane detection. In our experiments we focused on the reproducibility in the
methane response. In the last section we discus the issue of how to arrange the
deposition of the H;-e metal layers on a large scale to make the results applicable in

the manufacturing process.
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Figure 69: Summary of the design of several SRL devices used during this project.
Figure was provided by S. M. Lee of the University of Warwick. P= power; R =
resistance; MHR = membrane size (equivalent to the gold electrode area) to heater

ratio.
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The Si-micro hotplate structures in combination with the metal catalyst were tested
during this project towards methane and HMDS (Hexamethyldisiloxane). Figure 69
shows the design of several devices that we used in our studies. Figure 70 presents the

162g device showing the membrane and heater size. This is the device type together

[mm

with 136a mostly used in our studies.

ElOOBnm;

eBRLIAZ

Figure 70: Micropellistor design of the device type 162g with the membrane size of 2

mm x 2 mm and the heater size of 570 um x 570 um

Before any metal deposition onto the gold electrode of the device occurred, the gold
electrode was electrochemically characterized by using cyclic voltammetric studies.
The cyclic voltammetry on gold in sulfuric acid is a non-destructive method to
indicate surface defects on gold. Surface defects can be noticed by additional features

in the cyclic voltammetric profile.
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Figure 71: Cyclic voltammogram of the gold electrode of three SRL 177¢ devices
(0.16 mm>) at 200 mV/s in I M sulfuric acid before Pd deposition

Figure 71 shows the cyclic voltammogram of the gold electrode of the SRL 177¢
device in 1 M H;SO,4 at 200 mV/s in the potential range from 0.2 to 1.8 V vs SCE
before any deposition of palladium occurred. We can see the formation of the gold
oxide on the anodic scan in the oxide region at around 1.25 V vs SCE and on the
return sweep at ca. 0.85 V vs SCE which corresponds to the surface oxide stripping
reaction. The voltammetric features on the profile in this figure look very similar to
those reported by Hoare [136] who has investigated the voltammetry of polycrystalline
gold electrodes in 1 M sulfuric acid which were in the form of small beads of 0.13 cm
diameter. Using the conversion factor of 386 uC/ecm?® given by Rand and Woods [78],
who studied the dissolution process of the gold electrodes in 1 M sulfuric acid, and the

charge passed in the oxide stripping peak we can calculate the electroactive surface
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area for the gold electrode of our device which was found to be 0.036 em” It is
notable that the devices with the design number 136a, 162g, 177c, 180c and 181c do
not show any significant difference in the voltammetric features. The peaks for the
gold oxide formation and stripping reaction occur at the same potential as for the
device 177c. However, we found that the electroactive surface areas underneath the
oxide stripping peak differ for a few devices corresponding to the difference in the
gold electrode area. We estimated the electroactive surface area and the roughness
factor for each device as follows: SRL 136a (0.15 cm?, 15), SRL 162g (0.045 cm?,
13.9), SRL 177¢ (0.036 cm?, 22.5), SRL 180c (0.034 cm?, 21.3), 181c (0.010 cm?, 25).
These values were found to be in three replicate measurements accurate to £0.1.
Figure 72 shows three cyclic voltammogramms of the gold electrodes of the SRL 176¢
devices in 1 M H,SO4 at 100 mV/s before the deposition of Pd occurred. The surface
oxide stripping on the cathodic sweep at 0.85 V vs SCE occurs at the same potential as
oultined in Figure 71 whereas on the anodic scan distortion in the oxide formation
region appears. An additional peak at 1.2 V is of interest to note in the oxide region.
Changing the acid solution in which the cyclic voltammetric measurements were
carried out and cleaning the gold surface by applying potential cycling pre-treatment
we are likely to eliminate any contamination in the solution as possible explanation for
additional peaks in the voltammetry. However, we noticed that the peak at 1.2 V is
still present. We therefore might attribute this electrochemical behaviour to a
manufacturing problem of the wafer giving rise to surface defects on the gold
electrode of the SRL 176¢ device. This wafer problem might be due to contamination
of the gold evaporated onto the wafer.

Summarizing the facts, we can say that cyclic voltammetry on gold electrodes of the
136a, 162g, 177c, 180c and 181c devices showed the same voltametric features
occurring at the same peak potential. The electrochemical surface area estimated from
the charge passed the surface oxide stripping reaction is reproducible for each device.
In contrast to this the device type 176¢ showed in the oxide region at the anodic scan

slight distortion with an additional peak at 1.2 V which is not attributable to the gold

oxide formation.
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Figure 72: Cyclic voltammograms of the gold electrode of the SRL 176¢ device (0.32
mm’electrode area) in I M sulfuric acid at 100 mV/s before the deposition of Pd

occured.

The focus of this section was the electrochemical characterization of the gold
electrodes of different types of SRL devices using cyclic voltammetry as a non-
destructive method to indicate surface defects on gold. During this project the next

step towards the production of successful working gas-sensors used for methane
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detection is the deposition of metal catalyst layers onto the gold electrode of the
devices. From our studies of how to arrange the metal (Pt, Pd and Rh) into regular
structures of nanometer-sized dimensions we aimed to deposit Hj-e metals from the
hexagonal phase onto SRL devices. This is the focus of the next section in which we
compare the deposition of the metal on the one hand from the Brij®56 template

mixture and on the other hand from the Pluronic F127 template mixture.

7.3 Deposition from the template mixture

7.3.1 Deposition from the Brij®56 system

To fabricate planar pellistors the deposition of Pd from the template mixture gives rise
to a high surface area metal catalyst used for methane detection. To get uniform,
continuous deposition of the metal catalyst layers onto the gold electrode of the
devices requires more understanding of the deposition behaviour. With the aim to
acquire this understanding it might be useful to look at the current transients as an
indication of how reproducible the deposition appears to be.

Figure 73 and Figure 74 show the current transients when depositing Pd under the
same experimental conditions from the template mixture of Brij®356 system onto the
gold electrode of the SRL devices. In Figure 73 the current jumps to its maximum
point of ca. 120 pA whereas in Figure 74 the maximum is only found to be 50 pA.
The deposition times for each deposition on both devices (that is the time required to
pass the same total charge) vary accordingly and were 180 and 430 s even though the
same experimental conditions were used. In addition, we note that the current
proceeds to the maximum via successive steps. Similar results were obtained for the
deposition of the metal catalyst layers onto the gold electrode of SRL 136a devices. In
addition, we noticed the same feature when depositing Pt and Rh from the template
mixture based on the Brij®56 system (not shown). It has been also of interest to note
that the deposition of the metal catalyst layers onto the gold electrode area of the SRL
devices from the template mixture of the C;sEOs system revealed the same problem.

We therefore can conclude that switching from Pd, Pt to Rh and replacing Brij®56 by
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C,6EO;z as surfactant did not show any difference in this feature of the deposition
behaviour. The features in the deposition behaviour as outlined above have been
observed only for the deposition onto SRL devices. We did not note this when
depositing the metals from the template mixture onto the gold electrode of 1 mm

diameter.

We considered as one problem a failure in the manufacturing process of the devices.
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Figure 73: Current transient versus time. H;-e Pd is deposited onto the gold electrode
area of the device SRL 162g (0.32 mm?) from the template of 12 wt% (NH,),PdCl,, 47
wi% Brij®56, 39 wi% water and 2 wt% heptane at 0.1 V vs SCE.

However, this is unlikely since irreproducibility in the deposition behaviour occurred
for the deposition on both devices — SRL 136a and SRL 162g for each wafer.

As another approach to investigate this problem we proceed from the assumption not
to get a homogeneous phase after putting the catalyst layers onto the electrode of the

device. There might be air bubbles left in the viscous mixture. This might hamper the
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Figure 74: It shows the current transient versus time. H;-e Pd is deposited onio the
gold electrode area of SRL 162g (0.32 mm’) from the Brij®56 system at 0.1 V vs SCE.

The template mixture is the same as used in Figure 73.

electrical contact between the gold electrode and the Pd dissolved in the aqueous
solution of the hexagonal liquid crystalline structure giving rise to the jumps outlined
in Figure 73 and Figure 74. Unfortunately this problem is hardly to avoid due to the
fact that the membrane is very fragile and any attempt to squash the template mixture
to remove the air bubbles is likely to cause the breakage of the heater membrane.

So far we tend to the opinion that air bubbles embedded in the template mixture cause
the instability in the deposition behaviour. We will return to this problem later when

considering the deposition from the Pluronic template mixture which is far less
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viscous giving rise to a uniform coverage of the gold surface after the metal
deposition.

In the next section we concentrate on the surface morphology of H;-e Pd films
obtained after deposition from the Brij®56 system on evaporated gold on glass and
compare these results to those reported for the deposition of H;-e Pd from the Ci4EOs
template mixture. In finding the reasons for the difference in the apparent surface
morphology we direct our attention towards the variation in composition and

impurities contained in the different batches of Brij®56.

7.3.2 Mass spectroscopic measurements of Brij®56

The deposition of Pd from the hexagonal liquid crystalline phase on microhotplate
structures of planar pellistors occurs from the template mixture based on the Brij®56
system. Brij®56 has been used as a cheap commercially available surfactant. The
existence of Pd as a high surface area metal after deposition (3.5 mC total deposition
charge) from the template mixture containing Brij®56 onto the gold electrode of 1mm
diameter could be proved by cyclic voltammetric measurements giving rise to the
electrochemical active surface of around 0.56 cm? estimated from the charge passed in
the surface oxide stripping peak (Chapter 3). This high surface indicated the
deposition of nanostructured Pd. However, we could better note a continuous and
uniform hexagonal arrangement in the TEM-studies when using CisEOg as the
surfactant in the template mixture. In addition we found using SEM that using Brij®56
in the template mixture gives rough surface of H;-ePd deposited on an evaporated gold
electrode (Figure 75). This is in contrast to the results we obtained when using
C16EQOg. Smooth, continuous and uniform deposition of H;-e Pd can be obtained under
the same experimental conditions. This was already shown in Chapter 3. The
deposition of H;-¢ Pd from the C;,EOs template mixture onto the gold electrode of the
SRL devices revealed the same feature. This contrasts to the deposition from the
Brij®56 system. We also note identical behaviour in the deposition independently on
the choice of the metal (Pd, Rh, Pt etc.). From this comparison we concluded that
Brij®56 affects the electrodeposition of metal films from the hexagonal phase
differently compared to C;sEOs. We know that batches of Brij®56 obtained from
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Aldrich contain traces of impurities and other surfactant. We therefore focused our
attention on the components and impurities contained in one batch of Brij®56 and

wanted to see the variation from batch to batch using mass spectroscopy.

CHs - (CH2)5- (CH2CH202]- OH

octa ethylene glycol monohexadecyl ether (C16EQg)
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Figure 75: Scanning electron micrograph of an H;-e Pd film deposited on an

evaporated gold electrode. The film was deposited from a mixture of 12 wt%
(NH,),PdCly, 47 wt% Brij®56, 39 wt% water and 2 wt% heptane. The total charge ‘

passed was 0.53 C/cm’ and the image was obtained at the tilt angle of 70 °C.

Figure 76 a) shows the mass spectrum of C;sEQs. Five main peaks can be seen. From
the formula given above we can calculate the molecular weight which is 594.88.
Considering the ions NH," and Na" in the solution the peak at 612.5 is attributable to
(C1sEOg + NH,") and the peak at 617.5 to (C;6EOs + Na"). The peaks at 613.5; 618.5;

and 619.5 can be associated to the isotopic effect. We estimated theoretically the
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relative intensities for the isotopic abundances of C;¢EOg and came to the conclusion
that the calculated relative intensities agree with the data. The probability for the
isotopic abundances at 617.5, 618.5 and 619.5 were found to be 72%, 22% and 6%
respectively.

We used here electrospray ionization generating ions by spraying a solution (aqueous
or organic solvent) through a charged inlet. Once the solvent is sprayed, its droplets
rapidly desolvate through the addition of heat, a stream of gas (air) or both. As the
solvent evaporates, ions in the highly charged droplets get ejected. The ions are then
electrostatically directed into the mass analyzer. This ion source commonly produces
multiply charge ions, making it easy to detect C;¢EOs. This is accomplished by the
addition of an alkali cation. Many compounds are unstable to proton addition and
require alkali cation complexation in order to observe stable molecular ions. CicEOs
forms a stable alkali cationized molecular ion while its protonated molecular ion is
often undetectable. In addition to this ammonium cation is also used.

Figure 76 b) shows the mass spectrum of Brij®56 (batch number 07727 DU) diluted to
10 pg/ml in methanol. To determine the spectrum, all the peak intensities appearing in
the spectrum were added together. The peak intensity of every single peak in the
spectrum coulid then be related to the total sum of all intensities.

In this figure we can see the main component C;sEO;g (617.5 Da/e) with the intensity
of 8% relative to all other peak intensities appearing in this spectrum. The variation of
Ci6(EO), with 3 < n < 17 can be seen with the highest relative intensity for C;sEOg
(617.5 Da/e) joined by Ci6EQ7 (573.5 Da/e) with 7.7% and C;4sEOy (661.5 Da/e) with
6.4%. The C;4(EO), compounds differ in the number of the ethylene oxide (EO) group
(MW: 44). From the structure and the molecular weight given for C;sEOg we tried to
work out the assignment of the other peaks appearing in the spectrum. Proceeding
from C;6EOg we changed the alkyl chain length and the number of ethylene groups
until we found agreement between the calculated MW of each proposed surfactant and
the MW of the unknown surfactant shown for each peak in the spectrum.

We therefore assume the existence of other compounds in this spectrum as follows:
C9oEQ7 (474.5 Dale; 4.6%) and C7EOs (496.6 Da/e; 4.8%). We found it hard and too
uncertain to give any assignment for the peaks occurring at 241 Da/e (5.6%), 199.8
Dal/e (1%), 261.1 Da/e (0.74%), 336 Da/e (0.7%) and 377 Da/e (1%). However, the
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peak intensities are relatively small. The peaks occurring at 540.6 Da/e (3.4%), 584.6
Da/e (1.8%) and 628.7 Da/e (0.9%) can be attributed to C7(EO), with n varying
between 6 < n < 8. We may suggest that the peak occurring at 474.5 Da/e (4.6%) is
attributable to CoEO;. We then assume a variation of CoEO, with 7 < n < 10 with the
highest relative intensity occurring for CoEO; (474.5 Dale, 4.6%) joined by CoEQOg and
sequentially the other compouds differing in the number of the EO groups.
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Figure 76: Mass spectrum of C;sEQOg a) and 3 different batches of Brij ®56 b), ¢) and
d) diluted to 10 ug/ml in methanol.

surfactant 07727DU 01517KU 11008TU
a) b) c)
Ci6EO7 7.7 8.5 7.4
C16EOs 8 9.2 7.7
Ci16EO9 6.4 8.3 7.5
CyEO, 4.6 9.3 9.2
Ci7EOs 4.8 8.7 8.5

Table 1: The peak intensities in % relative to the total sum of all peak intensities in the
spectrum obtained for each surfactant from the mass spectroscopic studies comparing

three different batches of Brij ®56.

Figure 76 c) shows the mass spectrum for Brij®56 (batch number 01517KU). In
comparing batch 01517KU with 07727DU we can note that there is no qualitative
difference. Both batches show the same compounds. The difference can be seen
quantitatively. The compounds of the highest relative intensity are now CoEO7 (474.6
Da/e; 9.3%), C17EOs (496.6 Da/e; 8.7%), Ci16EO; (573.5 Da/e; 8.5%), C16EOs (617.5
Dal/e; 9.2%) and C16EQy (661.5 Da/e; 8.3%)).

The last batch (Figure 76 d) on which we want to focus now is 11008TU. The relative
peak intensities to which we did not find any assignment in Figure 76 b) are now too
small to be detected. CoEO is of the highest intensity (9.1%) followed by C;7EOs
(8.5%). The intensity of C;6EQg is of 7.7%.

Overall we can conclude that the batches of Brij®56 contain a range of surfactants.
Comparing 3 different batches with each other we note quantitative and qualitative
deviation. The peak at 241 Da/e, as one example, shows in the mass spectrum of the
batch 07727DU a relative intensity of 5.8% which decreases to 2.8% (01517KU) and

does not show any intensity in the mass spectrum of batch 11008TU. The relative
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intensity of CoEO; and C;7EQs increases from 4.6% (4.8%) to 9.3% (8.7%) comparing
batch 07727DU with 01517KU. The intensity of C;cEQOs varies between 9.2 and 7.7%
from batch to batch.

Mass spectroscopic analysis has shown evidently a range of surfactant contained in
one batch of Brij®56 and quantitative and qualitative variation of surfactant from
batch to batch. This might be responsible for slight variations in the composition
between different batches. Measurements using three different batches of material
showed essentially the same phase behaviour when mixed with ammonium tetra
chloropalladate solutions except that there was variation of £ 2°C in the positions of
the hexagonal/cubic and cubic/lamellar phase boundaries.

This behaviour is not to be seen for C;sEQs, a highly purified but also very expensive
surfactant. After 6 months we run the mass spectroscopic analysis again on the same
samples originally used. Despite slight quantitative changes in the relative peak
intensities for CisEQg, C;sEOy and CoEO; comparing the same batch we did not find
any significant difference from the results seen before.

In the next section we want to give a comprehensive study of the metal deposition

from the Pluronic F127 template mixture.

7.3.3 Deposition of Pd from the Pluronic (F 127) template mixture onto
the SRL 162g device

7.3.3.a The deposition behaviour

In this section we used for the deposition of palladium onto the gold electrode of the SRL

162g device Pluronic (F 127) as surfactant in the template mixture. In section 1.1.4 we
introduced the approach to synthesize periodic mesoporous metals by templating with
liquid crystalline phases prepared from ternary systems consisting of amphiphile triblock
copolymers such as Pluronic F 127, cosurfactant such as butanol and water [24-28]. 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.

In section 7.3.1 we outlined experiments in which palladium was deposited from the

167



Pellistors

template mixture of the Brij®56 system and we noticed that for a range of devices the
time taken for the deposition and the current maximum vary drastically for each
deposition under the same experimental conditions.

The experiments also showed that the current did not increase to its maximum value in

one step but proceeds to the maximum via  successive  steps.
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Figure 77: Two current transients vs time under the same experimental conditions for
the deposition of Pd with the total deposition charge of 10 mC from the template
mixture of the Pluronic F127 system on the gold electrode of the SRL 162g device.

Figure 77 shows two current transients for the deposition of Pd onto the gold electrode

of the SRL 162g device from the Pluronic (F 127) template mixture system. A striking

difference to the transient obtained in the section 7.3.1 is that here the current jumps
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straight to the maximum without any proceeding steps. It is also of interest to note that
in five replicate experiments the current maxima (two shown here) are reproducible
but still differ at longer times. Although with the Pluronic F 127 template mixture it is
easier to remove the air bubbles when squashing the mixtures it still requires good
handling to get a uniform coverage on the gold electrode of SRL devices. This might
explain why there is still a slight difference between the current transients. When
Brij®56 was used in the template mixture we found on average non-reproducible
current transients in the deposition behaviour. The same behaviour was observed for
C16EOQs.

Pluronic (F127) and Brij®56 template mixtures differ in their viscosity; it is therefore
likely that the irreproducibility in the deposition behaviour is due to the air bubbles
embedded in the very high viscous phase of the Brij®56 system. This might hamper
the electrical contact between the gold electrode and the Pd dissolved in the aqueous
domains of the liquid crystal structure. We thought about an experiment in which the
air bubbles might be removed successively by squashing the mixture using two glass
slides and increasing the pressure on the glass slides. However, to deposit Pd from the
template mixture we must put the mixture on the gold electrode of the device and
might be left with air bubbles embedded in the viscous phase. Increasing the pressure
perpendicular to the gold surface and therefore to the heater membrane it is likely to
cause a breakage of the heater membrane. The replacement of Brij®56 by Pluronic
(F127) as the surfactant used in the template mixture leads to a far less viscous phase
and this is therefore of crucial importance in terms of the removal of the air bubbles.
The template mixture of the Pluronic system only needs to be tightly compressed to
remove the air bubbles with a lower probability of breaking down the heater
membrane. This was shown in the experiments comparing the behaviour of Brij®56
and Pluronic.

This section showed that the template mixture of the Pluronic(F127) system gives
reproducible deposition currents due its lower visosity and is in terms of the practical
application a more appropriate surfactant. It has then become of more importance
whether the deposition of Pd from the Pluronic mixture onto the SRL devices gives Pd

films of high surface area. This will be the focus in the next section.
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7.3.3.b Proof of a successful deposition of Pd on the gold electrode of the
SRL device from the Pluronic(F127) template mixture with high

surface area

Cyclic voltammetric studies in acid solution were used to characterize the
electroactive surface area of the Pd films from the charge passed in the surface oxide
stripping peak.

Figure 78 shows the cyclic voltammetry of Pd films deposited from the Pluronic
template mixture onto the gold electrode of the SRL 162g device in 1 M H,SO4 at 200
mV/s. The voltammetry is restricted to the oxide region in the potential range between
0.2 and 1.2 V vs SCE. On the anodic scan at 0.68 V vs SCE the formation of Pd oxide
starts giving rise to a well-defined stripping peak on the cathodic sweep at ca. 0.4 V vs
SCE. Using the conversion factor of 424 pC/em? given by Rand and Woods [77] who
investigated the surface oxide stripping reaction of Pd in 1 M H,SOj, we estimated the
specific surface area of 14.5 m?/g which corresponds to an area per unit volume of
1.7x10® cm? / cm®. This value gives a high surface area consistent with a nanostructure
and was also found in this range when estimating the surface area after deposition of
Pd from the Brij®56 system.

Preliminary studies revealed that the deposition of Pd onto the gold electrode of the
low-power micro-pellistor devices from the Pluronic (F127) and the Brij®56 system
do not show any significant difference in terms of the surface area determined from
the charge passed the oxide stripping peak. The advantageous use of Pluronic as
surfactant in the template mixture from which Pd is deposited onto the device has
been outlined in the section 7.3.1. We noticed that the probability of breaking the

heater membrane is far decreased due to lower viscosity.
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Figure 78: Cyclic voltammogram of Hj-e Pd in 1 M sulfuric acid at 200 mV/s (total
deposition charge 10 mC) deposited onto the gold electrode of the SRL 162g device
(0.32 mm?’ electrode area) from the Pluronic template mixture of 17 wt% (NH,),PdCl,
39.9 wt% water, 29.8 wt% Pluronic F127 and 13.3 wt% 1-butanol at 0.1 V vs SCE

The H; -e Pd film was soaked in water overnight prior to the cyclic voltammetry.

With the electrodeposition of H;-e¢ metal films (Pd, Pt and Rh) onto SRL devices and
the proof of successful achieved deposition of the metal with a high electroactive
surface area we have come a significant step towards the fabrication of low power
micro pellistors devices in combination with deposited H;-e metal catalyst layers. The
next section describes the types of defects in the device fabrication as one of the

apparent problems in our studies.
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7.4 Manufacturing defects

Each type of the SRL device manufactured and delivered by Warwick is constructed to
give, within the experimental error of 2%, an exact value of the cold resistance. This
resistance had to be measured for all devices before and after Pd deposition onto the
gold electrode to confirm the reproducibility in device fabrication and to show
eventual effects of electroplating on the change in resistance.

Mainly we worked with SRL devices of the type 136a and 162g. The cold resistance
is, according to the manufacturer, 180 Q for 136a and 230 Q for 162g. From the
measurements obtained, we found the experimental error to be in a range of £ 5 Q. We
measured the cold resistance before deposition and found for a few devices (both SRL
136a and 162g) that the value was far below that expected for each type of device.
This corresponds mainly to devices prepared from wafer 3. Naturally those devices
showing a low cold resistance before metal deposition were not used further. The 136a
and 162g devices with cold resistances in the expected range were used for further
experiments. After deposition of Pd onto the gold electrode of SRL 136a and 162¢g
devices the cold resistance was measured again. Many devices showed a cold
resistance below the expected value. The cold resistance was about 30 to 70 Q. This
very serious problem also occurred in a less drastic way for wafer 4. Further
experiments showed that this problem was only restricted to wafers 3 and 4 since we
did not note a decrease in the cold resistance using other wafers. The low cold
resistance was more pronounced after deposition of the Pd metal onto the gold
electrode. This suggests that there may be faults in the processing of these substrates
and that the deposition of Pd or other metals might lead to short circuits in the heater
track. To investigate this effect further we carried out cyclic voltammetric studies in
acid solution for 162g devices on which no catalyst was deposited. We connected the
Pt heater of the SRL 162g device as the working electrode. Normaily we would not
expect to see any feature on the voltammogram but Figure 79 shows in the potential
range from 0.3 to 1.2 V in the oxide region features similar to the cyclic
voltammogram of platinum. This cyclic voltammetry was carried out prior to

depositing Hj-e Pd onto the gold electrode of the SRL devices.
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Figure 79: Cyclic voltammogram of the SRL 162g device- wafer 3 - on which no
catalyst was deposited at 200 mV/s in 1 M sulfuric acid. The Pt heater has been

connected as the working electrode.

We strongly assume the existence of pinholes in the heater track from which then the
electrochemical features in the oxide region occur similar to those seen for Pt. The
pinholes in the Pt heater track can then be filled with H;-e Pd deposited onto the SRL
device. This should cause a short circuit in the resistance of the Pt heater.

To conclude, we noticed manufacturing defects occurring for wafers 3 and 4. We have
to emphasize that this problem only appeared for those wafers. From the cyclic
voltammetric studies we concluded the existence of pinholes in the nitride insulation

layer. The pinholes filled with deposited Pd cause then short circuit and finally the low

value of the heater resistance.
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7.5 Methane response on H;-e metal catalyst layers

The aim of the larger project of which my work is a part is to fabricate planar
pellistors based on high surface area metal catalysts deposited on Si micro-hotplate
structures to be used for methane detection. This makes use of the nanostructure given
by the deposition of Pd catalysts from liquid crystalline media. In the following we
want to test the Pd catalysts layers deposited onto the gold of the SRL devices towards
methane (linearity and reproducibility of response) at an operating temperature of

550 °C. This is the chosen temperature at which commercial pellistors from City
Technology were tested. On heating in air palladium is converted to palladium oxide
and it is generally accepted that a mixture of the metal and the oxide must be present

for efficient catalysis of methane oxidation [55, 56].

Output

detector

_ D.C. Voltage
Supply

compensator

! k) variable
resistor

Trimming
Resistor
Figure 80: Wheatsone bridge used to measure the concentration of combustible gases
in air with SRL devices used in our studies. Ry are resisiors whose resistance is
variable according to the type of pellistors. The trimming resistor is a variable

resistor to set the current across the compensator.

Methane response of planar pellistors was measured in a standard wheatstone bridge
circuit (Figure 80). The wheatstone bridge consists precisely of two resistors Ry, a

variable resistor with a maximum value of 1 kQ used to balance the wheatstone
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bridge, a compensator with a resistance value similar to the resistance of the sensor at
its operating temperature and the sensor. A good wheatstone bridge should give

maximum output sensitivity for minimum power consumption.
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Figure 81: Response of the Hj-e Pd layers exposed to methane. Hj-e Pd was deposited
onto SRL 136a device with a total deposition charge of 20 mC. H;-e Pd was
electrochemically cycled in 1 M sulfuric acid to obtain the maximum surface area. The
voltage applied across the device was increased from 6, 6.6; 7.3; 8 and 8.6 V
Jollowing the sequence air / 2.5% methane / air at each voltage. The measurements

were carried out by S. Leclerc at City Technology.

Sensitivity of noble metals used as catalytic sensors varies with temperature. So called
“yolcano curves” can be obtained by recording the output sensitivity of sensors as a
function of the operating temperature. To obtain the volcano curve the voltage was

varied in a range between 6 and 8.6 V.
We prepared several batches of devices on which H;-e Pd, H;-e Rh and H;-e¢ Pt were

deposited and delivered S. Leclerc at City Technology who carried out all the gas-
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testing measurements. The H;-e metal layers deposited onto the devices were exposed

to methane and in some experiments additionally poisoned by HMDS

(Hexamethyldisiloxane}.
o /Me
Me
\ / \sa\
/Sl Me
Me \ /
Me Me
Hexamethyldisiloxane

Figure 81 shows the response of one of these devices when exposed to a sequence
air/CHy/air for 8 minutes at 6, 6.6; 7.3; 8 and 8.6 V. In increasing the voltage applied
across the device we note a stepwise increase of the bridge output from 20 mV at an
operating voltage of 6 V to finally 570 mV corresponding to an operating voltage of
8.6 V. From the exposure of the H;-e Pd layers to a mixture of air/methane while
increasing the voltage across the device we note at each voltage a slight increase of the
response in the bridge output. This is based on the fact that heat is produced with the
oxidation of methane to water and carbon dioxide on the Pd surface. As this happens
the temperature and hence the resistance of the Pt track embedded in the silicon nitride
layer increases as a result of the surrounding exothermic process. This then can be
seen in the response behaviour with the increase of the bridge output value so that we
can finally attribute this behaviour to the methane response.

We carried out another experiment of the same sort and recorded again the response of
H;-e Pd layers exposed to methane. The volcano plot was obtained by increasing the
voltage applied across the device. We changed the experimental conditions in such a
way that periodic potential-cycling was not applied to the Pd layers in sulfuric acid
after deposition onto SRL devices. It has to be stressed that this potentiodynamic
ageing covering the full range of potential from the oxide to the hydrogen region of
H;-¢ Pd has been carried out in the previous experiments. Figure 82 shows the
response to a mixture of air/methane of a device on which H;-e Pd was deposited with
a total deposition charge of 20 mC. The device was exposed to a sequence
air/methane/air for 5 minutes at 6; 7.4 and 8.6 V. We note the stepwise increase of the

bridge output from 40 mV to 670 mV whilst the operating voltage was increased.
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From the results obtained we can clearly see that at each voltage step the response is
slightly decreasing when exposing the devices to methane.

In this respect we note a significant difference to the experiment described in Figure
81. The exposure to methane of the Hj-e Pd layers deposited onto SRL devices shows
a response at each voltage in opposite directions. In the presence of methane we would
expect heat production due to the exothermic reaction on the Pd surface causing an
increase in the bridge output. This is not to be seen in the response in Figure 82. We
note a cooling effect clearly indicating that the device is responding to methane, but
not because of a catalytic combustion effect. We attributed this behaviour to the

difference in the thermal conductivity between dry air and 2.5% methane in air.
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Figure 82: Responses to 2.5% CH, for mesoporous Pd deposited onto SRL 136a
devices (20 mC total deposition charge). The devices were exposed to a sequence
air/CHyair for 5 minutes at 6, 7.4 and 8.6V. The measurements were carried out by S.

Leclerc at City Technology.
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The response of H;-e Pd to methane with the increase in the bridge output in Figure 81
leads us to believe that the catalytic active surface required to detect methane is only
present for the experimental conditions chosen here.

In comparing the experimental procedure we note that the striking difference in
preparing the H;-e Pd films is based on the question whether the potentiodynamic pre
treatment was applied. To prepare the H;-e Pd layers in Figure 81 potentiodynamic
pre-treatment was applied after the deposition and prior to the methane exposure. This
might be of relevance to obtain the catalytic active Pd surface required for the methane
detection.

However, we return to this issue later. As another possibility to approach this problem,
we also considered the formation of a Pd-Au alloy when heating the H;-e Pd layers
deposited onto the gold electrode of the SRL device to the operating temperature at
which the oxidation of methane occurs. The cyclic voltammetry of the proposed alloy
should then convincingly show the anodic shift of the oxide stripping peak of this
alloy compared to the Pd oxide stripping peak [86].

Figure 83 shows cyclic voltammograms of H;-e Pd layers deposited onto the SRL
136a device. The layers were previously exposed to methane and poisoned to HMDS.
Comparing a) [0.3 mC charge passed for the deposition of H;-e Pd ] with b) [20 mC
charge passed for the deposition of Hj-e Pd ] it can be clearly seen that the surface
oxide stripping peak occurs for both voltammograms at the same potential; 0.4 V vs
SCE. This value is consistent with the peak potential when PdO is stripped from the
electrode surface on the cathodic sweep as shown in section 3.5 and outlined in
literature [136].

Woods [137] has reported on the investigation of Pd-Au alloy formation. In this report
he came to the conclusion that the potential of the Pd oxide stripping peak shifts to
increasingly higher potentials with increase in gold content. As a maiter of fact in
increasing the gold content to a resulting composition of 55% / 45 % (Pd/Au) the Pd
oxide stripping peak at 0.80 V vs SHE (0.56 V with respect to SCE) shifts towards the
Au oxide stripping peak which occurs at 0.85 V vs SCE.

To determine whether Au-Pd alloy formation was significant in our experimental
studies the thickness of the Pd layers deposited onto the gold electrode area was
altered from 980 nm (20 mC charge passed for deposition) to 15 nm (0.3 mC charge).
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The thickness of the Au layer (150 nm) was kept constant. In case of alloy formation
this would have resulted in a dramatic change of the Pd/Au composition towards
lower Pd content. However, we did not observe any effect on the position of the oxide
stripping peak (Figure 83 — comparing a) with b)). We did not note any shift towards
higher anodic potentials.

In case of Pd-Au alloy formation we would expect the surface oxide peak to appear at
higher anodic potentials ranging from 0.4 to 0.85 V vs SCE. However, the results
provided no evidence for this and we can exclude the alloy formation. We therefore
can conclude that there is no alloy formation affecting the response behaviour when
Hj-e Pd layers are exposed to methane.

In the next section we return to the potentiodynamic pre-treatment and discuss in
detail whether this determines the catalytic activation as crucial experimental step to

obtain the active surface required for the methane detection.
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Figure 83. Cyclic voltammograms of Pd catalyst layers (0.3 mC) a) and (20 mC) b)
deposited onto the device 136a. It was cycled in 1 M H,804at 100 mV/s versus SCE.

The catalyst layers were heated in air.
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Figure 84: Response of the H-e Pd layers deposited onto the SRL 136a devices to
2.5% methane and 5 ppm HMDS (potentiodynamic pre-treatment on H;-e Pd
deposited onto SRL 136a devices in sulphuric acid a) and no pre-treatment b) after the

deposition).

Several SRL 136a devices (with or without potentiodynamic pre-treatment in acid
after metal deposition), on which H;-e Pd was deposited, were tested towards HMDS
(5 ppm). Hexamethyldisiloxane (HMDS) is the accepted standard vapour used to
assess the resistance of pellistors to poisoning [69]. The catalytic active Pd surface can
be poisoned by certain species [69, 72]. This is a key limitation of pellistor technology
of the catalyst, once the catalytic active surface has been obtained. This fact can be
taken into account to show the difference between the catalytic active surface which

then can be poisoned and a device showing thermal conductivity.
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Figure 85: Response of H;-e Pd deposited onto the SRL 162g device (20 mC total
deposition charge) when exposed to 100 ppm HMDS in 2.5% CHy at an operating
voltage of 8.6V.

Increasing the HMDS concentration further revealed no change in the response to
HMDS. The same SRL device on which H;-e Pd was deposited and previously
exposed to 50 and 100 ppm HMDS was used further. Exposure to 500 ppm and 1000
ppm were carried out for the period of time of 3000s. This revealed the same

behaviour as outlined before. The results were summarized in Figure 86.

183



Pellistors

The results in Figure 84 a) show that the pellistor SRL 136a on which H;-e Pd was
deposited (potentiodynamic pretreatment in acid solution after metal deposition) was
poisoned very rapidly in the conditions reported. We cannot observe any response to
methane of H-e Pd after the exposure time of 3 minutes.

On the other hand the results b) show that H;-e Pd deposited onto the SRL 136a
device were not affected by volatile silicon compounds, when the potentiodynamic
pre-treatment in acid solution has not been carried out. The response does not show
any decrease clearly indicating that the H;-e Pd surface has not been catalytically
activated so that then the poisoning effect cannot be observed. The response which we
see for the Hj-e Pd layers not electrochemically cycled in the acid solution is
attributable to the thermal conductivity of the gas sample.

Further tests were required to confirm this behaviour of mesoporous Pd deposited onto
SRL devices and to show reproducibility for the conditions outlined above. In doing
so, we assumed that the difference between the thermal conductivity and the catalytic
activity is not affected by the size of the heater membrane so that we could use SRL
devices of either type.

SRL 162g devices, on which H;-e Pd was deposited, were exposed to HMDS as
poisoning compound at an operating voltage of 8.6 V. We could not find any loss of
signal in the presence of 50 ppm HMDS after an hour exposure at that voltage.

The HMDS concentration was further increased. The same device, on which H;-e Pd
was deposited and previously exposed to 50 ppm HMDS, was used again. Figure 85
shows the response of the device at 8.6V when exposed to 100 ppm HMDS in 2.5%
CH,4 for 2000s. As mentioned before in previous experiments we observe for a non-
catalytic Pd surface a cooling effect of the device when exposed to methane. Therefore

we can not observe any loss in the response.
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Figure 86: Response of mesoporous Pd (20 mC total deposition charge) deposited on
SRL 162g when exposed to 500 ppm a) and 1000 ppm b) HMDS at an operating
voltage of 8.6V.

Figure 86 shows the results of this experiment and it is apparent that H;-e Pd layers
deposited onto SRL 162g are not catalytically active in the conditions reported.
Therefore the poisoning effect cannot be observed when exposing H,-e Pd to HMDS.
The potentiodynamic pre-treatment is therefore the necessary step in the experimental
procedure to obtain the catalytic active surface for the methane response.

Following the results obtained by City Technology showing a response to methane for
nanoporous Pd catalyst layers deposited onto SRL 136a and 162g devices after the

potentiodynamic ageing in sulphuric acid we were interested to see in which way
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voltammetric cycling of the Pd catalyst layers in sulfuric acid has a significant impact
on the catalytic activation.

One possible explanation we considered refers to the presence of sulphate in the pores
of the metal film as a result of cyclic voltammetric measurements in sulphuric acid.
We investigated the effect of sulphate on the catalytic activation of freshly prepared
devices by carrying out one cyclic voltammetric cycle in sulphuric acid, sweeping the
potential from 0.2 V to 1.2 V vs SCE at 100 mV/s. This gives sufficient time for the
pores to fill with sulphuric acid. However, when tested at City Technology, we did not
observe any response to methane.

Another possible explanation is the potentiodynamic pre-treatment carried out to large
extent. It is unclear at this stage whether the surfactant might play an important role in
this process. It has not been clarified whether the surfactant must be removed by
soaking the Hj-e Pd layers in water before starting the voltammetry to activate the
catalytic surface together with the periodic potential-cycling. It is also a problem to
know what is causing the degradation of the methane response once the catalytic
active surface has been obtained. One way to approach this problem may be given
when taking the effect of anodic dissolution supported by EQCM-measurements
(Chapter 3) into account. These measurements showed mass loss when nanoporous
Pd was cycled anodically in the oxide region. The dissolution of the Pd nanostructure
may damage the high surface area required for the detection of methane.

To conclude, Hj-e Pd after periodic potential-cycling in sulphuric acid when exposed
to a mixture of air/methane showed an increase in the bridge output at each operating
voltage. This response is attributable to the fact that heat production occurred with the
oxidation of methane to water and carbon dioxide on the Pd surface. H;-e Pd layers
showed a cooling effect in sulphuric acid if the potentiodynamic pre-treatment had not
been carried out.

The difference between the catalytic activity and the thermal conductivity was

confirmed by further tests in which the catalytic active surface of H;-e Pd was shown

to be poisoned by HMDS.
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7.6 Multideposition process

We showed how to deposit successively nanstructured Pd catalyst layers on Si micro
hotplate structures based on high surface area metals. Our aim is to fabricate planar
pellistors in large quantities by simultaneous multiple deposition onto devices. For this
we would need to scale up the deposition process. To arrange the deposition on
multiple devices from the template mixture it will be necessary to establish a new
experimental set-up. Considering the low-cost manufacturing deposition process we
might switch from Pt to glassy carbon to be used for the counter electrode since
carbon is cheaply available. In the following we show the current transient for the
deposition of Pd onto the SRL devices when carbon was used as the counter electrode.
Our aim is to note any apparent differences to comparable experiments.

Figure 87 shows the current transient for the deposition of Pd from the Brij®56 system
with the total deposition charge of 5 mC onto the SRL 162g device. Pt as the original
counter electrode was replaced by carbon. The cyclic voltammetry of Pd (not shown
here) at 100 mV/s in 1 M H,SOy4 deposited on gold of the 162g device shows a well-
defined peak at 0.45 V vs SCE on the cathodic scan which is consistent with the
surface oxide stripping reaction of the formed PdO.

From the charge passed the stripping reaction we estimate the specific surface area of
13.7 m*/g which corresponds to an area per unit of: 1.8 x 10° cm¥cm®. This value is
consistent with a high surface area.

To get uniform and continuous coverage of H;-ePd onto the gold electrode surface of
the SRL devices we direct our attention towards the problem how to avoid the air
bubbles in the template solution which contains Brij®56 as surfactant. This problem
was discussed in detail in section 7.3, however it plays an important role in the
multideposition process. We consider as one possibility to heat up the template
mixture. The other possibility is to replace Brij®56 by Pluronic F 127 when used as the
surfactant in the template mixture which gives a less viscous hexagonal phase. Hence
the template mixture for the Pluronic system needs to be only slightly squashed to

remove the air bubbles after putting the mixture on to the gold electrode of the device.
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Figure 87: Current transient versus time for the deposition of Pd onto gold (1 mm
diameter) with the total deposition charge of 5 mC from the template mixture of

Brij®56 system. The Pt electrode was replaced by carbon.

The likelihood of breaking the heater membrane is reduced. This advantage enhances
the use of the Pluronic mixture in the multideposition process.

Since care has to be taken not to break the very fragile heater membrane it is more
advantageous to use Pd wire as the reference electrode in contact with the template
mixture. The Pd wire with the diameter of 0.5 mm is easier to be handled. This is in
contrast to the calomel electrode. We measured the potential difference between the
Pd wire and the calomel reference electrode when plated in the deposition mixture and

found a value of 0.36 V. We found this value stable and reproducible.
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Figure 88 shows the cyclic voltammetry of Pd from the template mixture of the
Brij®56 system between the potential limit of -0.2 and 0.3 V at 10 mV/s. Carbon was
used as counter electrode and Pd wire (0.5 mm diameter) used as reference electrode.
It can be seen from the voltammetry that hardly any current is passed on the cathodic

scan until 0.0 V.
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Figure 88: Cyclic voltammogram at 10 mV/s of 1.40 M Pd in the Brij®56 template
mixture on the gold electrode of the SRL 162g device. Carbon was used as counter

electrode and Pd wire as reference electrode.

The reduction current increases then suddenly at more cathodic potentials. A positive
current peak is present in the voltammetry on the anodic scan between 0.0 to 0.3 V

which corresponds to the formation of PdO. The cyclic voltammetry of Pd in 1 M
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sulfuric acid after deposition of Pd onto gold of 162g showed evidence for the
stripping peak of PdO with the high electroactive surface area.

To conclude, replacing Pt by carbon used as counter electrode for the deposition of Pd
from the template mixture did not show any significant changes in the current transient
and voltammetric behaviour. The potential difference between the Pd wire and the
calomel electrode was found to be 0.36 V. The cyclic voltammetry after deposition of
Pd on gold of the SRL device, when Pd wire as the reference and carbon as a counter
electrode were used, revealed the stripping peak with high surface area. The outlined
issues will help in defining the new experimental set-up and to get low-cost producing

multideposition of H;-ePd on to microhotplate structure of the devices.

7.7 Conclusion

With the aim to fabricate planar pellistors based on high surface area metal catalysts
we first paid attention to the electrochemical characterization of the devices. We found
out that cyclic voltammetry of the gold electrodes of 136a, 162g, 177c, 180c and 181c¢
devices showed voltammetric features similar to those seen in the literature [136]
occurring at the same peak potential. We estimated the electroactive surface area and
the roughness factor for each device: SRL 136a (0.15 cm?, 15), SRL 162g (0.045 cm?,
13.9), SRL 177¢ (0.036 cm?, 22.5), SRL 180c (0.034 cm?, 21.3), 181¢ (0.010 cm?, 25).
For the 176¢ device we found in the cyclic voltammetry slight distortion in the oxide
region.

The next step forward to manufacture pellistors based on metal catalysts of high
surface area was the deposition of Hj-¢ metals from the template mixture. The
deposition from the Brij®56 templating bath revealed irreproducible deposition current
transients. In addition, we found out by SEM that using Brij®56 as a component in the
template mixture gives a rough surface for the Hj-e Pd which was deposited onto
evaporated gold on glass. This was not the case when using C;¢sEO3 as surfactant in
the template mixture. The mass spectroscopic analysis of Brij®56 showed surfactants
with a qualitative and quantitative variation from batch to batch. As shown in the mass
spectroscopic study, this was in contrast to CicEOs a highly purified but also
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expensive surfactant. It is of more advantage to use a commercial cheaply available
surfactant such as Pluronic F127 which in addition gives as surfactant used in the
template mixture a far less viscous phase and therefore diminishes the probability of
breaking the heater membrane when squashing the template mixture onto the gold
electrode of the SRL devices in attempting to get uniform metal deposition on the gold
surface.

The change from the Brij®56 to the Pluronic templating system has become of crucial
importance and it has then become of relevance to carry out preliminary studies of the
deposition behaviour. We showed reproducibility in deposition current transients and
the successful deposition of Pd onto the gold electrode of the SRL devices with a high
electroactive surface area.

We found defects in the device fabrication occurring for devices manufactured from
wafers 3 and 4. We clearly revealed the decrease in cold resistance after metal
deposition. This together with cyclic voltammetric studies on the SRL device
connecting the Pt heater as the working electrode indicated pinholes in the nitride
insulation layer.

After deposition of the metal catalyst layers onto the gold electrode of the SRL devices
we tested then these devices towards methane. From the results obtained we found that
the potentiodynamic pre-treatment is a necessary step to obtain the catalytic active
surface required for the methane detection. The H;-e Pd layers were then responding
to methane. If we did not apply potentiodynamic pre-treatment we observed here a
cooling effect attributable to the difference in the thermal conductivity between dry air
and 2.5% methane in air. The difference between the catalytic activity and thermal
conductivity was confirmed by further tests in which the catalytic active surface of H;-
¢ Pd was shown to be poisoned by HMDS.

With the aim to fabricate the planar pellistors in a multideposition strip we focused on
the problem how to scale up the deposition process. Considering the low-cost
producing deposition process we discussed a few issues (change from Pt to carbon as

counter electrode and from calomel to Pd wire as reference electrode) in defining the

experimental set-up.
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Chapter 8 Conclusions and Future

work
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8.1 Conclusions

In the course of our research we have shown that we can prepare nanostructured H;-e
metal films (Pd, Pt and Rh) by electrochemical deposition from the liquid crystalline
phases of either C;¢EQOs or Brij®56. In order to visualize the nanoarchitecture of these
films it was necessary to use TEM. TEM studies of the Pd films deposited from the
template mixture of C;4EQg indicated the hexagonal arrangement on a nanoscale. The
pores of the structure have a pore size diameter of (25 +2) A and wall thickness of (25
+ 2) A. In case of Rh films the TEM image clearly showed the regular hexagonal
arrangement of uniform pores running through the metal. From the TEM we estimated
the pore size diameter of about (35 + 2) A and the pore wall thickness of (25 + 2) A.
Clear evidence for the regular pore distribution was given by XRD-measurements.
This was shown for Pd and Rh films with a d-spacing of the porous structure of 55 A
and 49 A respectively. By using SEM nanostructured Pd and Rh films deposited onto
the gold substrates were shown to be dense, uniform and continuous.

Electrochemical studies revealed that the H;-e metal films have a high electroactive
surface area. This was shown for the H;-e Pd films with the specific surface area of the
order of 91 m*/g and for H;-¢ Rh films with 32 m%g. These values, together with the
TEM and X-ray data, were found to be consistent with the nanostructure and showed
that the pores throughout the whole film are accessible by the electrolyte solution.

We noticed from our cyclic voltammetric studies that to get stable voltammetry right
from the first cycle requires a prolonged washing of the metal films in water of at least
one hour to remove the surfactant from the pores, and it takes more time for the
removal of all surfactant from the pores for films with increase in thickness as the
pores become longer.

Cyclic voltammetric measurements of Pd metal films deposited from the aqueous
solution showed that the charge passed for the formation and stripping of the surface
oxide layer reached smaller values than for H;-e Pd. We aiso found the hydrogen
region of H;-e Pd in the cyclic voltammetry in 1 M H,SO4 more clearly resoived than
of plain Pd. As a result of the very high surface to volume ratio of H;-e Pd films we
could distinguish between the formation of adsorption and absorption processes. With

the use of crystal violet, as an appropriate surface modification, we were able to knock
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out the H-adsorption on the Pd surface completely. With the remaining peaks in the
hydrogen region associated to the a and P hydride phases we studied in detail the
absorption process and focused on the characteristics of the phase transition. The fast
kinetics for the formation of oo and B hydride phases was responsible for clearly
resolved peaks in the absorption region and a sharper rise in the H/Pd ratio compared
to that reported by Czerwinski et al. [50].

We investigated the permeation of hydrogen into the Pd metal lattice when the surface
sites were blocked by either crystal violet or Pt. We noticed in the voltammetry a clear
shift in the peak potential and increasingly sharper peaks in the presence of crystal
violet added to the acid solution. This behaviour was also shown in the cyclic
voltammetry of Hj-e Pd metal films on which H;-e Pt was electrochemically
deposited. To explain these results we assume that the hydrogen absorption process
takes place without passing through the adsorbed state so that hydrogen diffuses
directly into Pd bulk. This process speeds up when the formation of adsorbed
hydrogen is suppressed by the coverage of poisons. We provided the reader with
evidence that the H-adsorption on the Pd surface disappears with increasing the
coverage of Pt. This was also shown on Hi-e Pd electrodes in acid solution to which
an increasing amount of crystal violet was added.

The electrochemical deposition of Pd as high surface area metal with regular,
controlled nanostructure is of potential application as catalyst for methane oxidation in
gas sensors. With the aim of fabricating planar pellistors we paid attention to the
deposition of H;-e Pd from the template mixture onto the gold electrodes of the SRL
136a and 162g devices. We found irreproducible current transients when the
deposition occurred from either the Brij®56 or the CigEOs template system. We
attribute this behaviour to the use of the Brij®56 template mixture which gives a
highly viscous phase. This contrasts to the Pluronic F127 used as surfactant in the
template mixture which gives a far less viscous phase for which the probability of
breaking the heater membrane is reduced when squashing the template mixture onto
the gold electrode of the SRL devices. It was necessary to carry out preliminary studies
of the deposition behaviour when using Pluronic F127. We showed reproducibility in
deposition currents and the successful deposition of Pd onto the gold electrodes of the

SRL devices with a high electroactive surface area. We then tested the devices on

193



Conclusions and Future work

which Hj-e Pd was deposited towards methane and found that the potentiodynamic
pre-treatment in sulfuric acid was necessary to obtain the catalytically active surface
required for methane detection. If we did not apply potentiodynamic pre-treatment we
observed a cooling effect attributable to the thermal conductivity between dry air and
2.5% methane in air. The difference between the response of the catalytically active
surface and the thermal conductivity response was confirmed by further tests in which
the catalytically active surface of Hi-e Pd was shown to be poisoned by HMDS.

Our electrochemical studies of H;-e Rh films revealed that the surface oxide stripping
peak on the cathodic scan moves towards positive potentials on periodic potential-
cycling. We attribute this behaviour to changes in the surface oxide states. The
hydrogen region was also found to be affected by the potentiodynamic pre-treatment
so that the peaks became better resolved on increasing the number of voltammetric
cycles. The hydrogen region of Hj-e Rh films revealed one peak attributable to the
adsorption of hydrogen onto the H;-e Rh surface.

We used the H;-e Rh film electrode for the electroreduction of nitrate in alkaline
media as the pH conveniently chosen for our studies and found that with the use of H;-
e Rh electrodes we obtained greater sensitivities compared to Rh deposited from the
aqueous solution. The H;-e Rh film was also found to be the better catalyst compared
to H;-e Pd and H;-e Pt.

Using the approach to the deposition of H;-e metal films we deposited one Hi-e metal
on top of the other from a plating mixture containing the same surfactant. We have
chosen here Hj-e Pd and H;-e Rh for which the surface oxide stripping peaks occur at
well-separated potentials. Cyclic voltammetric measurements showed that within the
whole film even within the lower H;-e metal film the pores remain accessible and that
the electroactive surface area of the inner layer does not change as the outer layer is
made thicker.

In another experiment the surfactant were removed from the pores of the bilayer
structure with successive voltammetric cycles and we have shown that the surface of
the outer metal layer becomes electroactive first followed by the surface of the inner
layer. From the results obtained we concluded that the pores in the outer and inner

layers of the H;-e metal film are continuous through the final film.
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Nanostructured H;-e metal films offer the opportunity to produce high surface area
films which can be used as catalysts.

One of the catalytic applications for H;-¢ Pd was found in the methane oxidation in
gas-sensors. However, in the course of our research we had to come to the conclusion
that there is still some way to go for the fabrication of planar pellistors with H;-e Pd as
catalytic material used for the methane detection. The catalytic active surface required
to obtain a methane response can only be achieved by periodic potential-cycling.
However, on increasing the number of voltammetric cycles dissolution of PdO in acid
solution occurs which could perturb the nanostructure. Further research on this issue is
required.

Based on the high surface area, H;-e Pd can also be used as catalytic material in the
hydrogenation of organic molecules.

With the use of nanostructured Pd thin walls the H-absorption process is not diffusion
limited so that the permeation of hydrogen into Pd bulk occurs very fast. This process
speeds up in the presence of poisons blocking the Pd surface sites. This issue could be
important in the application for nanostructured alloy systems to store hydrogen very
quickly.

The electrochemical deposition of one nanostructured layer on top of the other offers

the opportunity to produce nanostructured multilayers with a thin insulating outer

metal layer on top.
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