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In this work nanostructured materials have been electrodeposited onto conducting
substrates using lyotropic liquid crystal phases and assemblies of colloidal particles as
templates. These two methodologies offer access to structures with pore sizes in both the
mesoporous and macroporous (2 — 50 nm, and > 50 nm respectively, by [IUPAC
definition) ranges. The unique properties of these materials have been investigated with a
view to producing improved amperometric biosensors.

The electrochemistry of hydrogen peroxide, ascorbate and glucose has been investigated
using both unstructured and mesoporous platinum, palladium and rhodium microdisc
electrodes. It would appear that the Hall mechanism (Hall et al. Electrochim. Acta, 43 (5-
6), 579, 1998) of hydrogen peroxide oxidation operates at all three metals, but with
improved efficiency at the nanostructures. When modified with a glucose
oxidase/polymer matrix, the mesoporous electrodes were able to detect glucose at lower
overpotentials and showed greater stability than their unstructured counterparts.
Mesoporous platinum and palladium may be used for the direct oxidation of aqueous
glucose.

The structure and pore connectivity of macroporous gold deposits is investigated by
cyclic voltammetry in sulphuric acid. Values for the area of contact between template
spheres and the substrate agree well with those in the literature as measured by scanning
electron microscopy. Preliminary results on the ordered immobilisation of histadine
tagged green fluorescent protein molecules within macrostructures are reported.
Collaboration with another group (Alexander Kuhn, Université Bordeaux, Electrochem.
Comm. 5(9), 747, 2003) has shown that macroporous gold deposits can be decorated with
a bioactive mediator to make NADH sensors with a response that is proportional to the
surface area of the gold; this work is also summarised here.

Recessed microdisc electrodes were used as substrates for the electrodeposition of
mesoporous platinum and macroporous gold. This allowed deposition of thick (up to ~ 10
pum) mesoporous platinum films at increased Faradaic efficiency (~ 66 % compared to ~
43 % for deposition at similar inlaid microdiscs) without alteration of the electrode
geometry.
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Chapter 1 Introduction

Introduction

1.1 Liquid Crystals (LC)

The two most common phases of condensed matter on Earth are: crystals, which are
highly ordered structures with molecules occupying specific lattice points and adopting
specific orientations, and liquids, which are completely isotropic. Liquid crystals display
properties common to both liquids and crystalline solids. While LC phases are fluid their
molecules posses some order induced by the anisotropic nature of the constituent

molecules'. There are two broad categories of liquid crystal: thermotropic and lyotropic.

1.1.1 Thermotropic Liquid Crystals:

Thermotropic LC are formed by molecules with one axis that is significantly different
from the other two. Most commonly these are rod shaped (calamitic) organic molecules
which are rigid for at least some portion of their length. Typically calamitic molecules
contain 2 or more carbon rings linked directly or by rigid groups and with flexible
hydrocarbon chains at each end. Another broad category of anisotropic molecules are disc
shaped (discotic) molecules, where one axis is much shorter than the other two. Discotic
molecules are often based on flat aromatic centres like benzene, triphenylene or truxene

with side groups that resemble calamitic molecules.

The most simple liquid crystal phase is where one molecular axis has a tendency to point
along a preferred direction known as the director’. This is the nematic phase and has only
orientational order. Other phases exist which possess both orientational and positional
order; for instance where the centres of mass of the molecules have a tendency to form
layers (smectic phases). There are many possible thermotropic phases with varying
degrees of order, but the underlying feature is that these phases only exist within a

specific temperature range’.
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1.1.2 Lyotropic Liquid Crystals:

In contrast to thermotropic LC (which may consist of a single pure compound or mixtures
of compounds) lyotropic LC phases only form when the constituent, anisotropic
molecules are dissolved in solvent. The phase behaviour is controlled not only by
temperature but also by the concentration of the molecules®. The LC molecules must be
amphiphilic i.e. having two distinct ends with different solvation properties. Usually these
LC are made up of organic molecules with a long hydrophobic, hydrocarbon chain and a
hydrophilic headgroup (e.g. soaps and various phospholipids) which will form structures

in both polar and non-polar solvents.

At very low concentrations (typically < 1 wt %) the molecules tend to orient themselves at
the solvents surface to minimise the interaction of the more hydrophobic group with the
ligiud. However, above the critical micelle concentration (CMC) the amphiphiles coalesce
to form supramolecular structures. Initially, micelles (in the case of soap molecules) or
vesicles (in the case of phospholipids) form. These are usually spherical® structures where
the amphiphiles have both orientational and some positional order (figure 1 a). In polar
solvents (such as water) the hydrophilic head groups of the molecules form the shell of the
structure with the hydrophobic chains in the core, away from the solvent. The micelles
themselves may also have some positional order being able to pack into cubic structure

analogous to the packing of macroscopic spheres.

At higher concentrations other liquid crystal phases may form. The first of these is the
hexagonal phase where the molecules form cylinder-like structures. Once again, the
hydrophobic portion of the molecule is locked inside the structure, away from the water,
and the hydrophilic groups form the surface of the cylinder. The cylinders themselves

arrange in a hexagonal array separated by a thin layer of the solvent water (figure 1b).

At even higher amphiphile concentrations a lamellar phase may form where the molecules

form bilayers with the hydrophobic groups sandwiched in the middle. These bilayers stack

" In a mixture of highly polar and slightly polar solvents, under just the right conditions, rod-like, disc-like
or biaxial micelles may also form. These anisotropic micelles may themselves arrange into phases
resembling the nematic and smectic thermotropic phases.

S0



Chapter 1 Introduction

hydrophilic faces to hydrophilic faces with water in between (figure 1c¢). At very high
surfactant concentration (i.e. more surfactant than solvent) inverse phases form where the
hydrophilic groups (along with the remaining water) are inside the structures (figure 1d

inverse hexagonal, and le inverse micellar).

Note these inverse phases may also be formed if the amphiphiles are dissolved in a non-
polar solvent where it is favourable for the hydrophobic groups to be in contact with the

medium.

Increasing
Concentration

Figure 1. Schematic showing general aggregation of amphiphilic molecules into supramolecular structures
when solvated in a polar solvent. Liquid crystal phases obtained: a) micellar, b) hexagonal, c¢) lamellar, d)

inverse hexagonal and ¢) inverse micellar.
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1.1.3 Liquid Crystal Templating (LCT):
In this work surfactant’ molecules, like those shown in figure 2 were used to form

hexagonal, lyotropic LC phases.

O\/\O/\/O\/\O/\/O\/\O/\/O\/\O/\/OH

SRRV Vil Ve Vie ¥

Octaethylene glycol monododecyl ether (C;,EQOg)

SRR

Octaethylene glycol monohexadecyl ether (C16E03)

T e Y Ve Ve Ve

Polyoxyethylene(10) cetyl ether (the major constituent of Brij® 56)

Figure 2. Space filling models of the surfactant molecules used as templates to form mesoporous metals.
Dark grey spheres = carbon, light grey = hydrogen and red = oxygen. A line diagram for octaethylene glycol

monododecyl ether is shown above.

With their hydrophobic alkyl chains and hydrophilic ether headgroups, these molecules
are all amphiphilic and will aggregate to form supramolecular structures in water. Note
that the conformations shown in the diagram are just for ease of viewing; in solution the
molecules will not be straight and the ethylene headgroups in particular will contract due

to hydrogen bonding. A phase diagram for octaethylene glycol monohexadecyl ether

(C16EQOg) is shown in figure 3.

? A surface active agent. 1950 American Dyestuff Reporter XXX1X. 379/3: A new word, Surfactants, has
been coined by Antara Products, General Aniline & Film Corporation, and has been presented to the
chemical industry to cover all materials that have surface activity, including wetting agents, dispersants,
emulsifiers, detergents and foaming agents.
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Hexagonal (H))

Lamellar (L,)

micellar
solution

Micellar (L;)

20 30 40 50 60 70 8 90

CEQ, [wit%

Figure 3. Phase diagram for Octaethylene glycol monohexadecyl ether (C,sEQs) in water’.

The phase diagrams for each of the surfactants shown in figure 2 are quite similar;
although Brij56® (which is comprised of a mixture of molecules with slightly varying

ethylene oxide chain lengths) was used in this work as it is relatively cheap.

As mentioned earlier, water is excluded from the insides of the structures. Therefore if a
solid is generated in the aqueous phase (e.g. by chemical/electrochemical reduction of a
metal salt) it grows only in the interstitial spaces between the surfactant aggregates. Then
if the surfactant is removed (by dissolution in a large excess of water) the solid that is left
behind has an architecture that is the inverse of the LC template; an architecture that can
be controlled by the concentration of the surfactant and the temperature. The size of the
pores can also be controlled through the choice of surfactant molecule (the pore diameter
is typically 10-30 % < double the alkyl chain length?) and the addition of swelling agents
like heptane.

It is important to note that when metal salts are added to the binary LC mixtures the phase
boundaries are perturbed. Figure 4 shows the pseudobinary phase diagram for C,,EOg and
water with a fixed concentration of 1.92 M HCPA (hexachloroplatinic acid). The primary
effect of the HCPA is to stabilise the more curved phases at higher temperatures’. Note

that the hexagonal (H;) phase forms over a broad range of temperatures and surfactant

-5-
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concentrations making it particularly attractive as a template for mesoporous metal

deposition.

1.95M HCPA

100

80
60

40

20 30 40 5 60 70 &0 90

C,EO, Jwit%

Figure 4. The pseudobinary phase diagram for C;(EOs and water with a fixed concentration of 1.92 M
HCPA®. Going from miceller (L;) to miceller cubic (I;), hexagonal (H;), cubic (V|) and lamellar (L,) with

increasing surfactant concentration.
1.2 Mesoporous Materials

1.2.1 Early Nanostructures:

Porous materials such as zeolites are of great interest to chemists because of their
potential for application as high surface area catalysts, molecular sieves and solid
electrolytes. Zeolite structures occur naturally in many minerals and have been
synthesised routinely since the 1950s. They are particularly important in many industrial
processes such as selective catalysis but have found broader applications and are now

common in many household products like washing powders and water softeners®.

Zeolites are invariably amorphous or paracrystalline with a narrow range of pore sizes
(typically < 1 nm diameter, i.e. microporous). This limits their application for catalysis

and size selective separation to quite small molecules. Until recently the materials with
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the largest pore sizes that could be synthesized were the aluminophosphates ALPO4-8’
and VPI-5® and the gallophosphate cloverite’, which have pore diameters in the range of

0.8 —1.3 nm.

1.2.2 The Mobil Method:
A new family of silicate/aluminosilicate mesoporous molecular sieves, designated M41-S,

101 . .
1 These materials were formed from the calcination of

was reported in 1992
aluminosilicate gels in the presence of organic surfactants. One of the members of this
family, MCM-41 (Mobil composition of matter-41), was found to have a hexagonal
arrangement of pores with diameters in the range of ca. 1.5 nm to over 10 nm depending
on the conditions of its synthesis. Materials with cubic symmetry could also be
synthesized, but it was always found that the structure and pore dimensions were

intimately linked to the surfactant properties, and a liquid crystal templating (LCT)

. 10
mechanism was proposed .

However it should be noted that the concentration of surfactant used in the synthesis gels
was always well below what was needed to form liquid crystal phases (often as low as 1
%). A study of the preparation by Monnier et al."? attributed the formation of the
mesophase and polymerisation of silica to strong interactions between oligomeric silica
polyanions and cationic surfactant molecules. This leads to a high density of silica species
at the surfactant interface encouraging their polymerisation, and directing the ordering of
the silicate encasesd micelles into structures. Support for this mechanism was provided by
Cheng er al.” who showed that ordered mesoporous materials could only be formed if the

surfactant concentration was above the CMC.

These materials were of significance because they greatly extended the range of pore sizes
previously accessible using zeolites (up to ~ 1.3 nm for some recently discovered
metallophosphates®®). M41S materials with larger pore structures were found to have
surface areas of > 700 m” g and hydrocarbon sorption capacities of 0.7 em’ g and more.

12,14

There was a great deal of interest in these materials generating many more papers ~ , and

extending the family to include mesoporous metal oxides"”.
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1.2.3 True Liquid Crystal Templating (TLCT):

In 1995 Attard ef al. reported the templating of silica mesostructures using the non-ionic
surfactants octaethylene glycol monodecyl ether (C;;EOg) and octaethylene glycol
monohexadecyl ether (CisEOs) in water to form lyotropic liquid crystalline phases with
tetramethyl orthosilicate (TMOS) as the silica precursor'®. At room temperature and
mildly acidic conditions the TMOS was polymerised to form solid silica, and the
methanol by-product was removed continuously by performing the reaction under partial

vacuum.

In contrast to the mobil method the surfactant is used in much higher concentrations (~50
wt % or more) and true LC phases are formed in the reaction mixture. Also the formation
of the mesoporous product is not dependent on the interaction between the surfactant and
the silica precursor. The hexagonal (H;), cubic (Vi) and lamellar (L,) LC phases were
successfully used to form porous silicas of an inverse architecture, with the former two
being stable to calcination. This method generates macroscopic, un-cracked monolithic

films, unlike the Mobil method which leads to sub-micron powders.

Conformation of the liquid crystal phases was achieved by optical microscopy and
transmition electron micrographs (TEM) were used to observe the silica structures. The
TEM images showed the hexagonal, cubic and lamellar silicas all had well ordered

structures with pore diameters of 2-3 nm and wall thicknesses of 1.2 nm"”.

1.2.4 Advantages of TLCT:

e Unlike the Mobil method TLCT does not rely on charge based interactions
between the silica precursor and the surfactant; meaning that the process is
independent of the charge and structure of the surfactant amphiphile.

e It is possible to predict the structure of the product from the pre-formed LC phase

in the reaction mixture.
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e Inorganic precursors have little effect on the LC behaviour; meaning that the
binary phase diagram can be used to predict the structure of the product in most
cases.

o Lastly the structures are monolithic with no microporosity or interparticle

macroporosity unlike the fine powders generated by the Mobil method.

1.2.5 Mesoporous Platinum from TLCT:

Subsequently, mesoporous platinum was produced through chemical reduction of
hexachloroplatinic acid (HCPA) and ammonium terachloroplatinate (ATCP), by less
noble metals, in the aqueous domains of the H; phase of a C;¢(EOg water mixture'®. The
resulting platinum (denoted H;-Pt) consisted of particles of 90-500 nm in diameter and
was shown to be the inverse of the supramolecular architecture of the template around
which it was formed (with TEM studies indicating hexagonal arrays of 3 nm diameter

pores separated by 3 nm thick walls).

Electrochemical reduction of HCPA in a similar templating mixture was later used to
produce thin films of mesoporous platinum on electrode surfaces'®. This material was
denoted as Hj-ePt. Scanning tunnelling microscopy (STM) studies showed these films to
be uniform and flat (typical surface roughness of 20 + 5 nm over a 1 mm” area). While
TEM imaging revealed cylindrical, nanometre pores of indefinite length, arranged in a
hexagonal lattice. It was found that the pore diameter could be varied from ~ 1.75 - 3.5 (=
0.15) nm by using surfactants of different alkyl chain lengths (i.e. C;¢EOg or C;3EOg in
this case) in combination with varying quantities of hydrophobic swelling agents like n-

heptane.

Subsequent studies of Hi-ePt, by Elliott ef al.*® found that gold microdiscs plated with this
mesoporous platinum had roughness factors of ~ 200 (corresponding to a surface area of
6.45 m* g of electrodeposited platinum nanostructure). However cyclic voltammetry in
potassium ferricyanide showed that the microelectrodes retained the high rates of mass
transport associated with radial diffusion, with increased double layer capacitance due to

the large surface areas.
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1.2.6 Advances and Applications of TLCT:

This technique has now been used to make a range of mesoporous metals (denoted Hj-eM,

20-24 25

where M refers to the metal) like platinum . cobalt?®, nickel®’, rhodium®,

29,30

, tin
palladium and metal alloys’'; with pore sizes ranging from ~ 1.7 - 4 nm. Pore
separations and film thickness can be controlled by careful selection of the deposition
conditions (i.e. temperature, surfactant concentration, charge passed during

electrodeposition and the type and source of metal ions)?'.

Some of these materials have already found practical applications. Evans er al.’ report the
use of Hi-ePt, deposited onto microelectrodes, for catalytic hydrogen peroxide detection
(discussed in Chapter 3). Similar microelectrodes have also been used in the non-
enzymatic detection of glucose™ (discussed in Chapter 4), and for measurement of
dissolved oxygen®*. Mesoporous palladium catalyses the oxidation of methane and has
been investigated for gas sensor applications>. Mesoporous nickel may have applications
in the manufacture of more efficient batteries®® and fuel cells’’”® and in electrochemical
hydrogenation of organics®®; where in each case performance is closely related to the
surface area of the nickel substrate employed. And mesoporous cobalt has proved to
display unusual magnetic properties’® and may find application in new data storage
devices. The coercivity of the Hi-eCo phase was found to vary systematically with the size
of the pores through a range of three to five times greater than that observed for the bulk,

polycrystalline metal.

1.3 Macroporous Materials

These are solids with porous structures that have dimensions larger than 50 nm.

1.3.1 Colloidal Particles:

The fabrication of macroporous metals, discussed in this thesis, relies on the self assembly
of monodisperse, colloidal particles as templates. The colloids used in this work were
polystyrene latex spheres with diameters of a few hundred to a few microns, although

similar spheres may also be formed from other polymers (such as

-10 -
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poly(methylmethacrylate) or polyacrylate) using emulsion polymerisation techniques®.
Monodispersive particles may also be prepared from silica using the Stober method™.
Aqueous colloidal suspensions of both silica and polymer (often referred to as latexes)
particles are now commercially available in a range of sizes; from 20 nm to several

microns in diameter.

1.3.2 Self Assembly and Synthetic Opals:

In this work self assembly was achieved simply by allowing the latex spheres to sediment,
from an aqueous suspension, onto a flat substrate. The spheres naturally assemble, under
gravity, to form close packed crystalline arrays, with a structure analogous to that of the
semi-precious gem-stone opal***. The packing has been observed to be predominantly
face centred cubic (fee)*. However the energy difference between fec and hep (hexagonal
close packed) is less than 10° ksT per particle, therefore overall the crystals adopt a

random hexagonal close packed structure (rhcp)45’46

. These synthetic opals contain
numerous defects e.g. grain boundaries, stacking faults, dislocations and vacancies*. Also
sedimentation is not always a viable route to self assembly of very small polymer spheres
(< 100 nm) where Brownian motion keeps the particles in suspension. This has led to the
development of other methodologies to improve the crystallinity of the structures and

allow the coalescence of nanometre sized particles:

1. Careful, controlled drying of thin films*"*®. As the solvent evaporates (and the
thickness of the film decreases below the diameter of the spheres) the shrinking
menisci between spheres generate capillary forces which draw the particles
towards each other. This lateral immersion force arises from the deformation of
the water surface by the protruding particles and is proportional to the square of
the particle diameter (+°, which may be greater than kT even for nanometer sized
particles). An influx of water from the thicker portions of the film compensates for
evaporation around the hydrophilic particles in this drying nucleus. This leads to
convection and brings more particles, to the edge of the growing array, which are
assembled by the flux of water into the crystal structure®™. Dushkin er al.*’ found

that higher evaporation rates gave structures of higher crystallinity. Good self

S11 -
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assembly requires un-restricted motion of the particles within the film (i.e. low
friction between the particle and the substrate).

2. Controlled de-wetting of flat, hydrophilic substrates. The substrate is positioned in
a colloidal suspension, with its surface perpendicular to the solution surface. Then
the substrate is either withdrawn slowly™® or the solution is allowed to evaporate.
Particle monolayers are formed by continuous convective assembly’'. This method
is not to be confused with the Langmuir Blodgett technique; where the particles
are assembled at the surface of a liquid and then transferred to the substrate.

3. The Colvin Method***. Like the de-wetting methods above this involves slowly
drawing the substrate out of a colloidal suspension. Unlike the other methods this
allows assembly of bulk 3D structures. Colvin et al. were able to control the
thickness of their particle arrays (from a few sphere layers, to hundreds of layers)
by carefully selecting the assembly parameters (i.e. the angle between the substrate
and the solution surface, the temperature, particle size, particle concentration and

the rate of evaporation/substrate withdrawal).

One of the main driving forces for improving the crystallinity of synthetic opals is to
produce effective photonic bandgap materials®™. A photonic bandgap (PBG) can be
defined as a frequency band in a three dimensional dielectric structure in which
electromagnetic (EM) waves are forbidden. This is analogous to the electronic bandgap in
semiconductors™**. Photonic crystals (PC) offer a unique way of manipulating EM waves
and may be exploited for various applications such as: optical integrated circuits’ 6

5738 _and novel biological®® and chemical®®®' sensors.

thermophotovoltaics
However for the purposes of this work the crystallinity of the colloidal arrays is less
important; here they serve as templates for the fabrication of macroporous metals. Such

materials fall under the broader definition of inverse opals.
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1.3.3 Inverse Opals:

Inverse opaline structures are produced by using the colloidal particle arrays (described
above) as templates. Firstly the synthetic opal must be infiltrated with a new substance
(different from that comprising the spheres), and then the spheres are removed by
chemical etching or calcination to leave a network of interconnected spherical voids
within the remaining infiltrated material (which may or may not require further

processing).

Templates are commonly infiltrated with a concentrated chemical precursor which is then

62,63 or

converted into the desired macroporous material e.g. electroless metal deposition
sol-gel chemistry®. Infiltration may also be achieved by nanoparticle infusion®, chemical
vapour deposition66’67, electrophoretic deposition68 or electrochemical deposition69'76, This
work is concerned with electrochemical deposition, which has certain advantages over the
other methods of infiltration. Electrochemical deposition leads to true volume filling of
the interstitial space in the template; quite precise control over the thickness of the
macroporous deposit is possible by careful monitoring of the potential and current and,
lastly, the macroporous structure produced requires no further processing steps.

These materials have potential in applications such as catalysis77, filters and separators’®,

79.80 81.82

photonic band-gap materials’™"", micromirrors and possible microlaser applications
surface enhanced Raman spectroscopy (SERS)® or as porous electrodes®. Use of
macroporous metals as porous electrodes®® and as “femtolitre beakers” is reported in this

thesis.
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1.4 Amperometric Biosensors

1.4.1 Main Principles of Amperometric Sensors:

A potential difference is applied between 2 or 3 electrodes in the medium of interest
(typically aqueous solution) i.e. working electrode counter electrode and reference (if
measuring very small current CE & RE may be same electrode). By applying sufficient
potential at the working electrode it is possible to exchange electrons with molecules at

the surface (thus reducing or oxidising them).

Reduction Oxidation
Cathode Anod

e'
Oxidised Reduced Reduced Oxidised
Species Species Species Species

Figure 5. Schematic representation of oxidation/reduction at a working electrode surface.

This transfer of electrons causes a current to flow in the electrode, which is proportional
to the number of molecules reacting at the surface per unit time. Provided that certain
experimental parameters are known then the concentration of the species can be

calculated from the current under mass transport limited conditions:

i=nFAk,c 1

Where:
e | =current generated by reaction (A).
¢ n=number of electrons involved in the process.
e F =the Faraday constant, 96485 C mol™.

e A4 =area of electrode (cm?).
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k,, = mass transfer coefficient of the species involved (cm s™).

¢ = bulk concentration of analyte the species (mol cm™).

1.4.2 Microelectrodes:

A microelectrode (or UME, ultra-microelectrode) is defined as an electrode with at least

one dimension so small (usually <50 um) that its properties are a function of size™".

86

Microelectrodes were first developed in the late 1940s, and were used by biologists as

potentiometric sensors. They designed small electrodes that could be inserted into living

organisms with limited tissue damage®’. It wasn’t until the late 1970s that electrochemists

began to fully characterize the unique properties of these devices.

The properties of microelectrodes are affected by their size, and differ from those of

conventional electrodes. Key differences are seen in:

The mass transport regime. Rapid establishment of diffusion controlled, steady
state, limiting current®. Note this is only seen if all of the electrode dimensions are
of a small enough size e.g. a microdisc of diameter < 50 um will attain a steady
state current rapidly however a micro band electrode of significant length will not
attain a true steady diffusion limited state.

Charging current. The double layer capacitance of an electrode is proportional to
its surface area, and the time constant of charging is dependent on the overall
capacitance (7=RCy). Since the surface area of a microelectrode is so small Cy
and 7 are also very small, meaning that Faradaic information may be obtained after
very short times i.e. pus. This facilitates the study of fast electron transfer reactions,
and very short-lived species.

Decreased distortion from iR drop. Current is proportional to electrode size (see
equation 1), so the smaller the electrode area, the smaller the currents and the
lesser the effects of iR drop. One advantage of this is that electrochemical
reactions may be carried out, at a microelectrode surface, in poorly conducting

media, even in the absence of supporting electrolyte®*®",
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It is these properties that make microelectrodes ideal biosensors. Their size means they
can be used to acquire data in small volumes without significantly altering the
concentration of the analyte and a steady state response is reached in very short times. In

the case of a microdisc electrode, at steady state, equation (1) becomes:

i, =4nkFDca 2

Where:
e i, = limiting current (A).
e D =diffusion coefficient (cm? sh.

e g =radius of the disc (cm).

1.4.3 Biosensors:

Biosensors may be defined as a compact analytical device employing a
biological/biologically derived sensing element integrated (or in close contact) with a
physiochemical transducer; the aim being to generate a continuous/semi-continuous

digital signal that is proportional to a specific chemical/group of chemicals®.

A biosensor consists of two parts: the receptor, which interacts selectively with the
analyte and the transducer, which produces an electrical or optical signal carrying
information about the analyte (i.e. presence/concentration of a specific molecule). There

are five main transducer types:

e Calorimetric transducers.

e Optical transducers.

e Gravimetric resonator transducers.

e Surface plasmon resonance (SPR) transducers.

e Electrochemical transducers.

This thesis is concerned solely with electrochemical transducers, specifically

amperometric cells (although potentiometric or conductimetric cells may also be
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employed). In amperometry the signal of interest is the current resulting from exchange of
electrons between the working electrode and the analyte species; this has the advantage of

being linear with analyte concentration.
There are three types of receptor:

o Affinity biosensors: based on specific chemical binding e.g. immunosensors using
antigen-antibody reaction.

e Living biosensors: employing micro-organisms or living tissue as receptors.

¢ Enzymatic (or metabolism) biosensors: where an enzyme is immobilized on or

near the transducer and typically the corresponding substrate is the analyte species.

1.4.4 Enzyme Electrodes:

Enzymes are high molecular weight proteins that catalyse biological reactions, and are the
most common biomolecule with more than 2500 identified (many of these being
commercially available). Their abundance, variety and high specificity for their substrates

makes enzymes an attractive receptor for many biosensor applications.

However many enzymes are very easily denatured and can loose their activity in a matter
of days or even hours. One key factor in the stability and lifetime of a biosensor is the
method used to immobilize the enzyme at the transducer. Immobilisation may be achieved
in several ways: encapsulation of free, soluble enzyme at the transducer i.e. within a
membrane’”; polymer entrapment either by physisorption followed by polymerization of a
monomer’* or co-deposition with a conducting polymer’ 6, enzyme cross-linking97;
covalent binding®® or entrapment within the transducer material (e.g. by mixing with a
carbon paste®® or by co-deposition with a conducting material that subsequently acts as the

transducer electrodeloo)

The general form of an enzyme substrate reaction is”:

k; k;
E+S/(C—I>ES—>E+P (1)
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where the irreversible conversion of the substrate (S) to the product (P) occurs through the
reversible formation of an intermediate enzyme-substrate complex (ES). The kinetics of

this process is described by the Michaelis Menten model:

de, dc, v_ c 3

— R — max — §
V___

d d K, +c,

where v is the reaction rate, V4 1S the maximum rate (V. = koc., where c, is the enzyme
concentration), ¢, is the substrate concentration, ¢, is the product concentration and X,, is
the Michaelis-Menten constant and may be expressed in terms of the equilibrium

constants as:

or defined as the concentration of substrate at which the reaction rate is Y2V, At low
values of ¢, the reaction is first order (and the reaction rate is linearly dependant on
substrate concentration) but at high ¢, the rate becomes constant. Figure 6 shows the

general form of equation 3.
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Figure 6. General form of Michaelis-Menten equation. Normalised reaction rate versus substrate

concentration normalized with respect to K.

Oxidase enzymes employ molecular oxygen as an electron acceptor and generate
hydrogen peroxide as a byproduct of the overall substrate reaction (water is often also
consumed by the reaction)93:

Oxidase
S+ 0O, + (H;0)—— P + H,0, (2)

Thus hydrogen peroxide is the detected species in many enzymatic biosensors. The
electrochemistry of hydrogen peroxide is discussed in Chapter 3. One such oxidase

enzyme is glucose oxidase (Gox) which is employed in many glucose biosensors.

Glucose is a short chain carbohydrate molecule of empirical formula C¢H,04. Because
there are two asymmetric arrangements of the alcohol groups, with respect to the carbon

chain, there are two possible stereoisomers> (figure 7).
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O. _H O.. _H
5 5
H—?—OH HO—?—H
HO—?—H H—?—OH
H—?—OH HO—?—H
H—C~CH HO—C—H
CH,OH CH,COH
D- glucose L- glucose

Figure 7. The two stereoisomers of glucose.

At physiological pH the alcohol of the number 5 carbon (conventionally the carbons are
numbered 1-6 starting from the carbonyl) can attack the aldehyde group and the molecule
exists as a ring structure. Both the D and L sterioisomers will cyclise to form two distinct
ring anomers, distinguished by the position of the alcohol group on the number 1 carbon
(figure 8). At 25 °C the ratio of the two anomers is 37 % a to 63 % [. Note that five

membered rings may also form in much smaller proportions.

a-anomer B-anomer

Figure 8. The two anomers of the cyclic (six memberd ring) glucose molecule.

Glucose oxidase selectively oxidizes B-(D)- glucose according to the scheme below:

CeH 1206(B-D-glucose)+ FAD(present in glucose oxidase) + H,O — 3)
FADH; + C¢H2,07(gluconolactone)

The gluconolactone may go on to form gluconic acid and the active, FAD/FADH,, redox

centre of the Gox is re-oxidised by molecular oxygen in solution:
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O, + FADH, — FAD + H,0, 4)

Thus amperometric hydrogen peroxide detection may be used as a means of glucose

mesurement.

1.5 Glucose Detection

1.5.1 Diabetes:

Currently the main market for biosensors is in medicine with the vast majority of
commercial sensors being for glucose analysis. This is hardly surprising, with around 1.8
million people in the UK alone (approximately 3 %) diagnosed with diabetes; there is

great impetus for the development of effective blood glucose sensors.

Diabetes is characterized by the body’s inability to absorb glucose into its cells and turn it

into energy. This process is regulated by insulin, a hormone produced in the pancreas.

There are two types of diabetes'"":

e Type 1: Where the patient is insulin dependent due to a malfunction of the
pancreas. It is unclear why, but for some reason the insulin producing cells of the
pancreas are destroyed in a sort of auto-immune reaction, possibly brought on by
viral infection. The onset of type 1 diabetes is quite quick, with symptoms usually
developing over a few weeks, and generally occurs early on in life.

e Type 2: This is where the body becomes less sensitive to the insulin it produces.
The symptoms of type two diabetes generally develop in later life. Its onset is
slower, the symptoms less severe and can usually be controlled with good diet or a

combination of diet and tablets.

Healthy fasting blood glucose levels range between 3.6 and 6.4 mM, but in a diabetic are

> 7.8 mM and may reach as much as 30 mM in cases of extreme hyperglycemia. If the
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condition is not managed properly the long term risks include, kidney, nerve, heart and

artery damage and blindness. If left untreated many sufferers would die.

Diabetics need to check their blood glucose levels up to 4 times a day in order to properly
maintain a healthy concentration. This is done by analysis of a blood droplet using a

commercially available glucose sensor/testing kit.

1.5.2 A Brief History of Glucose Sensors:

The use of a glucose oxidase modified electrode for the detection of glucose was first
proposed by Clark and Lyons in 1962'®. In this early sensor Gox was held close to the
electrode surface using a semipermeable dialysis membrane and the glucose concentration
was inferred from the rate of oxygen consurnption103 . The first commercial sensor to
employ this technology was the Yellow Spring Instruments, model 23YSI analyzer
launched in 1975'". It was shown in 1973 that blood glucose could also be determined by

105

amperomertic monitoring of hydrogen peroxide , which is a product of the reaction

between Gox, glucose and oxygen.

Glucose sensors that use molecular oxygen to mediate the reaction between glucose and
Gox are referred to as first generation glucose sensors. These generally rely on hydrogen
peroxide oxidation to monitor the glucose concentration, and are subject to errors in
measurement due to other blood species (such as acetaminophen, ascorbic and uric acid)
which are electroactive in the same range. Common strategies for reducing the effects of
interferent species include the use of permselective membranes, which exclude the
interferents based on their size, charge or polarity'%'% These films will often also

exclude surface active macromelecules leading to increased stability and sensor lifetime.

Another problem with first generation glucose sensors is their dependence on oxygen.
Fluctuation in oxygen tension may cause errors in the measurement signal, and the
reaction between Gox and glucose is restricted by the amount of O, available in solution
(the concentration of dissolved oxygen in blood is often an order of magnitude less than

104

that of glucose ). Some strategies that have been employed to overcome this problem
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include: the use of semipermeable films to restrict the flux of glucose to the sensor'*®

09

: the
use of an oxygen rich carbon paste transducer'” and sensors based on glucose
dehydrogenase (GDH) 19, However the most common solution is to introduce an artificial

redox mediator to do the job of the dioxygen molecule.

Glucose sensors which employ an artificial mediator are classified as second generation
sensors. A good mediator should operate at low overpotentials to help reduce the effects
of interferents. MediSense (formerly Genetics International) was the first company to
exploit this technology commercially when they produced the first personal glucose meter
in 1987. The electrode consisted of a disposable screen printed strip with a carbon
working electrode, infiltrated with Gox and a ferrocene mediator, and a silver/silver
chloride reference electrode. A drop of blood is applied to the strip which is then inserted
into a portable meter which applies a potential to the working electrode and calculates the
blood glucose concentration from the resulting current transient. The majority of

commercial glucose meters are still based on this technology.

A great deal of effort has gone into producing sensors which require smaller and smaller
blood droplets for measurement (glucose readings can now be obtained from droplets of
less than a microlitre which means that samples can be taken from the arm instead of the
fingers'®) and in reducing the analysis time. However the future would seem to be in
sensors that could provide continuous blood glucose monitoring. If such a sensor could be
combined in a closed-loop system with a means of automatic insulin delivery it could

offer very tight glyceamic control; acting as an artificial pancreas.

There are many problems to be overcome before a viable artificial pancreas can be
realized, particularly if such a device is intended to be implanted into the body. Any
mediator used would need to be of low toxicity and low solubility in case of leaching into
the blood system. Indeed all of the materials comprising the sensor would have to be non-
toxic and of good biocompatibility. The device would need to be small and employ an

enzyme with long-term stability (ideally on the order of months or longer). One would
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need to be able to recondition and calibrate the sensor in vivo. Overall, the device would

have to be small, safe, accurate and convenient.

Some success has already been achieved with subcutaneous monitoring using implantable
“needle-type” electrodes which can be operated for a few days and then replaced by the

patient'"

. There have also been advances in non-invasive monitoring like the Cygnus Inc.
GlucoWatch® biographer' ', which uses reverse iontopheresis to collect glucose through

the skin.
1.6 Thesis Overview

This work is concerned with: 1) the further development and characterization of the
mesoporous, Hj-eM, metal phases and macroporous, inverse opal structures; 2)
application of these materials in fabricating amperometric biosensors, which exploit their

unique properties.

In Chapter 3 the properties of mesoporous, and polished, platinum (H;-ePt), palladium
(Hi-ePd) and rhodium (Hj;-eRh) microelectrodes are reviewed briefly before comparing
their electrochemical response to hydrogen peroxide, ascorbate and glucose. The three
metals were also modified with glucose oxidase to make 2™ generation glucose sensors.
Conclusions are drawn about the suitability of each metal for direct hydrogen peroxide

and glucose detection, and for enzyme mediated glucose measurement.

Chapter 4 is concerned with assembly of latex spheres at electrodes for the subsequent
deposition of macroporous metals. Sedimentation and electrophoresis was used to
assemble spheres (ranging in size from hundreds of nanometers to 5 um diameter) onto
various substrates and the structure of the opaline deposits is discussed. The structure of
macroporous gold films, deposited onto platinum discs, are investigated electrochemically
by cyclic voltammetry in sulphuric acid. It has been shown that these macroporous gold
electrodes may be modified with redox mediators for the catalytic oxidation of NADHY,

and this work is summarized here. Lastly, larger (5 um) spheres were used to deposit
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arrays of tiny metal cups (femtolitre beakers) for the directed immobilization of protein

molecules.

In Chapter 5 recessed microdisc electrodes are used to deposit thick films of mesoporous
platinum with greater efficiency and without altering the geometry of the substrate
electrode. These mesoporous deposits have been characterized using environmental
scanning electron microscopy (ESEM) and cyclic voltammery in sulphuric acid and
ruthenium hexamine solutions. Recessed microdiscs were also used for the electrophoretic
assembly of 500 nm diameter polystyrene spheres and subsequent deposition of
macroporous gold. The recess seems to help confine the spheres after assembly so that a

useful template is formed.
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Experimental

2.1 Solutions and Reagents

All solutions were prepared using deionised water (Whatman Still+ purification system,
resistivity > 10 MQ cm) and all compounds were used as received (unless otherwise
stated): Alumina powders (Buehler). Hydrogen peroxide (30 %, unstabilised, A.C.S.,
Fluka) standardised by titration with sodium thiosulphate113 (0.1000 N volumetric
standard, Aldrich). Brij® 56 (Aldrich). Ammonium tetrachloropalladate (99.995 + %
purity, Aldrich). Rhodium trichloride (99 % purity, Alfa Aesar). Hexachloroplatinic acid
hydrate (HCPA, 99.9 % purity, Aldrich). n-Heptane (99 % purity, Lancaster). D(+)-
Glucose (ARISTAR, BDH). Buffer solutions were prepared from 0.2 M NaH,P0O4.H,0 &
0.2 M NaHPO4.12H,0 (99 %, BDH). And the pH of the solution was verified using a
Corning model 145 pH meter. Phenol (Aldrich, purified by cold finger distillation).
Glucose oxidase (lyophilised powder, from aspergillus niger, 157,500 U g, Sigma). 2-
deoxy-D-glucose (Grade III, SIGMA). L-ascorbic acid (99+ % ACS reagent, ALDRICH).
Aqueous colloidal suspensions of polystyrene latex sphere particles were obtained from
Duke Scientific. Gold 25 plating bath (Technic Inc.). Silver Paint (RS). Slow-set epoxy
resin (Struers, Epofix Kit). Quick-set epoxy resin (RS). Ruthenium hexaamine trichloride
(99 %, STREM chemicals). KCIl (>99.5 %, BDH). 1 M sulphuric acid (diluted from
concentrated sp. gr. 1.84 acid, > 95 %, BDH).

2.2 Electrodes

2.2.1 Working Electrode Fabrication:

The majority of the working electrodes used in this work were platinum disc electrodes.
These were constructed by sealing wires (of appropriate diameter) in soda glass pipettes.
and polishing to expose a smooth disc of metal. Electrical contact to a standard copper

wire was made using an indium solder.
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Evaporated nickel, and gold slides were also used as working electrodes for the deposition
of macroporous metals in Chapter 4. Here the slides were cut to size with a diamond
cutting tool, the working area was defined using nail polish as a mask and electrical
contact to a standard copper wire was made using silver paint (the contact was protected

in a blob of quick-set epoxy resin).

0.5 mm silver disc electrodes were made by sealing silver wires in slow-set epoxy resin.
The working face was polished to reveal a smooth silver disc. Electrical contact was made

to a standard copper wire with a spot of solder before sealing in the resin.

2.2.2 Preparation of Platinum Microelectrodes:

Before conducting any depositions or experiments, electrodes were polished on Buehler
microcloths using alumina slurries of 1 um and then 0.3 um particle sizes. Then cycled in
1 M H,SO4 (25 °C, purged with argon) between -0.65 V and +0.85 V vs SMSE until a

stable voltammogram was obtained.

2.2.3 Ancillary Electrodes:

Most of the electrochemical experiments were performed in a thermostated glass cell
using a standard three electrode arrangement. Both saturated calomel (SCE) and saturated
mercury mercurous sulphate (SMSE) electrodes were used as reference electrodes.
Platinum gauze and porous carbon were both used as counter electrodes. Details of the
electrodes and experimental conditions are given with each of the results shown in

Chapters 3 to 5.

2.3.4 Recessing of Platinum Microdisc Electrodes:

25 um polished platinum microdiscs, sealed in soda glass, were recessed by potential
stepping from -5 V (0.1 s) to +5 V (0.1 s) vs a sacrificial carbon electrode in a solution of
60 % saturated CaCl,, 36 % H,O and 4 % HCI. Pulses were applied continuously from a
PPR1 waveform generator, or in 10 s bursts from an Autolab PGSTAT30

potentiostat/galvanostat.
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2.3 Mesoporous Metal Deposition

2.3.1 Plating Mixtures:

The templating solutions were mixtures of: @) HCPA (hexachloroplatinic acid, 29 %
w/w), water (29 % w/w) and Brij® 56 (42 % w/w); b) ammonium tetrachloropalladate (12
% w/w), heptane (2 % w/w), water (39 % w/w) and Brij® 56 (47 % w/w); or ¢) rhodium
trichloride (12 % w/w), heptane (2 % w/w), water (39 % w/w) and Brij® 56 (47 % w/w).

For platinum, palladium and rhodium depositions respectively.

2.3.2 Procedure:

The deposition mixture was spread onto the platinum gauze and the working electrode
was inserted into the templating solution along with an SCE reference electrode (fig 2
below). Note, a little of the plating mixture was also applied to the surface of the working
electrode before inserting into the bulk solution. This was particularly important for
depositions onto recessed microdiscs where the solution had to be worked into the recess

to get good even plating.

WE: Au/Pt RE: SCE
disc

/ CE: Pt gauze

Plating mixture e.g.:
1xHCPA

1XH20

1.5XC15(E0)3

Petri dish

Figure 2. Schematic of equipment used to electrodeposit mesoporous metals.
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The working electrode was held at -0.1 V (for platinum or rhodium deposition) or +0.1 V
(for palladium deposition) vs SCE until the desired charge had been passed. After
deposition the electrodes were rinsed with deionised water and then transferred to a

beaker of stirred, deionised water, to dissolve the plating mixture.

Cyclic voltammetry in 1 M sulphuric acid, before and after deposition, was used to
establish an increase in surface area and to help clean the electrode surface in preparation

for experimentation. Mesoporous electrodes were stored in distilled water.

2.4 Gox Electrodes

2.4.1 Enzyme Immobilisation:

Electrodes were stood (for 15 min at open circuit potential) in a solution of 3.15 mg cm™
glucose oxidase, 50 mM phenol and 0.1 M TEATFB? in 0.1 M sodium phosphate buffer
(pH=7.0). Before applying the following potential step regime: 0.0 V (20 s), +0.9 V (8
min) and 0.0 V (20 s) (potentials measured vs. SCE).

After modification electrodes were washed with, and stored in, 0.1 M, pH 7.4 sodium

phosphate buffer (storage temperature = 4 °C).

2.4.2 Preparation of Glucose Solution:
Typically 5 M solutions were made by dissolving powdered glucose in distilled water or
phosphate buffer (pH 7.4) and stirring for a minimum of 2 h to allow the anomers to

equilibrate.

2.4.3 Calibration of Gox Electrodes:

Gox modified working electrodes were held at +0.2 V vs SMSE (this potential was chose
to allow oxidation of the Gox/glucose reaction product, hydrogen peroxide, as detailed
with results in Chapter 3) in a 0.1 M solution of sodium phosphate buffer (pH 7.4),

theromostated at 25 °C in a water jacketed glass cell, with a platinum gauze counter

? Tetraethylamonium terafluoroborate, used as an electrolyte.
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electrode. The background current was allowed to stabilise for 20 min before adding 25-
50 ul aliquots of concentrated glucose solution (1-5 M in the same phosphate buffer, as
detailed in Chapter 3). The solution was stirred during additions using a magnetic stirrer.
After addition the stirring was stopped and measurement was made for 3 min before the

next glucose aliquot added.

2.5 Macroporous Metals

2.5.1 Template Self Assembly by Sedimentation:

Aqueous suspensions of spherical, colloidal, particles (of polystyrene latex) were
contained at the working electrode substrates within Teflon® rings. The rings were 7 mm
in diameter (with a 4 mm diameter hole) and 6 mm high and were attached to the
substrates using nail polish (figure 3). In each case the volume and concentration of
sphere suspension was calculated to give the required number of particle layers in the

dried template.

Sphere suspension

Teflon® ring

Pt wire

Electrode body

Figure 3. Schematic showing procedure for immobilising spheres at the 0.5 mm diameter platinum disc

electrodes.
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Once the colloidal suspension was in place on the substrate, samples were maintained in
an atmosphere of 100 % humidity, at lab temperature (to prevent evaporation), until the
particles had settled (typically 1-2 days for larger spheres i.e. 5 um diameter, or for up to a
week for smaller spheres i.e. 100-600 nm diameter). Then the water was allowed to

evaporate under normal laboratory conditions.

In a few cases the templates were heated, to ~90 °C for 1 min, after drying, but typically

they were used without any further processing.

2.5.2 Deposition of macroporous metals:

Gold was deposited from a, cyanide free, commercial plating solution: the Gold 25 plating
bath supplied by Technic Inc.. The bath was used at 25 °C in a water jacketed glass cell
with platinum gauze counter electrode and SCE reference. For deposition onto silver and
gold substrates a potential of -0.94 V vs SCE was applied but -0.85 V for deposition onto
platinum and -0.9 V for deposition onto nickel.

Platinum was deposited from an aqueous solution of 50 mM HCPA with no additional
electrolyte. A potential of -0.05 V vs SCE was applied for deposition onto gold and silver

substrates.

After deposition the latex templates were removed by dissolving in THF (15 min).
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Mesoporous Electrodes

3.1 Overview

Due to its application in the treatment and management of diabetes there is much interest
in the amperometric measurement of glucose'®. Direct oxidation/reduction of glucose is
not a simple well defined process; it requires high overpotentials and usually leads to
poisoning at conventional electrodes. Consequently amperometric glucose measurement is
often preformed vicariously via the oxidation or reduction of hydrogen peroxide, which is
a by-product of the catalytic reaction between glucose and glucose oxidase (GOx). This

reaction proceeds by a “ping-pong” mechanism' M.

CeH 206(B-D-glucose)+ FAD(present in glucose oxidase) + H,O —
FADH; + C¢H20(gluconolactone)

O, + FADH; —» FAD + H,O;

One method of glucose detection involves immobilising glucose oxidase at an electrode
surface (usually by electrodeposition of a polymer film®, figure 1). In the presence of
glucose this generates hydrogen peroxide which can then be measured by applying a
constant overpotential to the electrode (usually an anodic overpotential, as reduction of

hydrogen peroxide occurs in the same potential window as oxygen reduction).

electrode

" 4

Passive poly(phenol) film
also excludes interfering
species like ascorbate

Gox allowed to adsorb o = -

% AFEReCE ST Phenol electropolymerised to

immobilise the enzyme

Buffered solution
of phenol and Gox

V4
'..
.

electrode

Figure 1. Procedure for glucose oxidase entrapment in poly(phenol) film as reported by Bartlett and

94
Caruana™ .

There is a great deal of literature on glucose sensors that operate using this principle.

However, while this method works well under laboratory conditions, common problems
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are encountered when trying to make measurements in-vivo or in whole blood samples;
problems such as stability of the enzyme, response time and interference from other

electroactive species like ascorbate, uric acid and acetoamidophenol'"”.

Recently it was discovered that mesoporous platinum catalyses the redox chemistry of
hydrogen peroxide32. Mesoporous (Hj-ePt) platinum microelectrodes showed good
reproducibility and high accuracy of measurement over a wide range of hydrogen
peroxide concentrations while maintaining the high rates of mass transport expected at
conventional microelectrodes. The catalytic activity of such electrodes means that the
oxidation of hydrogen peroxide occurs at much lower potentials i.e. 0 V vs saturated
mercury mecurous sulphate reference electrode (Hg/Hg,SO4 sat. KySOy, referred to as
SMSE) compared to +0.4 V at normal polished platinum. At such low potentials the
interference from species like ascorbate might be reduced. Also the increased surface area
means that a broader range of glucose concentrations could be measured and the effects of

electrode fouling could be reduced.

This chapter extends the work conducted by Evans er al*” to include other mesoporous
platinum group metals. Cyclic voltammetry was used to investigate the redox chemistry of
hydrogen peroxide and attempts made to explain the differences and similarities between
platinum, palladium and rhodium in terms of the metal oxidation state using the

mechanism proposed by Hall ez al.’ 16-120,

The suitability of the three metals for glucose detection (both directly and using the

method described above) was also investigated.
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3.2 Preparation and Characterisation of Electrodes

3.2.1 Electrodeposition of Mesoporous Metal Films:
Platinum and palladium microdiscs were fabricated by sealing 25 um diameter wires in
soda glass and polishing to a fine mirror finish using a 0.3 pm alumina slurry on a Buhler

microcloth.

Platinum microdiscs were also modified with thin films of mesoporous platinum,
palladium and rhodium by electroreduction of the appropriate metal salt from an aqueous
solution containing the non-ionic surfactant Brij® 56 (full descriptions of the process are

19213 salladium® and rhodium®). The proportions were chosen

available for platinum
such that the amphiphilic molecules of the surfactant form a hexagonal structure, which
acts as a template, directing the deposition of the metal. It is possible to form other
lyotropic crystalline phases depending on the relative concentrations of the components
and the temperature of the mixture; the correct phase is identified by microscopy using

polarised light.

A current time transient for the deposition of mesoporous rhodium is shown below. The
shape and magnitude of the current are fairly typical of that seen for each of the metals
deposited onto platinum microdiscs. There is an initial spike in the current (not recorded)
due to the charging of the electrode surface. This falls away rapidly since the surface area

of the microdisc is very small.

The transient after the double layer charging is more complicated, and a complete
description of the evolving current goes beyond the scope of this work. Suffice to say
these features seem common to each of the mesoporous metals when deposited onto

microelectrodes in this way.

This differs from mesoporous metal growth on macroelectrodes where a much larger

charging current is seen initially which then slowly decreases with time as the metal salt s
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depleted (NB a limiting current is never obtained since the solution is too viscous to allow

convection).
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Figure 2. Chronoamperometry for deposition of mesoporous rhodium onto a 25 pm polished platinum disc.

Deposition potential of -0.09 V vs SCE applied after pulsing the working electrode to +0.6 V for | s. Plating

mixture consisting of RhCls, Brij® 56, n-heptane and water (12, 47 and 39 and 2 % by weight respectively).

In each case current was applied until sufficient charge had been passed to deposit a film
of approximately half a micron thickness (for platinum Q = 15.7 puC, palladium Q = 5 pC,
rhodium Q = 8.68 nuC). The charge required for platinum is considerably higher; due to
the use of the platinum(IV) complex the Faradaic efficiency is much lower. This is
particularly true at microelectrodes where diffusion is fast and the first reduction product

(Pt(II)) can be lost before complete reduction to Pt(0).

After deposition the surfactant was removed by soaking the electrode in a stirred beaker
of water. The metal that remains has an architecture that is the inverse of the hexagonal

template. Electrodes were stored in deionised water at room temperature.
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3.2.2 Characterisation of Mesoporous Metal Films by Voltammetry in Acid:
Cyclic Voltammetry in 1 M sulphuric acid was the first step in the characterisation of the
mesoporous electrodes since this not only provides information about the surface area and

structure, but also removes any vestigial surfactant and generally cleans the nanopores.

20 2429

Below are example voltammograms for mesoporous platinum and
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Figure 3. Cyclic voltammetry in 1 M sulphuric acid, 25 °C purged with argon. All WE = 25 um diameter
platinum discs. a) Thick line: modified with a half micron deposit of mesoporous platinum sweep rate = 200
mV s™'. Thin line (and inset) unmodified, polished platinum disc. b) Modified with a half micron deposit of
mesoporous palladium, sweep rate = 20 mV s”'. ¢) Modified with a half micron deposit of mesoporous

rhodium, sweep rate =200 mV s™'.

For thin mesoporous films such as these it takes 20-30 cycles to fully clean the structure
and obtain reproducible voltammograms. The first thing to note is the increased
magnitude of the currents recorded at the mesoporous electrodes, e.g. 180 nA for the
oxide stripping peak recorded at nanostructured platinum compared to 5.5 nA for a
polished electrode of the same size. This is because the main features of the
voltammogams are due to surface processes so the high currents reflect the high surface

areas of the nanostructured deposits.

The features of the mesoporous platinum voltammogram are essentially the same as those
of polycrystalline platinum (see inset figure 3a). On the anodic sweep, starting at the

negative potential limit of -0.65 V, the first features are for the desorption of hydrogen
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from the platinum surface. This is mirrored on the cathodic sweep in the same potential
range (-0.3 to -0.65 V) by hydrogen adsorption. There appear to be two peaks for the
adsorption (and corresponding desorption) of hydrogen, which are much better resolved
for the mesoporous platinum. In fact there are actually three convoluted peaks for the
adsoption/desoption processes, corresponding to adsorption/desorption on different crystal

121,122
planes .

Continuing the anodic sweep beyond hydrogen desorption the current falls and is constant
between =~ -0.2 V and +0.1 V. This background current is due to double layer charging of
the electrode surface. The current increase at + 0.2 V is due to oxidation of the platinum
surface. If the potential is taken beyond the positive limit of + 0.85 V the bulk oxide may
form and electrolysis of the solution would begin with evolution of oxygen. When the
cathodic sweep begins there is a delay before the platinum oxide is reduced (most of the
reduction charge being passed between + 0.3 V and - 0.1 V). This is unusual for a surface
process, where oxidation and reduction generally occur in the same potential window
having  symmetrical anodic and cathodic  voltammetry (see  hydrogen
adsorption/desorption). It is thought that this asymmetry in the platinum oxidation and

reduction is due to exchange of platinum and oxygen atoms in the oxide film'®.

The mesoporous palladium voltammetry (figure 3b) differs from the platinum mainly in
that hydrogen adsorption/desorption is complicated by absorption of hydrogen into the
bulk metal. There is a very sharp pair of peaks at - 0.45 V (denoted as 1 and 6 in figure
3b) with a smaller broader pair at - 0.52 V (2 and 5) and then the reduction current
increases rapidly at the cathodic limit associated (3) with the anodic peak at - 0.625 V (4)
(NB voltammetry of unstructured palladium is broader and unresolved in this region). A
more complete discussion of the mesoporous palladium voltammetry has been presented

by Bartlett er al.*’, where the peaks are assigned as follows:

e Peaks 1 and 6, due to hydrogen adsorption and desorption respectively.
e Peak 2, reduction of protons leading to formation of the a—hydride phase.

e Peak 3, further absorption of hydrogen forming the B—hydride phase.
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e Peak 4, oxidation of the p—hydride phase.
e Peak 5, oxidation of the a—hydride phase.

As for platinum, the voltammetry for mesoporous rhodium is essentially the same as that
of unstructured rhodium®. Oxidation occurs at a slightly lower overpotential than at
platinum or palladium and shows a similar shape and similar delay in the stripping peak
on the cathodic sweep. However the exact position of the rhodium oxide stripping peak
depends, to some extent, on the acid concentration, sweep rate and the number of previous
cycles. Once again the peak pair towards the lower potential limit (-0.625 V) is due to
hydrogen adsorption and desorption. While adsorbed hydrogen is thought to exist in two
distinguishable forms, these are not resolved in dilute (< 5 M) acid and only the weakly

adorbed hydrogen is seen.

The surface areas of the electrodes were estimated from the voltammograms. In the case
of platinum this was calculated from the charge under the hydrogen desorption peaks
using the conversion factor 210 uC ecm™ *°. For palladium and rhodium the charge under
the oxide stripping peaks was used (conversion factors 424" and 660% uC cm™
respectively). This gives roughness factors of 77, 173 and 156 for the (platinum,
palladium and rhodium respectively) electrodes in figure 4 above which is typical for

films of this thickness with a continuous hexagonal structure.

For a perfect hexagonal array of cylindrical pores the volumetric surface area (f) can be

calculated, from equation 1, as follows®*:
f=4mN3(2r + w) 1

Where » = pore radius (1.25 nm), and w = wall thickness (2.5 nm) then /= 0.36 x 10’ cm’
em”. Hence the deposition efficiencies were estimated from the observed surface areas as
43 %, 87 % and 96 % for platinum, rhodium and palladium respectively. The Faradaic
efficiency for Hj-ePt deposition has previously been estimated as 75 %?'. One of the

reasons for the low efficiency is the use of a platinum(IV) salt in the plating mixture; this
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means that reduction to platinum metal proceeds via a platinum(Il) intermediate as
described by Gollas ef al.?. Diffusion of the intermediate Pt(Il) away from the electrode
reduces the plating efficiency, and this is exacerbated at microdiscs due to their increased

rate of mass transport as reported by Elliott ef al.*°.

3.2.3 Characterisation of Mesoporous Metal Films by ESEM:

A Philips XL30 environmental scanning electron microscope was used to image the

surface of the mesoporous electrodes.

Figure 4. ESEM image of a 25 um polished platinum disc after deposition of a mesoporous rhodium film.

Charge passed = 6 uC.

The result shown in figure 4 for a mesoporous rhodium electrode is quite typical and very
similar to both the mesoporous palladium and platinum electrodes (although the palladium
films grown in these experiments were slightly smoother and more uniform). It is
important to note that the diameters of the electrodes are altered by deposition of the
nanostructured films. For the electrode depicted above & = 28.3 um compared to 25.5 um
for the polished platinum substrate. In general the observed diameters of the polished

platinum microdiscs used here were between 25 and 26.5 um. However the diameter of
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the mesoporous films increases with the deposition charge. This is due to the edge effect

seen at microelectrodes and discussed in more detail in Chapter 5.

For mesoporous palladium and rhodium films of around half a micron height the increase
in electrode diameter was about 2-3 pm (this is born out by voltammetry in ruthenium
hexaamine which was also used to investigate the electrode diameters before and after
deposition 3.2.4). The deposition efficiency of mesoporous platinum was a lot lower than
expected and consequently the films were often thinner than 0.5 um, and the increase in

diameter was less (0.5-1 pm).

3.2.4 Characterisation of Mesoporous Metal Films by Voltammetry in Ruthenium
Hexaamine Solution:
The mass transport limited current at a microdisc (i) scales linearly with the radius (a) of

the electrode (equation 2):

i, =4nFDca 2
Where:

D = the diffusion coefficient of redox species.
»n = the number of electrons involved in the reaction (le” for Ru(NH3)s" to Ru(NH3)s ™).
F = Faraday constant (96485 C mol™).

¢ = the concentration of the redox species.

Therefore voltammetry of simple, reversible, one-electron redox species such as
ruthenium hexamine and ferrocene carboxylic acid can be used to estimate the radius of a

microdisc electrode.
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Figure 5. cyclic voltammetry in 3.1 mM ruthenium hexaamine/0.2 M potassium chloride solution (purged
with argon for 20 minutes, 7=25 °C). Sweep rate = 5 mV s'. Black line: WE = polished platinum
microdisc, 25 pm diameter. Red line: WE = polished platinum microdisc, 25 pm diameter with 0.5 um

mesoporous platinum film.

The hysteresis for the mesoporous electrodes is always greater due to their high surface
areas and therefore increased charging currents. However there is an additional current
seen on the cathodic sweep, which causes a peak at -0.35 V. This is discussed in detail in
Chapter 5. The limiting currents were taken at -0.45 V. This was estimated for the
mesoporous electrode by subtracting the charging current (i.e. the plateau of the anodic
sweep at +0.1 V) from the anodic current observed at -0.45 V. By comparison of the
currents recorded at mesoporous electrodes, with those recorded at two polished
electrodes (@ = 12.5 um) the diameters of the mesoporous deposits could be calculated

from the difference.
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3.3 Hydrogen Peroxide Electrochemistry

3.3.1 Comparison of Mesoporous and Polished Pt:

Below are cyclic voltammograms recorded with mesoporous and polished platinum
microdiscs in 5 mM hydrogen peroxide in 0.1 M sodium phosphate buffer (pH 7.4). The
voltammogram recorded at the mesoporous electrode is typical and very reproducible;
whereas voltammograms recorded at polished platinum are not stable or reproducible.
This is because the degradation of hydrogen peroxide at platinum (and indeed most other

5. . . . .
substrates'?) is very sensitive to poisoning.
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Figure 6. Cyclic voltammetry in 5 mM hydrogen peroxide, 0.1 M sodium phosphate buffer pH 7.4, 7= 25
°C. Sweep rate = 2 mV s'. The direction of the sweep is indicated by the arrows on the thick line. Thin
line: WE = polished platinum microdisc, 25 um diameter. Thick line: WE = polished platinum microdisc,

25 um diameter with 0.5 pum mesoporous platinum film.

[t is important to note that the decomposition of hydrogen peroxide at platinum is a
chemical process and the current is due to oxidation and reduction of the metal surface. In

fact there are two simultaneous chemical reactions occurring;:

43



Chapter 3 Mesoporous Electrodes

H,0, — 2¢ + O, + 2H" (1)
H,0, + 2H™ + 2e" — 2H,0 )

Where the current is zero (£ = -0.2 V vs SMSE) the two processes are proceeding at equal
and opposite rates. At potentials more positive than -0.2 V, reaction 1 becomes more

favourable and dominates, and at potentials more negative reaction 2 is favourable.

3.3.2 The Hall Mechanism:
The hysteresis in the voltammogram is unusual in that the cathodic and anodic sweeps

cross over each other. The reason for this becomes clearer by considering the mechanism

of hydrogen peroxide breakdown at a platinum surface as proposed by Hall er. al.'*

which is similar to that previously proposed for palladium'?¢:

HyO2butk) — HaOxsurface) (3)
H,0, + Pt(OH), == Pt(OH),.H,0, 4
Pt(OH)s.H,05 — Pt + 2H,0 + O, (5)
Pt + 2H,0 — Pt(OH), + 2H" + 2¢ (6)

The ratio of oxidation to reduction of hydrogen peroxide (reaction 1 and 2 respectively) is
dependant on the surface state of the platinum; with the oxidised platinum surface
(Pt(OH),) being conducive to hydrogen peroxide oxidation (reaction 5) and the un-
oxidised (Pt(0)) surface being conducive to hydrogen peroxide reduction. However the
oxidised platinum surface, represented by Hall ez. al. as Pt{(OH),, is likely to be the “place
exchange oxide”'?*. Therefore the oxide stripping is delayed by the exchange of the atoms
at the electrode surface (see figure 3) and this leads to continued hydrogen peroxide
oxidation at a lower overpotential on the cathodic sweep. This is what causes the anodic

and cathodic volatmmograms to cross over each other.
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3.3.3 Hydrogen Peroxide Calibration Curves:
The current response of mesoporous and polished platinum microdiscs to increasing

hydrogen peroxide concentration is shown in figure 7.
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Figure 7. Calibration curve obtained from chronoamperometry in 10 ml 0.1 M sodium phosphate buffer, pH
7.4, T=25 °C. WE held at 0 V vs SMSE for 20 min before aliquots of 2.5 M hydrogen peroxide were added
at three minute intervals (solution stirred during addition). ) WE = polished platinum microdisc, 25 pum

diameter with 0.5 um mesoporous platinum film. o) WE = polished platinum microdisc, 25 pm diameter.

As implied by the Hall mechanism the oxidation of hydrogen peroxide is limited at higher
concentrations by the number of available platinum sites. However the current response is
only linear over a low concentration range (< 10-15 mM hydrogen peroxide) even at the
mesoporous electrode which has approximately 100 times the surface area of its polished
counterpart’. This is explained by Hall ef al., who suggest that the oxidation of hydrogen

peroxide is inhibited by two competing side reactions:

* Note that in the work of Evans ef al.” the increased linear range for the mesoporous electrode was even
more pronounced due to the fact that there experiments were performed in argon purged solutions.
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1) Competitive binding of dioxygen to the Pt(Il) binding sites.
Pt(OH), + O; == Pt(OH),.0, (7)

2) Reversible protonation of the Pt(I[)/H,O, complex, where the protons are the

product of reaction (5).
Pt(OH),.H,0, + H" == Pt(OH),.H,0,.H" (8)
For polished and mesoporous platinum electrodes of the same diameter in the same
solution of hydrogen peroxide the voltammetric currents observed are consistently lower
for the polished electrodes. This can also be explained by the Hall mechanism. Consider
the steps (3-6) involved in hydrogen peroxide oxidation:

H2O2(bulk) - H2O2(surface) (3)

Mass transport of hydrogen peroxide; controlled in this case by diffusion to the electrode

surface.
K
H,0; + Pt(OH), = Pt(OH),.H,0, 4)

Adsorption of hydrogen peroxide, where the adsorption constant X; is given by equation

3:
K, = 9!’1(0H):H2()2 I[H,0, ]QPI(OH)z 3
Where 6, refers to the fractional surface coverage of the species 1.

Following adsorption, the complex undergoes internal electron transfer and the products

are released back into solution:
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Pt(OH),.H,0, =5 Pt + 2H,0 + O, (5)
The observed current is due to the electrochemical regeneration of the Pt(II) site:

ks
Pt + 2H,0 — Pt(OH), + 2H" + 2¢ (6)

If a sufficiently anodic potential is applied at the electrode then step 6 is very fast (the
proportion of Pt (0) sites approaches zero) and therefore not rate limiting. The steady state
rate (j) will be determined by the internal electron transfer and break down of the surface

complex (equation 4).
= ] = kzNQ[)/(OH)l.H:OZ 4

where N is the number of binding sites per m”.

For a mesoporous platinum electrode with a roughness factor of 100 there will be 100
times more surface sites and the rate of oxidation will be much faster and less sensitive to
poisoning. In this case it is diffusion of hydrogen peroxide to the electrode surface that is

the limiting factor.

3.3.4 Reduction of Hydrogen Peroxide:
There have been many studies of hydrogen peroxide reduction at monovalent metals (such

. 128-131
as silver'?” and copper 813

) where the mechanism proposed involves oxidation of the
metal during chemical decomposition of hydrogen peroxide, followed by electrochemical
reduction of the metal. In the case of copper cathodes hydrogen peroxide reacts
chemically with Cu(l) surface oxide to produce Cu(ll) and water and the Cu(ll) is then

electrochemically reduced back to Cu(l):

Cu0O + H,O; — 2Cu0O + H,O (9)
2CuO + H,0 + 2¢” — Cu,O + 20H (10)
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There would appear to be no such broadly accepted mechanism published for the
reduction of hydrogen peroxide at platinum metals (although this is also a well established

32 and palladium'?). There is

method for amperometric measurement at platinum'
however a lot of literature on the reduction of aqueous dioxygen at platinum, where
hydrogen peroxide is widely believed to be an intermediate product. Anderson and
Albu"**'** have performed an analysis of activation energies for the reduction of oxygen

to water, and propose intermediates which they have found to be energetically stable:

Pt-O, + H + ¢ — Pt-OOH (11)

Surface specific adsorption of dioxygen is followed by a one electron reduction.

Pt-OOH + H™ + ¢ — Pt-OHOH (12)

Reduction of dioxygen complex to the intermediate hydrogen peroxide.

Pt-OHOH + H" + ¢ — Pt-OH + H,0 (13)
Increased stability of Pt-OH relative to free ‘OH lowers the activation energy of this 1

electron reduction step.

Pt-OH + H' + ¢” — Pt-OH, (14)
Formation of platinum oxide (analogous to that involved in hydrogen peroxide oxidation,

reactions 5 and 6).

In the case of hydrogen peroxide reduction we are really only concerned with steps 13 and
14. Where step 13 would start with the surface specific adsorption of hydrogen peroxide
at Pt(0). Anderson and Albu propose adsorption of hydrogen peroxide to platinum through

bonding to one of the hydrogen peroxide oxygens.

Since the reduction of hydrogen peroxide is thought to be a chemical process then perhaps
reactions 13 and 14 should be thought of as internal electron transfers within the

platinum-hydrogen peroxide complex (as in reaction 5 for oxidation). The catalytic cycle
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can then be completed by electrochemical reduction of the platinum oxide (product of

reaction 14):

Pt-OH, + 2¢” — Pt(0) + H,0 (15)

This is analogous to the mechanism, proposed by Hall et al., for hydrogen peroxide

oxidation.

3.3.5 Comparison of Platinum and Palladium:

As already discussed above, oxidation of hydrogen peroxide at platinum and palladium
are believed to occur through similar mechanisms. The voltammetry of these two metals
in hydrogen peroxide solution is consequently very similar. Figure 8 shows a typical

voltammogram for mesoporous palladium in hydrogen peroxide (condition as in figure 6).
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Figure 8. Cyclic voltammetry in 5 mM hydrogen peroxide, 0.1 M sodium phosphate buffer pH 7.4, 7= 25

°C. Sweep rate = 2 mV s™\. WE = polished platinum microdisc, 25 pum diameter with 0.5 pm mesoporous

palladium film.
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The similarities between mesoporous platinum (figure 6) and palladium (figure 8)
voltammetry in hydrogen peroxide are striking. Both metals show increased catalytic
currents and stable response due to high specific surface area. Also the significant features
of the voltammograms occur at similar potentials (potential of zero current = -0.19 V for
both, positive plateau = +0.02 V and +0.15 V for palladium and platinum respectively).

The limits of oxide formation and stripping were investigated by cycling mesoporous

platinum and palladium microelectrodes in 0.1 M phosphate buffer (figure 9).
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Figure 9. Cyclic voltammetry in 0.1 M sodium phosphate buffer, purged with argon, pH 7.4, T =25 °C.
Sweep rate = 5 mV s. Thin line: WE = polished platinum microdisc, 25 pm diameter with 0.5 um
mesoporous palladium film. Thick line: WE = polished platinum microdisc, 25 um diameter with 0.5 pm

mesoporous platinum film.

Figure 9 shows that metal oxide formation and stripping occurs within the same potential
window as oxidation and reduction of hydrogen peroxide (at both platinum and palladium
electrodes). The palladium oxide stripping peak is shifted by approximately -0.1 V
relative to platinum. The potentials at which the hysteresis, in the hydrogen peroxide

voltammetry, cross over are also shifted by -0.1 V for palladium (figure 8) relative to
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platinum (figure 6); giving weight to the theory that the difference between anodic and
cathodic sweeps in hydrogen peroxide is due to the changing oxidation state of the

electrode surface.

3.3.6 Comparison of Platinum, Palladium and Rhodium:

Mesoporous palladium and platinum require similar overpotentials to oxidise hydrogen
peroxide. This is because hydrogen peroxide oxidises by forming a complex with the
metal oxide, and palladium and platinum both start to oxidise at similar potentials. By
employing another metal, which oxidises and reduces at different potentials, it might be
possible to alter the potentials for the hydrogen peroxide electrochemistry. This could be

beneficial in eliminating interference from species such as ascorbate.

With this in mind mesoporous rhodium was investigated. The use of high surface area
rhodium for the electrocatalytic detection of hydrogen peroxide has been reported'®.
However in this study rhodium and glucose oxidase were co-deposited onto a carbon fibre
microelectrode (7 um diameter by 5 mm length) to generate the high surface area,
catalytic substrate. As far as is known, mesoporous rhodium has previously never been

used for hydrogen peroxide electrochemistry.

Hydrogen peroxide voltammetry was recorded at a 25 pm mesoporous rhodium electrode.
Initially the same potential range as used for platinum and palladium was employed
(figure 10). Two things immediately stand out about the rhodium voltammetry. Firstly
there is no clearly defined current plateau for either the oxidation or reduction of
hydrogen peroxide. Secondly the hysteresis does not cross over at any point; indicating

that the oxidation state of the metal surface is the same throughout.
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Figure 10. Cyclic voltammetry in 5 mM hydrogen peroxide, 0.1 M sodium phosphate buffer pH 7.4, 7= 25

°C. Sweep rate =2 mV s”'. WE = polished platinum microdisc, 25 um diameter with 0.5 pm mesoporous

rhodium film.

[t can be seen from experiments in buffer solution (in the absence of hydrogen peroxide)
that while rhodium oxidation does occur within the limits of the hydrogen peroxide

voltammogram (~ -0.2 V), significant oxide reduction does not (figure 11). In fact there is

no discernable cathodic current until ~-0.5 V.

By extending the limits of the potential sweep in hydrogen peroxide it is possible to alter
the surface of the rhodium and a hysteresis cross-over is observed (figure 12). Also, on the

subsequent anodic sweep, the plateaus are now well defined and reproducible.
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Figure 11. Cyclic voltammetry in 0.1 M sodium phosphate buffer, purged with argon, pH 7.4, T = 25 °C.

Sweep rate = 5 mV s'. WE = polished platinum microdisc, 25 pm diameter with 0.5 pm mesoporous

rhodium film.

200 ————————

100 |- -

-100 -

il nA

-200 -

-300 - J

' L 1 s | ) ] ' | 1 1 1 ] . |
-1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4

Evs SMSEIV
Figure 12, Cyclic voltammetry in 5 mM hydrogen peroxide, 0.1 M sodium phosphate buffer pH 7.4, 7= 25

°C. Sweep rate = 2 mV s"'. WE = polished platinum microdisc, 25 um diameter with 0.5 um mesoporous

rhodium film.
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3.3.7 Conclusions:

Mesoporous platinum, palladium and rhodium all show improved hydrogen peroxide
electrochemistry (in terms of current, and stability) over their unstructured counterparts
(although results are not show for unstructured rhodium, they follow the same pattern as
for platinum and palladium). This improvement would seem to be directly related to the

increased surface area of these materials.

There is significant evidence to suggest that the degradation of hydrogen peroxide at the
electrodes is a chemical process, dependant on the oxidation state of the metal surface (i.e.
with a metal oxide being conducive to hydrogen peroxide oxidation, and the metal(0)
surface being conducive to reduction), and that the currents observed in the experiments

are due to oxidation/reduction of the metal.

Therefore employing a metal with a low oxidation potential should allow hydrogen
peroxide oxidation at low overpotential, and this could be beneficial in reducing the
effects of interferents. However the metals investigated here all oxidise hydrogen
peroxide at similar potentials, so none would seem to offer any obvious advantage for

hydrogen peroxide measurement.

3.4 Ascorbate Electrochemisrty

Detection of hydrogen peroxide in biological media such as whole blood is complicated
by the presence of other redox species like ascorbate and uric acid (blood concentrations =
50 uM and 400 uM respectively'®®). These all oxidise within the same potential window
as hydrogen peroxide at platinum electrodes. It is hoped that the improved catalytic
activity seen for hydrogen peroxide oxidation at mesoporous metals will make these

interferent species less significant.

3.4.1 Mesoporous and Polished Platinum Voltammetry:
Ascorbic acid is present as the L-ascorbate anion in aqueous solution at pH 7.4. This

undergoes a two electron transfer from the platinum surface to form the intermediate
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dehydro-L-ascorbic acid, which through condensation of water, cyclises to form the final

product 2,3-diketogluconic acid (scheme 1 137,

H,O ° &
¢]
OH
L-Ascorbate Dehydreo-L-ascorbic acid 2, 3-diketogluconic acid

Scheme 1. Reaction scheme for the oxidation of L-ascorbate, and subsequent hydration of the intermediate

product.

Figure 13 below shows voltammograms recorded at mesoporous and polished platinum
microelectrode in ascorbate solution. This confirms that the oxidation of ascorbate
coincides with that of hydrogen peroxide. This result is fairly typical although in some
cases the oxidation wave begins somewhat more steeply and reaches a plateau over this
range. The results are very sensitive to the state of the metal surface and the age of the

ascorbate solution.

The factors affecting the shape of the voltammetry go beyond the scope of this work.
However it is worth noting that the oxidation current is not maintained during the cathodic
sweep and that there appears to be a wave between -0.35 and -0.45 V (more pronounced
at the mesoporous electrode). It is likely that, as with hydrogen peroxide voltammetry, the
oxidation state of the metal plays some role in these features. It could be that the place
exchange platinum oxide is being formed and this is less efficient at ascorbate oxidation.
It is therefore worth noting that the wave, observed between -0.35 and -0.45 V in the

cathodic sweep coincides with platinum oxide stripping (see figure 9).
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Figure 13. Cyclic voltammetry in 10 mM L-ascorbate, 0.1 M sodium phosphate buffer, pH 7.4, T'= 25 °C.
Sweep rate = 2 mV s™'. Thin line: WE = polished platinum microdisc, 25 pm diameter. Thick line: WE =

polished platinum microdisc, 25 um diameter with 0.5 um mesoporous platinum film.

The current response for the mesoporous electrode is slightly greater and initially it was
considered that there might be some additional electrochemical process responsible for
this e.g. the further oxidation of the intermediate dehydro-L-ascorbic acid or the 2,3-

diketogluconic acid product.

This experiment was repeated with mesoporous and polished electrodes ranging in size
from 5 um to 50 um and the ratio of the limiting currents was never consistent between
electrode pairs. So the electrodes were measured using chronoamperometry in ruthenium
hexamine solution, and it was found that the current discrepancies between the waves

corresponded to the differences in the real radii of the electrode pairs.

It is therefore likely that the higher currents at mesoporous electrodes are simply due to
the increased radii of the nanostructured film (see equation 1, 3.2.4 above). To test this

idea further chronoamperometry in solutions of varying ascorbate concentration was
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recorded at mesoporous and polished microelectrodes, ranging in size from 5 to 50 pm

(diameter). A plot of iL versus electrode radius x ascorbate concentration (axc) was made

(figure 14).
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Figure 14. Mass transport limited current for ascorbate oxidation (recorded at microdisc electrodes of

various diameters) vs electrode radii (4 estimated from ruthenium hexamine voltammetry) x ascorbate
concentration. Solution was 0.1 M sodium phosphate buffer, pH 7.4, 7=25 °C. Electrodes held at a potential
of +0.2 V vs SMSE until current stabilised before adding 50 uL aliquots of 0.2 M L-ascorbte to make

desired concentrations.

The gradient of the regressions, for the two sets of data, are roughly the same
(4.41 A mol™ c¢m? for the mesoporous electrodes and 4.95 A mol™ cm” for the polished
electrodes); implying the same number of electrons are involved, in the oxidation

processes, at both mesoporous and polished electrodes.

Assuming that the oxidation is a two electron process, it is possible to calculate (from
equation 1) the diffusion coefficient for ascorbate in 0.1 M sodium phosphate buffer
(pH=7.4, T=25 °C). This gives 5.7 x 10 cm? s from the data recorded at the mesoporous

electrodes and 6.4 x 10 cm? s from the data recorded at the polished electrodes. These
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values are in reasonable agreement to the value of D reported by Bartlett and Wallace'’

(5.0 £0.4 x 10 cm” s™' for ascorbate in citrate/phosphate buffer of pH=7.0).

3.4.2 Mesoporous and Polished Palladium Voltammetry:

As for hydrogen peroxide, the oxidation of ascorbate at palladium is shifted to slightly
less anodic potentials, compared to platinum. The shape of the voltammetry is essentially
the same, with the oxidation current ‘switching off’ on the cathodic sweep. A similar
cathodic wave is also seen at the mesoporous electrode between -0.35 and -0.5 V, which

again coincides with metal oxide stripping (see thin line figure 9).
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Figure 15. Cyclic voltammetry in 10 mM L-ascorbate, 0.1 M sodium phosphate buffer, pH 7.4, T'= 23 °C.
Sweep rate = 2 mV s”'. Thin line: WE = polished platinum microdisc, 25 um diameter. Thick line: WE =

polished platinum microdisc, 25 pm diameter with 0.5 pm mesoporous palladium film.

There is some difference between the mesoporous and polished metal (figure 15) in that
the current at the mesoporous electrode is significantly greater than that at the polished
electrode. Assuming D for ascorbate is 6 x 10 cm” s™ (estimated by combining the

values obtained from the plots on figure 13) and taking the radius of the electrodes to be
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12.5 x 10™ cm; then substitution into equation 2 gives an expected limiting current of 59
nA. this coincides well with the plateau on the mesoporous voltammogram at around -
0.05 V vs SMSE. The maximum current at the polished electrode is somewhat lower (~

44 nA) and this is also much less stable, decaying with each sweep.

3.4.3 Mesoporous and Polished Rhodium Voltammetry:

Once again the current at the mesoporous electrode is significantly greater than that at the
polished electrode (figure 16). However the current is now strongly dependent on
potential even at the mesoporous electrode. The response at both the nanostructured and
polished rhodium electrodes decreased with each sweep in ascorbate solution. No plateau
for ascorbate oxidation is seen at more positive potentials (only ever rising current due to

electrolysis of water).
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Figure 16. Cyclic voltammetry in 10 mM L-ascorbate, 0.1 M sodium phosphate buffer, pH 7.4, T'= 25 °C.
Sweep rate = 2 mV s™'. Thin line: WE = polished platinum microdisc, 25 um diameter. Thick line: WE =

polished platinum microdisc, 25 pm diameter with 0.5 pm mesoporous rhodium film.
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It would seem that, as for platinum and palladium electrodes, rhodium oxide is less
efficient at ascorbate oxidation than Rh(0). Referring back to figure 11, it is clear that
rhodium remains oxidised over the potential range used for ascorbate voltammetry here;
so this helps explain why the current decreases with successive cycles. It also explains
why there is no cathodic wave as seen for platinum (-0.35 and -0.45 V) and palladium (-

0.35 and -0.5 V).

3.4.4 Conclusions:

Mesoporous platinum, palladium and rhodium all oxidise ascorbate over the same
potential range as hydrogen peroxide; once again there would seem to be no obvious
advantage to using one of these materials over the others (at least in terms of glucose

detection).

3.5 Glucose Electrochemistry

3.5.1 Non-enzymatic Glucose Detection:

.14 .
138140 ouffers from two main

Direct amperometric detection of glucose at platinum
drawbacks. Firstly the kinetics of glucose oxidation are very sluggish and this leads to low
currents; often negligible in the presence of inteferents such as ascorbate or
acetamidophenol. Secondly the response is not stable with time due to poisoning of the

electrode surface by adsorption of intermediate species.

However it has been shown that the Hj-ePt material can be used to catalyse the
electrochemistry of glucose. Park et al* reported non-enzymatic glucose detection using
mesoporous platinum with sensitivities (dependent on surface area) of 9.6 uA cm™ mM™,
linear response range of approximately 10 mM (normal physiological range 3-8 mM) and

good reproducibility in the presence of high chloride ion concentration.

Measurements were made at + 0.4 V vs Ag/AgCl (i.e. + 0.843 V vs SMSE), and while

ascorbic acid and acetamidophenol are also oxidisable at this potential, it was found that
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0.1 mM (typical physiological concentration 0.1 mM) of each gave negligible current

responses compared to the glucose.

In this work direct oxidation of glucose at mesoporous and polished platinum was also
studied. Cyclic voltammetry indicated that mesoporous platinum shows a significant
response to glucose in the potential range -0.2 to 0 V vs SMSE. At these potentials

interference from ascorbate might be further reduced.

Polished and mesoporous platinum microelctrodes were held at potentials ranging from
-0.15 to 0 V vs SMSE in 10 ml of 0.1 M sodium phosphate buffer for 20 minutes
(sufficient time for the background current to stabilise) before addition of glucose and

ascorbate. Figure 17 shows the current time plot for one such experiment.
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Figure 17. Chronoamperometry in 10 ml 0.1 M sodium phosphate bufter, pH 7.4, 7=25 °C. WE = 25 um
polished platinum disc with a ~1 pm mesoporous platinum film; held at -0.1 V vs SMSE for 20 minutes
before 50 pl aliquots of 0.5 M glucose were added at three minute intervals (solution stirred during

addition). Plot corrected for background current -0.41 nA. Glucose concentrations are marked on the plot.
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The response of the mesoporous electrode ranged from 440 to 180 pA mM™! of glucose
(decreasing at more cathodic potentials). While the ascorbate response at these potentials
is reduced from the diffusion limited value it was found to be significant 8.0 — 6.8 nA

mM™ ascorbate (typical physiological concentration 0.1 mM).

In each case the current decays with time after addition of glucose showing that poisoning
is still a factor with mesoporous platinum. Electrodes were cycled in the buffer (two
cycles: -1 to +0.6 V vs SMSE at 50 mV s™') before the start of each experiment in order to
refresh the platinum surface and minimise the effects of poisoning. If experiments were
repeated without cleaning the electrode the current response was typically 17-20 % of that
for the clean platinum (though this current is more stable). Current decay is also apparent
in the current time transients published by Park et al. although this is not discussed in their

paper. Results are summarised in table 1 below.

E/V | igucose/ PA MM | vackground / PA | idecrease over 3 min | i0.1mM AA / PA
0.00 440 150 8.8 % 800
-0.05 490 10 8.4 % 770
-0.10 390 -410 33% 720
-0.15 180 -1590 4.0 % 680

Table 1. Current response of a 25 um diameter mesoporous platinum electrode to glucose and ascorbic acid

(AA) at different potentials (measured vs SMSE).

Figure 18 shows a current time transient for glucose oxidation at polished platinum. As
reported by Park ef al. the response of polished platinum to glucose is much less (~ 0.4 -

6.9 %) and is negligible in comparison to the ascorbate current (also shown).
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Figure 18. Chronoamperometry in 10 ml 0.1 M sodium phosphate buffer, pH 7.4, 7=25 °C. WE = 25 pm
polished platinum disc; held at -0.1 V vs SMSE for 20 minutes before 50 pl aliquots of 0.5 M glucose were
added at three minute intervals (solution stirred during addition). Addition of 50 pL 0.02 M ascorbate also
shown at t = 850 s (i.e. [ascorbate] = 0.1 mM). Background current <0.1 pA. Glucose concentrations are

marked on the plot.

The ascorbate response is relatively more significant at the polished electrode due to the
low glucose oxidation currents. The unstructured platinum surface is also more sensitive
to poisoning and once again the current decreases with time. Results are summarised in

table 2.

E/V [ igucose / PA MM | fhackeround / PA | idecrease over 3min | 0.1 mM aa / DA
0.00 1.59 2.30 13.3% 585
-0.05 9.03 2.40 10.4 % 650
-0.10 8.15 <0.1 10.2 % 528
-0.15 12.45 -4.4 8.5% 400

Table 2. Current response of a 25 um diameter polished platinum electrode to glucose and ascorbic acid

(AA) at different potentials (measured vs SMSE).
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3.5.2 Mesoporous and Polished Platinum Voltammetry:

Cyclic voltammetry in phosphate buffer solution containing different concentrations of
glucose was used to compare the general response of platinum, palladium and rhodium.
Voltammograms at mesoporous and polished platinum microelectrodes are shown in

figure 19.

Oxidation of glucose is influenced by many factors including electrolyte composition, pH
and temperature; although oxidation at platinum always proceeds in three distinct regions
on the anodic voltammogram'*'; the hydrogen region (-0.5 to -0.65 V), the double layer
region (-0.4 to -0.2 V) and the platinum oxide region (>-0.2 V). The exact mechanism of
glucose oxidation at platinum is unclear although techniques such as Fourier transform
infrared reflectance (FTIR) spectroscopy'’ and surface capacitance measurements'** have

provided some insight into the possible intermediates.

What is generally accepted is that the initial chemisorption and dehydrogenation of
glucose is linked with the adsorption of hydrogen and that the primary oxidation product

. -14
is gluconolactone'*”'*2,

The peaks in the double layer region (-0.3 V) and the platinum oxide region (+0.08 V) are
attributed to further oxidation of adsorbed intermediates. This leads to other products
including carbon monoxide which poisons the metal, eventually leading to a reduction in

response.

The voltammograms for the mesoporous and polished electrodes are essentially the same;
although the glucose oxidation currents at mesoporous platinum are more pronounced.
Also, the current in the hydrogen region, for polished platinum, is somewhat suppressed at
the highest glucose concentration of 20 mM. This might suggest that, once again,

increased surface area has a positive influence in reducing the effect of poisoning.
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Figure 19. Cyclic voltammetry in 0.1 M sodium phosphate buffer, purged with argon, pH 7.4, T = 25 °C.
Sweep rate = 50 mV s™'. Top: WE = polished platinum microdisc, 25 pm diameter with 0.5 pm mesoporous
platinum film. Bottom: WE = polished platinum microdisc, 25 pm diameter. Coloured lines correspond to

different glucose concentrations: (—) =0 mM, (—) =5 mM, (—) = 10 mM, (—) = 15 mM, (—) =20 mM.
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3.5.3 Mesoporous and Polished Palladium Voltammetry:

Glucose voltammetry at palladium is quite different from that at platinum. Firstly, there is
a complete lack of any peak in the double layer region (figure 20). Also, while there is
some increase in current in the palladium oxide region as glucose concentration is

increased, the peak here is much less pronounced than in the platinum voltammetry

(figure 19).

Once again the current in the hydrogen region, for the polished microdisc, is somewhat

suppressed at the highest glucose concentration of 20 mM.
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Figure 20. Cyclic voltammetry in 0.1 M sodium phosphate buffer, purged with argon, pH 7.4, T =25 °C.

Sweep rate = 50 mV s'. Top: WE = polished platinum microdisc, 25 pm diameter with 0.5 um mesoporous

palladium film. Bottom: WE = polished palladium microdisc, 25 um diameter. Coloured lines correspond to

different glucose concentrations: (—) =0 mM, (—) =5 mM, (—) = 10 mM, (—) = 15 mM, (—) =20 mM.
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3.5.4 Mesoporous and Polished Rhodium Voltammetry:

The voltammetry of rhodium in buffer over this potential range (-0.9 to + 0.6 V vs SMSE)
is almost featureless, and the current decreases rapidly with successive sweeps and
increasing glucose concentration. It would seem that glucose undergoes no

electrochemistry in this range either, but merely serves to poison the rhodium surface.

3.5.5 Conclusions:

Mesoporous platinum and palladium both catalyse glucose oxidation and reduce the
effects of piosoning. Reducing the overpotential did not help to eliminate the effect of
ascorbate; indeed the ascorbate oxidation current becomes more significant at the lower

potentials tried here.

Unlike the hydrogen peroxide detection, there would appear to be a definite advantage to
using mesoporous platinum (over palladium, which is itself preferable to rhodium) for the
direct oxidation of glucose. None the less poisoning of the electrodes is still an issue and it
is worthwhile investigating the potential of mesoporous platinum, palladium and rhodium

for enzyme based sensing.

3.6 Modification with Glucose Oxidase

3.6.1 Polymerisation of Phenol on Platinum:

Entrapment of glucose oxidase in electropolymerised phenol has been studied by Arrigan
and Bartlett'*’. Scanning force microscopy was used to investigate the topology of the
poly(phenol) and GOx/poly(phenol) composite on highly ordered pyrolytic graphite
(HOPG). A “nanodozing” technique'** was employed to estimate the thickness of the
polymer films as 3 = 1.2 nm and 7.4 + 0.8 nm for enzyme free and enzyme composite
polymers respectively. These measurements were performed ex situ and therefore do not

reflect the thickness of the films in solution where they would be expected to swell.
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One question worth considering is how phenol will polymerise on mesoporous platinum.
There would seem to be two extreme possibilities: 1) polymerisation at the surface

blocking the pores or 2) polymerisation throughout the structure (figure 21).

Empty Filled
3 nm
nanopores nanopores
poly(phenol)
film

Platinum

Figure 21. Cross-sectional diagram of mesoporous platinum covered with poly(phenol) film. Left:

polymerisation outside the structure only. Right: polymerisation inside the pores.

Phenol has an approximate diameter of 0.56 nm'%

and is therefore small enough to
diffuse into the mesostructure. With the deposition solutions containing only 50 mM
phenol, complete filling of the pore (with poly(phenol) will be dependent on diffusion of
extra phenol from the bulk. This will become more hindered as the deposition continues.
A case somewhere between the two extremes (depicted above) might therefore be

expected, with the film inside the pores being less dense as you progress down the pore,

and possibly incomplete in places.
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In order to investigate these possibilities poly(phenol) films were electrodeposited onto

one mesoporous and one polished electrode (figure 22).

10 T T T — T T — T T

06 | i

04 | -
02 F -
0.0 | : | 1 | 1 | L
0.4 05 0.6 0.7 0.8
Evs SCEIV

Figure 22. Voltammetry in 45 mM Phenol, 0.1 M sodium phosphate buffer, pH 7.4, T =25 °C. Sweep rate
=10 mV s'. Thick line: 0.5 mm diameter polished gold disc with 1 um mesoporous platinum film. Thin

line: 0.5 mm diameter polished platinum disc.

Polymer films were deposited by voltammetry at 10 mV s”'; under these conditions almost
all of the charge is passed on the first sweep. The charges for passivation of the two

electrodes were compared:

® (O, = phenol polymerisation charge required to passivate the polished electrode =
4.80 uC

o A, = the surface area of the polished electrode = 1.963 x 10™ cm”.

e A, = the surface area of the mesoporous electrode = 0.19 cm’.

= (pas = charge required to passivate a given surface area = 2.44 mC cm™
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= Predicted QO.eso = charge required to passivate the mesoporous electrode = Qpqg ¥
Aeso = 2.44 mC x 0.19 cm’ (surface area estimated from cyclic voltammetry in
acid see above).

= Predicted Qpeso = 464.5 nC

e However polymer film cannot reach full 3 nm thickness over most of electrode

surface due to diameter of pores (2.5 nm).

2.5 nm

7.85 nm

Figure 23. Schematic showing same surface area as a cylinder and laid flat. Note cylinder has a defined
volume while, in theory, any thickness of polymer could be deposited onto the flat surface to give

potentially infinite volume.

e The surface area of the pores laid flat (figure 24 above) is 7.85 x 10" cm? pm™.

e Therefore for a 3 nm polymer film grown over this area the volume of polymer is
2.355 x 10" em’.

e The volume of the closed pore is only 4.909 x 10" em’.

e Therefore the percentage of polymer that can be deposited onto the full
mesoporous surface is 4.909 x 10" em®/2.355 x 1077 ¢cm® x 100 =20.9 %.

e Predicted O,es0 for passivation of the mesoporous electrode becomes:

o 464.5uC x0.209=97 uC.

The observed charge for the passivation of the mesoporous electrode (Q = 16.55 uC) is

much less than 97 pC; suggesting that the pores are not completely filled with polymer
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but are merely capped at the top with some limited growth inside. This may be
advantageous when the mesoporous electrodes are modified with the GOx/poly(phenol)
matrix since the hydrogen peroxide (produced during reaction with glucose) will not have

to diffuse through large amounts of polymer to access the extra platinum surface area.

3.6.2 Modification of Mesoporous and Polished Platinum with GOx/poly(phenol)
Matrix:

Firstly it is important to note that glucose oxidase is too large to fit into the pores of the
nanostructured metals. The approximate dimensions of the enzyme dimer are 0.7 x 0.55 x
0.8 nm ', compared to the pore diameter of 2.5 nm. So it is likely that the coverage of
the mesoporous electrodes will be the same as for the polished microelectrodes studied
before’. However the interaction of the glucose oxidase with the nanostructure may differ

from its interaction with polished platinum.

Figure 24 shows the response of: a) a 25 pm mesoporous platinum disc modified with a
GOx/poly(phenol) film and b) a 25 pm polished platinum disc modified with a
GOx/poly(phenol) film, to increasing glucose concentration.

While efforts were made to reproduce the modification procedure described by Caruana'*
(see experimental section) the currents obtained during calibration here are somewhat less
than those reported by Caruana (i.e. approximately half). Also the stability of the polished
GOx/poly(phenol) electrode is very poor. Caruana’s electrode showed a small drop in
activity over the first 7 days with very good stability thereafter (up to 40 days); while here
the current response of the polished GOx/poly(phenol) electrode is less that 10 % after
only 8 days.
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Figure 24. Chronoamperometry in 10 ml 0.1 M sodium phosphate buffer, pH 7.4, 7=25 °C. WE held at 0.2

V vs SMSE for 20 min before aliquots of 5 M glucose were added at three minute intervals (solution stirred
during addition). a) WE = polished platinum microdisc, 25 pm diameter with 0.5 pm mesoporous platinum
film. b) WE = polished platinum microdisc, 25 pm diameter. ®) data recorded on day of modification. o)

data recorded on day 8. Lines are regression data from equation.
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The same concentration of active enzyme was used (as determined by absorbance at 450
nm) and the activity of the enzyme employed here was comparable to that described by
Caruna (> 140 units mg" determined by MediSense procedure, and > 2000 U/ml by
Beckman method compared to 157-210 units mg™). The enzyme activity may have some

bearing on the lower currents obtained in this work.

Also the enzyme adsorption time is very important; too short and maximum coverage will
not be achieved, too long and the enzyme may become denatured and less active.
Electrodes were left in the growth solution for the recommended 15 minutes prior to
electropolymerisation; however, it is unknown if this is also the optimum time for the

structured electrode.

Lastly in this study the measurement potential used to acquire the calibration plots was
+0.2 V vs SMSE compared to + 0.9 V vs SCE used by Caruana (i.e. + 0.5 V vs SMSE).
The reason for choosing this lower potential was in order to take advantage of the
catalytic hydrogen peroxide oxidation at the mesoporous platinum, in the hope that this
might help reduce the effect of interfering species. However this potential would seem to
be less than ideal for operation of the polished electrode, and is possibly responsible for
the greatly decreased stability. The reduced currents observed at the polished electrode on
day 8 are probably due to a loss of sensitivity to hydrogen peroxide rather than a decrease

in enzyme activity.

Equation 5 was derived in order to describe the general behaviour of these enzyme

;
electrodes™’:

kK ,a.esk , Ks,! S
K¢s, +kK ,a Kis, +kK ,a K,

]s - kcal
Where j; is the rate of consumption of the substrate (glucose), a, and s. are the bulk

concentrations of the mediator (oxygen) and substrate respectively, K, and Ky are the

partition coefficients of a and s between the solution and the polymer film, / is the
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thickness of the film, ey is the total enzyme coverage, k& describes that rate of enzyme
mediator reaction and k., and K}, are the characteristic enzyme rate constants.
e When kK a.Kss. 1s dominant then the limiting reaction is the rate at which the
enzyme is re-oxidised by the mediator.
e  When k.,KsS. is dominant then the enzyme substrate reaction is limiting.
e At low substrate concentration (when kK 4a,Kss, is not dominant) where Kss,, <
K, kK4a.Kys in the denominator is dominant so j; is proportional to s.. As the
bulk concentration of substrate is increased (Kss., > Kjy) either kK a.,Kss.. or

kea:Kss become limiting. In both cases j; is then independent of s..

The calibration plots in figure 24 were analysed using equation 5 and the kinetic data, in
table 3, was extracted by regression in Origin 6.0 (OriginLab®). In order to achieve this
equation 5 was simplified by combining certain terms to give equation 6:

as 6

ac

j=—=
bs_+c

s

is=nFAjs

a=nFAkK jaesko.Ksl
b= keaiKs + kK4 aKs
¢ = kK4 a oKy

This was rewritten as equation 7 which could be plotted in origin to extract the constants

1, 2 and 3.

i - _HSs 7
' obs, +1

Where a; = a/c = constant 1, b; = b/c = 1/constant 3 and constant 2 = a;/b,.
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Constant 1 Constant 2 Constant 3
aK kel ak k. esl K,
K, (+k,, /kK ,a.) K,(1+k, /kK ,a,)
Jem s~ /mol cm™ ™ /mmol dm™

25 upm mesoporous Pt electrode modified with GOx/poly(phenol).

Day 1:

5.60 x 10 (£ 0.03 x 10°) 185 x 107" (£ 0.007 x 1073 332 (x0.3)
Day 8:

6.53 x 10 (£ 0.22 x 10®) 167 x 102 (0.3 x 107'%) 26 (+ 1)

25 pm polished Pt electrode modified with GOx/poly(phenol).

Day 1:

14.66 < 10 (+2.02 x 10 188 x 102 (x4 x 107%) 13 (+ 2)
Day 8:

1.21 x 10° (£ 0.10 x 10 17 x 10" (£ 0.1 x 107 14 (= 1)

Table 3. Kinetic parameters for non-linear least squares fits of data (figure 25) to equation 5 along with the

errors generated by the algorithm. NB constant 3 = constant 2/constant 1.

For the mesoporous platinum microdisc, there is little change in the constants between
day 1 and day 8; showing that the enzyme is stable, within the polymer matrix, over this
timescale. On day 1, constant 2 for the polished electrode agrees well with that for the
mesoporous electrode, while constant 1 is approximately three times larger and constant 3
is three times smaller. This suggests that the GOx/poly(phenol) films on the two
electrodes are similar (i.e. similar amount of glucose oxidase entrapped, similar thickness
of poly(phenol) and similar permeability of glucose and hydrogen peroxide through the
film), but for some reason Ky, for the enzyme-substrate complex is different. Lastly, the
stability of the polished electrode is lower. By day 8, constants 1 and 2 have fallen to
around 10 % of their initial values; this might indicate that the coverage of active enzyme
has decreased or could be due to a reduction in hydrogen peroxide response (effectively a

change in a).
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3.6.3 Comparison of Platinum, Palladium and Rhodium Metal Microdiscs Modified

with GOx/poly(phenol) Matrix:

Mesoporous and polished palladium and rhodium microdiscs were modified using the

same procedure employed for the platinum electrodes in 3.5.3 above. A different source

of glucose oxidase was used (lyophilised powder 157,500 U/g) and the concentration was

calculated to give the same number of active units per ml of deposition solution. However

the kinetic parameters obtained from the glucose curves (table 4 bellow) were very

different from those calculated for the platinum electrodes (table 3 above); so two

platinum microdiscs (one polished and one mesoporous) were also modified using the

new enzyme and deposition solution in order to make a comparison of kinetic parameters

between metals.

Constant 1 Constant 2 Constant 3
akK k., esl aK kel K,
K, (+k,, kK ,a.) K,(+k,/ kK a,)

/em s’ /mol ecm™? ™! /mmol dm™
Polished Pt:
1.38 x 10 (£ 0.16 x 10°°) 32x 10" (9 x 1077) 24 (£ 3)
H;-ePt:
1.63 x 10° (£ 0.01 x 10°%) 70 x 102 1 x 109 43 (£ 1)
Polished Pd:
H;-ePd:
1.09 x 10 (£ 0.06 x 10°) 26 x 102 (3 x 107%) 24 (£2)
Polished Rh:
0.50 x 107 (+ 0.03 x 10°) 10 x 102 (=2 x 1071%) 19 (£ 2)
H;-eRh:
1.59 x 107 (+ 0.04 x 10 37 x 102 (£ 2.34 x 1079 23 (£ 1)

Table 4. Kinetic parameters for non-linear least squares fits of calibration data to equation 5. All electrodes

were 25 um in diameter and modified with the GOx/poly(phenol) matrix.
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The best calibration curves were obtained for the platinum electrodes and once again the
mesoporous platinum not only gave a higher current response but also showed the best fit
to equation 2 with the smallest errors. The polished palladium electrode gave the worst fit
to the equation and it was impossible to obtain any meaningful kinetic parameters as the
current decayed rapidly after the first glucose addition. The mesoporous palladium
electrode was better, showing a response comparable to that of the platinum electrode,
although with slightly more error in the fitting to equation 2. For the rhodium electrodes,
once again the greater current response and best fit were seen for the mesoporous
electrode. Unlike the platinum electrodes the polished rhodium did not display currents

comparable to its mesoporous counterpart.

Electrodes were stored in sodium phosphate buffer (pH 7.4, 7=4 °C) for 7 days before

repeating the calibration experiments. The kinetic data is presented in table 5.

Constant 1 Constant 2 Constant 3
akK ik, ,esl akK gk, esl K,
K,, (+k,, kK ,a,) K.(+k,, kK ,a,)

fem st /mol cm? 5! /mmol dm”
Polished Pt:
0.40 x 10 (£ 0.08 x 10°®) 9x 10" (7 %101 21 (= 10)
Hl-ePt:
2.07 x 10° (£ 0.02 x 10%) 93 x 102 (£3 x 1079 45 (1)

Polished Pd:

H;-ePd:

4.22 x 10 (+0.19 x 10 112 x 102 (12 x 109 27 (£2)
Polished Rh:

1.54 x 10 (£ 0.73 x 10°%) 9x 10" =9 x10™") 6 (x2)
H;-eRh:

14.30 x 10 (+ 6.00 x 10 42 x 1072 (£ 32 x 1077 3(x1)

Table 5. Kinetic parameters for non-linear least squares fits of calibration data to equation 5. After storing
electrodes for 7 days in sodium phosphate buffer (pH 7.4, 7= 4 °C). All electrodes were 25 um in diameter
and modified with the GOx/poly(phenol) matrix.
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Once again, the mesoporous platinum is more stable than the polished platinum electrode,
with little change in the constants over 7 days; the decrease in constants 1 and 2 again,

point towards a loss of active enzyme from the polished platinum surface or a change in ¢.

However the constants for the other electrodes are significantly changed by day 7. The
rhodium electrodes show a drop in constant 3 with a concurrent increase in constant 1,
indicating that the enzyme substrate binding constant (Ky) is decreased. Meanwhile there

appears to be a marked increase in constants 1 and 2 at the palladium electrode.

3.6.4 Conclusions:
It is possible to immobilise Gox at polished and mesoporous platinum, palladium and

rhodium microelectrodes, using the method described by Caruana'*®.

However the
enzyme electrodes reported here show lower current response to glucose and less stability.
The kinetic data would seem to suggest that this is due to a decrease in the electrode

response to hydrogen peroxide.

In each case the mesoporous electrodes are able to operate more efficiently, and with

greater stability at lower overpotentials, than the polished electrodes.
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3.7 Summary

Decomposition of hydrogen peroxide, at platinum group metals, is a continuous chemical
process involving both oxidation and reduction reactions (1 and 2). The balance of these
reactions can be perturbed by electrochemically altering the oxidation state of the
substrate. A surface dependent mechanism for the reduction of hydrogen peroxide at
platinum group metals has been proposed. This mechanism is analogous to that previously

reported by Hall ef al.'® for hydrogen peroxide oxidation at platinum.

Hydrogen peroxide voltammetry is reproducible at the mesoporous platinum, palladium
and rhodium microelectrodes but not at the polished electrodes. A gradual decrease in
current is seen with continuous cycling of polished electrodes and there are no plateaus in
the voltammetry. Hydrogen peroxide electrochemistry is dependent on the number of
available metal binding sites and is therefore very sensitive to poisoning. The high
specific surface areas of the mesoporous electrodes make the effects of poisoning less

significant.

The cross-over of anodic and cathodic voltammograms can be explained by the place

exchange of atoms in the oxidised metals.

Ascorbate oxidation would also seem to be affected by the oxidation state of the electrode,
although this was not investigated in any depth. Oxidation of ascorbate occurs within the
same potential window as hydrogen peroxide oxidation and is therefore likely to interfere
with glucose measurement at the enzyme modified electrodes. The mesoporous electrodes
have no advantage over the polished electrodes with respect to reducing ascorbate

oxidation.

Direct amperometric determination of glucose at mesoporous platinum is possible because
of its very high specific surface area. A range of potentials offer viable glucose detection
and can be selected such that ascorbate oxidation does not occur or that the current for this

is negligible.
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Only two of the three regions, associated with glucose oxidation at platinum, are seen in
the palladium voltammograms. This may indicate that the mechanism of oxidation and the
intermediate products formed are different. It should still be possible to make direct
glucose measurements at mesoporous palladium; although polished palladium shows very
low currents which decrease at higher glucose concentrations (much like polished

platinum).

Neither mesoporous nor polished rhodium electrodes show any voltammetric features that
might be attributed to glucose oxidation. In both cases the normal rhodium oxidation,
reduction and hydrogen adsorption features, observed for voltammetry in sodium

phosphate buffer, were poisoned with each increase in glucose concentration.

It has been possible to modify mesoporous and polished platinum, palladium and rhodium
microdiscs with a GOx/poly(phenol) matrix for the mediated detection of glucose. The
success of this process is strongly dependent on several factors including the source, age
and activity of the enzyme, the pH of the deposition solution and the duration of the
polymerisation reaction. Also the calibration curves are dependent on the applied
hydrogen peroxide oxidation potential; so it has not been possible to reproduce the high

currents or level of stability reported by Caruana'*®

. However the mesoporous electrodes
are able to operate at lower potentials than their polished counterparts with much greater

stability and fit the predicted response more closely.
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Macroporous Electrodes

4.1 Overview

The main benefit of the mesoporous metal films, discussed in the last chapter, was their
high specific surface areas. Larger metal structures are also of interest as biosensors.
While increasing the size of the structure lowers the specific surface area of the materials
other possibilities can be exploited; such as the decoration of the structure with bioactive
molecules or immobilisation of enzymes/proteins within their own unique micro

environment/reaction vessel.

The dimensions of the nanostructures discussed in this chapter range from hundreds of
nanometres to several microns and were all prepared from templates consisting of
polystyrene latex spheres immobilised on conducting substrates. Spheres are available, as
monodisperse aqueous suspensions, in sizes ranging from 20 nm to several microns in

diameter.

Templates are typically assembled at a conducting substrate by evaporation of the water to
leave behind a close packed array of spheres; once dried the template can safely be
transferred to the deposition solution without disrupting the structure of the template.
Polymers or metals can be deposited into the interstitial spaces, and the spheres are then
removed by dissolving in toluene or THF to leave behind a macroporous structure with an

architecture that is the inverse of the original polystyrene template (figure 1).

Substrate is

transferred to a
solution of metal ions
which can be reduced
electrochemicall

Latex beads assemble
at the surface as the
water evaporates

Latex beads are
removed by dissolving
in toluene or THF

oy ‘e b b "
SLeees | BRRRRR | -

Figure 1. Schematic of main steps in production of nanostructured films from polystyrene latex spheres.
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4.2 Template Preparation

4.2.1 Self Assembly by Sedimentation:

Where the substrate is an evaporated gold or nickel slide, self assembly of the template
was simply a matter of confining the aqueous sphere suspension at the surface; allowing
the solid to sediment and then evaporating the water. This process is much faster and
more reliable for larger spheres (> 1 um) since they are heavy and less affected by

Brownian motion than the nanospheres.

In the case of evaporated gold slides this process can be assisted by modification of the
surface with a cystamine (thiol) layer prior to adding the sphere suspension. This gives the
gold surface a net positive charge (due to the amino groups) improving its wetability and,
possibly, helping to keep the spheres (which are covered in negative sulphate groups) in

place once the template is dried and during subsequent metal deposition.

While it is easy to template and deposit on slides covered with evaporated metal films,
these do not make the most practical electrodes. In this work the templating procedure
was used to try and deposit structured films onto platinum disc electrodes (made by
sealing 0.5 mm diameter platinum wires into glass, and polishing); these are robust and
have a well defined geometric area. Template assembly at polished platinum disc

electrodes sealed in glass suffers from two main problems:

1. Positioning the electrode such that the polished face is perfectly horizontal. This is
very hard to judge and invariably spheres deposit more thickly on one side of the
polished face than the other.

2. Bevelling at the circumference of the electrode face due to polishing. This leads to

thinner sphere deposits at the centre (where the platinum disc is located, figure 2).

Platinum glass
wire

Figure 2. Cross sectional representation of platinum disc electrode, showing effect of polishing on face.
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It is also worth considering that glass is somewhat more hydrophilic than platinum
(contact angles <5° 50 and ~68° respectively). This will certainly affect the assembly of
the spheres if the water evaporates too fast and sedimentation is incomplete. For smaller
spheres (1000 - 500 nm) very long times are required for complete sedimentation (as
much as a week for a solution depth of 4 mm). However if several layers of spheres have
managed to deposit before the water level gets too low then the structures seem to be quite

stable.

4.2.2 Characterisation of Self Assembled Templates:

The spheres themselves are colourless although templates generally appear as white
coatings over the substrate. If the sphere size is of the same order of magnitude as the
wavelength of visible light then films often appear opalescent. This opalescence is
stronger the thinner and more highly ordered the deposit. For instance slow sedimentation
onto gold slides gives much more reflective and colourful deposits than were seen on the

platinum disc electrodes.

The origin of this iridescence is thin film interference'*® for monolayer deposits of spheres
(analogous to an oil film on water) and Bragg scattering®® is also possible for ordered
multilayers. There are many natural examples of structural colour'®® but the closest
analogy to the structures described here is the semi-precious gem stone opal*® (layers of
hexagonally packed silica particles held together primarily by Van der Waals interactions
and, possibly, also by preferential sedimentation of minerals at the contact points between

particles).

The packing of the spheres, and therefore regularity of the template structure, is improved
not only for slower sedimentation but also for larger spheres. In this work some 5 micron
diameter spheres were used, and while these sediment relatively quickly (due to their
weight and the reduced effect of Brownian motion) the deposits were found to be very
regular and close packed. Also the template deposits were found to be highly opalescent

(figure 3). While the spheres themselves are not of a similar size to the wavelength of
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light spaces within the regular close packed structure are, and this is what causes the

diffractive effects.

AccY  Spot Magn Det WD Exp sl G PLIT
100 kY B0 BOOX GSE B89 1 0.9 Tor

Figure 3. Images of single layers of 5 um polystyrene latex spheres immobilised at surfaces. Left: ESEM
image taken with a Philips XL30 ESEM, spheres immobilised at an evaporated nickel slide. Two defects are
marked on the image: a void (white flag) and a large sphere (red flag). Right: low resolution digital image
of spheres immobilised at 4 mm diameter polished nickel disc (opalescent area). Taken with an Intel Digital

Blue™ QX3+ microscope.

Packing of the 5 um spheres was almost invariably hexagonal with crystal domains
ranging in size from 0.01-0.02 mm® with very few defects. Figure 3 is not an ideal
representation of the templates in general since the size of the spheres used here was
somewhat variable (in fact two spheres in the image clearly stand out as larger than the
others). The spheres used were provided by Alfa Aesar and did not have the guaranteed
size distribution of those provided by Duke Scientific; which were used in the
experiments in section 4.7 (size distribution = 0.05 pm with standard deviation 1.0 %,

mean diameter = 4.996 um + 0.035 pm).

Larger particles like this disrupt the regular packing of the array’' and lead to smaller

domain sizes and defects like the voids apparent in figure 3.

For spheres much smaller than 500 nm it was impossible to tell how efficient the packing
was since the resolution of the microscope was too low. However what was apparent was

that films of these small spheres look cracked like a dry riverbed (Figure 4). There has
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been some debate over the mechanisms that govern cracking in thin films"%"', Most
models predict crack spacing by balancing the elastic energy released during fracture with

the free energy required to form the new surfaces.

Lee and Routh'*? propose a mechanism controlled by hydrodynamic forces in drying
sediment (like the one reported here). The transverse stresses are the result of capillary
pressure between particles. This pressure is inversely proportional to particle size and

results in a high density of cracks for the films of small spheres (such as those in figure 4).

e O T - Ace) T Exp —FA

09 Tarr ] 1 04 o

Figure 4. ESEM images of a 0.5 mm diameter polished platinum disc (sealed in glass) covered with 100 nm
polystyrene latex spheres. Deposition by sedimentation from 60 pL of 0.3 % (weight of solids) suspension
in water confined on electrode in a 4 mm diameter Teflon ring stuck to electrode with varnish. After
sedimentation water was allowed to evaporate at room temperature. Left: 10 x magnification of right hand

image.

[t should be noted that it is possible to assemble well ordered arrays of nanometre sized
spheres (i.e. diameters 20 - 500 nm) by means other than sedimentation. These include:

4. Careful, controlled drying of thin films*"*,

50,51

5. Controlled de-wetting of flat, hydrophilic substrates
6. The Colvin Method*®*,

and are discussed in more detail in Chapter 1 (section 1.3.2).
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Films, such as the one imaged in figure 4, are not particularly useful as templates for the
deposition of structured metals. It is impossible to calculate the charge required to
electrodeposit a given thickness of metal due to the uncertainty in the packing efficiency
and the relatively huge cracks in the film. Films consisting of larger spheres 400-600 nm
were much less cracked; although there was still some shrinkage during drying, this led to
much less significant defects in the structure. Larger spheres also have the advantage of

being much easier to image (figure 5).

AccV Spot Magn Det WD Exp I T 5 pm
150kv 5.0 5000x GSE 104 1 09 Torr

Figure 5. ESEM images of a 0.5 mm diameter polished platinum disc (sealed in glass) covered with 600 nm
polystyrene latex spheres. Deposition by sedimentation from 60 pL of 0.3 % (weight of solids) suspension
in water confined on electrode in a 4 mm diameter Teflon ring stuck to electrode with varnish. After

sedimentation water was allowed to evaporate at room temperature. 5000 x magnification.

Figure 5 shows 600 nm spheres deposited over a 4 mm diameter onto a 0.5 mm diameter
platinum disc sealed in glass. The suspension was allowed to settle for approximately 3
days before allowing the electrode to dry. The hexagonal patterns of spheres visible on the
surface of the film suggest that the bulk structure is probably, predominantly close

packed. It is thought that sedimented synthetic opals adopt a predominantly face centred
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cubic geometry (fcc, where every third layer lies above the first i.e. ABCABC...) with 10
— 20 % stacking faults*.

While this is the most energetically stable configuration®’ the energy difference between
face centred cubic (fcc) and hexagonal close packed (hcp, where every other layer lies
above the first i.e. ABABAB...) structures is < 10° kzT per particle. So under normal
sedimentation conditions, at room temperature, both hcp and fce structures may form.

Therefore, overall, these synthetic opals are random close packed structures (rhep).

Not all of the template surface appears as hexagonal arrays of spheres; there are also areas
with a distinctly square arrangement. These areas represent two different crystal planes of
the fcc bulk lattice™*’: the hexagonal array is the (111) plane and the tetragonal array is
the (100) plane. Orientation of the (111) crystal plane parallel to the substrate surface is

energetically, slightly more favourable than the (100) plane.

AccV SpotMagn Det WD Exp FH—— 20um
150kV 5.0 1000x GSE 1051 0.9 Torr

Figure 6. ESEM images of a 0.5 mm diameter polished platinum disc (sealed in glass) covered with 600 nm
polystyrene latex spheres. Deposition by sedimentation from 60 pL of 0.3 % (weight of solids) suspension
in water confined on electrode in a 4 mm diameter Teflon ring stuck to electrode with varnish. After
sedimentation water was allowed to evaporate at room temperature. Red circle marks one of several foreign

particles in the film.
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Figure 6 gives an impression of the general topology of a sedimented deposit of 600 nm
polystyrene spheres. Although the magnification is quite low, it is just possible to make
out individual spheres and the patterns they form. It is not possible to measure the
thickness of the film, but is clearly not uniform over the whole 4 mm deposit. Figure 6
shows that the film is inhomogeneous and in this case there is also some debris on the
surface (probably shavings of Teflon left over from the machining of the tubes used to
immobilise the spheres, one is marked on the image by a red ring); although this affects

the subsequent deposition of the macroporous metal very little.

4.2.3 Conclusions:

Despite some practical difficulties it was possible to assemble polystyrene latex spheres at
the surface of the platinum disc electrodes (as well as evaporated gold and nickel slides)
by sedimentation. While it was not possible to investigate the bulk structure of these
deposits, the surface topology and particle arrangement suggests that the assemblies are

predominantly random close packed structures (as has been reported in the literature).

As reported by Lee and Routh'*” the templates assembled from the smaller spheres (e.g. <

500 nm diameter) are more prone to cracking.
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4.3 Electrophoretic Deposition of Polystyrene Latex Spheres

Since the polystyrene spheres are covered in surface sulphate groups (designed to prevent
aggregation in the aqueous suspensions), they can be precipitated at a conducting surface
by applying a positive potential. One of the earliest accounts of this technique is by

Richetti ef al. !>

who examined the electric field effects on dilute suspensions of 1 pm
polystyrene latex spheres in thin cells, consisting of parallel, conducting slides (glass

substrates with an indium tin oxide coating).

As well as greatly reducing the template assembly time electrophoresis has the added
advantage that the spheres are only deposited at the conducting portion of the substrate

which means less wastage.

4.3.1 Electrophroetic Deposition of Polystyrene Latex Spheres at Polished Platinum
Microelectrodes:

Two 25 pm polished platinum disc electrodes were positioned in a 0.026 % (solid weight)
aqueous suspension of 500 nm spheres. One was connected to a potentiostat and held at
+5 V vs Pt gauze (A) while the other remained at open circuit potential (B). After 15
minutes both electrodes were removed from the solution. It was noted that the droplet on

the tip of electrode B was clear, whereas the droplet on A was cloudy.

Upon drying B appeared as it did before entering the solution, but A had a white cone like
mound on its surface (approximately half a millimetre high at its peak). Closer inspection
revealed that, while this mound covered the entire face of the glass, there was a tiny pin
hole at the centre. High magnification images showed that there was only sparse and
random adhesion of particles to the surface of B (figure 7) and that the hole in A’s deposit

extended all the way to the, still bare, platinum surface (figure 8).
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§ I pm

Figure 7. ESEM images of electrode B (25 um polished Pt sealed in glass). Left: after polishing. Right:

after standing in 0.026 % colloidal suspension of 500 nm polystyrene beads for 15 minutes.

Det WD Exp ——— 10um ] Det WD
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Figure 8. ESEM images of electrode A (25 um polished Pt sealed in glass). Left: after polishing. Right:
after applying +5 V vs Pt gauze in 0.026 % colloidal suspension of 500 nm polystyrene beads for 15

minutes.

Figure 8 shows that the only place spheres were not deposited onto electrode A was on the
platinum itself. This is probably because the overpotential was too high, and bubbles of
oxygen were formed at the platinum as water was electrolysed. Small currents are
expected during electrophoresis due to water oxidation but significant gas bubble
formation is not observed below current densities of = 100 pA cm? '>. The current time
transient recorded for electrophoresis of spheres onto A (figure 9) shows very high current
density (rising over 10 minutes to 7.92 A cm™) and several spikes which are probably due

to bubbles leaving the electrode surface.
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Figure 9. Chronoamperomery recorded at electrode A (25 um diameter polished platinum disc sealed in
glass) in a 0.026 % (solid weight) aqueous suspension of 500 nm spheres. Applied potential + 5 V vs

platinum gauze counter/pseudo reference electrode.

Other, lower, potentials were investigated for the electrophoresis of polystyrene latex
spheres (figure 10). For the electrodes polarised at + 1 and + 2 V very little current
flowed. When the potential was increased to + 3 or + 4 V significant current was
observed, and, upon removal from the colloidal suspension, the droplet on the end of the
electrode was noticeably cloudy. The spike in the current seen at roughly t = 100 s for the

electrode polarised at + 4 V suggests that electrolysis is still occurring.
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Figure 10. Chronoamperomery recorded at 25 um diameter polished platinum disc electrodes, in a 0.012 %
(solid weight) aqueous suspension of 500 nm spheres. Applied potentials: + 1, + 2, + 3 and + 4 V (black,

blue, red and green lines respectively) vs platinum gauze counter/pseudo reference electrode.

The electrodes were imaged by ESEM after electrophoresis. For the electrodes held at
potentials + 1 and + 2 V there appeared to be only random adhesion of the spheres to the
surface (as in figure 7). The two electrodes held at + 3 and + 4 V show a high
concentration of spheres on and around the platinum surface (figure 11). Closer inspection
suggests that there is less long range order (compared with sedimented spheres) due to the

speed at which they are deposited on the electrode.
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Figure 11. ESEM images of 25 um polished Pt discs after chronamperometry in 0.012 % x 500 nm bead
suspension. Top: images of the same electrode after applying a potential of + 3 V vs Pt for 5 minutes.
Bottom: of an electrode that was held at + 4 V vs Pt for 5 minutes. The 1000 x images (right) show the

broader distribution of the spheres.

It is also worth noting that the spheres are still not covering the platinum surface despite
the fact that bubble formation is reduced. This is perhaps due to the movement of spheres
after electrophoresis as the water droplet dries. Natural Brownian motion is responsible
for some sphere motion, but more important are the capillary forces exerted as the water
droplet retreats. It was found that this could be minimised by performing the
electrophoresis in a more volatile solvent (this means faster drying of the deposit and less
time for sphere movement) and by recessing the electrode slightly to help confine the

spheres. This is discussed more in Chapter 5.
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It would seem that, at relatively low overpotentials, the particles remain mobile (unlike
the spheres deposited at + 5 V). This mobility could be advantageous for assembly;
allowing formation of a crystalline deposit. It should be possible to permanently attach the
spheres to the electrode by increasing the attractive force (i.e. by applying a higher
overpotential) to overcome the steric repulsion between the spheres and the electrode.
Hayward ef al. state that: when the attractive electrostatic force exceeds that due to steric

repulsion, entry into the “primary minimum” creates a permanent bond'>>.

4.3.2 Conclusions:

Electrophoresis may be used to assemble charged, polystyrene latex spheres at platinum
microdiscs. The deposits are less even and appear less ordered than those formed by the
slower process of sedimentation. Careful selection of the electrode potential is required;
such that the spheres are sufficiently attracted to the substrate without causing electrolysis

of the solvent.
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4.4 Cyclic Voltammetry in Metal Plating Solutions

In this work structured deposits of platinum and gold were deposited onto substrates of
silver, gold, platinum and nickel. Cyclic voltammetry, of each substrate, was performed
in: a) a 50 mM aqueous solution of hexachloroplatinic acid (HCPA) and b) a commercial
gold plating bath, in order to establish suitable deposition potentials. Platinum

voltammetry in the gold plating bath is given as an example below.

4.4.1 Platinum Voltammetry in Gold Plating Bath:

Only during the first cycle does the electrode behave as a platinum surface; the second
voltammogram is the same as that of a gold working electrode in this solution. There is
little change in the voltammetry on subsequent cycles indicating that the electrode is

covered with gold.
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Figure 12. Cyclic voltammetry recorded in commercial gold plating bath (Techni gold 25), 7=25 °C. Sweep

rate =20 mV s". WE = 0.5 mm diameter polished platinum disc. Black line: 1% cycle. Red line: 2™ cycle.
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There would appear to be three waves occurring on the 1st cathodic sweep. While the
solution is not de-aerated none of these are in the right potential range to be due to oxygen
reduction (the half wave potential for oxygen reduction being -0.4 V vs SMSE at platinum
in phosphate buffer of pH=7.034, which translates to a potential of about -0.13 V vs SCE
in a solution with a pH of 9.23).

The first wave between -0.8 and -0.9 vs SCE is due to reduction of Au(I) to Au metal.
However before this process becomes diffusion controlled it is overlapped by another. It
seems likely that the second wave is due to hydrogen adsorption at the platinum surface
followed closely by hydrogen evolution. On the second cycle (red line figure 12) there is a
single wave, between - 0.9 and - 1.2 V, due to gold reduction on the newly formed (during

the first cycle) gold surface.

When voltammetry is performed between 0 V and -0.9 V then a peak in the current can be
seen on the anodic sweep (at about -0.8 V) which is reminiscent of hydrogen desorption

(figure 13). - | | ' T T " T
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Figure 13. Cyclic voltammetry recorded in commercial gold plating bath (Techni gold 25), 7=25 °C. Sweep

rate =20 mV s”'. WE = 0.5 mm diameter polished platinum disc.
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4.4.2 Conclusions:

For gold deposition onto silver and gold substrates a potential of -0.94 V vs SCE is
required, but -0.85 V for deposition onto platinum and -0.9 V for deposition onto nickel.
Platinum may be deposited from an aqueous solution of 50 mM HCPA with no additional
electrolyte. A potential of -0.05 V vs SCE is required for deposition onto gold and silver

substrates.

Electroplating of gold onto platinum at < -0.9 V vs SCE is complicated by hydrogen
evolution. This disrupted the template during deposition of macroporous gold, leading to
unstructured films. For this reason macroporous gold films could only be deposited onto
platinum at potentials more positive than -0.85 V vs SCE. It was found that, once a thin
layer of gold had been established, the potential could be safely increased to -0.9 V; since

no hydrogen adsorption occurs at gold and there is no hydrogen evolution at this potential.
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4.5 Deposition of Macroporous Gold onto Platinum Disc Electrodes

All nanostructured metals reported in this section were deposited through templates that
were assembled from sedimented spheres. Certain assumptions had to be made about the
coverage of spheres and their packing in order to estimate the charge required to deposit
films of specific thickness over a given electrode area. These assumptions and key steps in

the calculations are detailed in the appendix A.

4.5.1 Current Transients for Deposition:
Figure 14 shows a current time transient recorded for the deposition of gold onto a 0.5

mm diameter platinum disc covered with close packed 500 nm latex beads.
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Figure 14. Chronoamperometry in Techni Inc Gold 25 plating bath, 7 = 25 °C. WE = 0.5 mm diameter
polished platinum disc covered with close packed 500 nm latex spheres. WE was soaked in solution for 10

min before applying potential of -0.85 V vs SCE. Charge passed = 8.65 x 10 “C.

Initially the current spikes and drops sharply due to the double layer charging of the

platinum. Then it rises as the nucleation of gold centres begins. However after this the
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current does not stabilise, but increases and decays periodically. It seems likely that this
oscillation in current is caused by the changing surface area of the gold as it grows
through the template. This phenomenon has been reported, by Sumida ef al., for nickel

deposition through a close packed array of spheres’.

In this case the current minima on the transient should correspond to gold thicknesses that
are half way up a layer of spheres (i.e. the points in the structure where metal growth is
most restricted and the exposed surface area is minimised). The charges passed, at each of
these current minima, are marked on figure 14, and agree well with the theoretical values

for gold deposits at the half way points on the 1%, 2" and 3™ sphere layers (table 1).

Gold Thickness / nm | Number of sphere | Estimated Q | Observed Q Faradaic
layers /C /C Efficiency %
250 0.5 1.85x 10" | 1.37x 10" 135
658 1.5 3.86 x 107 | 4.32x10* 88
1066 2.5 6.44 x 107 | 7.92 x 10™ 88

Table 1. Charge estimated to give gold thickness corresponding to half layers of sphere compared to charge

passed at each of the current minima on figure 14.

There seems to be pretty good agreement between the theoretical and observed values in
the bulk template. However, the observed charge in the 1% half layer is somewhat less
than expected (despite the fact that the difference in packing efficiency at the surface and

in the bulk lattice was taken into account).

4.5.2 Characterisation of Macrostructures by ESEM:

The gold films, deposited onto platinum in this way, tend to appear either opalescent (red
or green depending on lighting and viewing angle) or gold coloured to the naked eye
depending on how open the cavities are at the surface. The exact shape of the openings
becomes complicated for gold depositions above the first half sphere layer (where they are

circular)”’.
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Viewed under an optical microscope, using white light, many different crystalline regions
are visible on the electrode surface. Separate crystal domains show up, at 80 x
magnification, as differently coloured patches on the gold film. These appear to be a few

micron in size, which was confirmed by ESEM (figure 16).
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Figure 16. ESEM of gold macrostructure deposited onto a polished platinum disc of 0.5 mm diameter.

Cavities are 500 nm diameter. Film thickness is 750 nm.

Crystal domains typically range from 40-100 pm”. This is somewhat smaller than the
domain sizes of 150 um?® and more reported by Bartlett er al.’”® who employed a similar
sedimentation method to form the template (confinement within a Teflon ring for 2-3 days
at 100 % humidity) and spheres of similar sizes (diameters of 500 and 750 nm). However
Bartlett ef al. did use evaporated gold slides as the substrate for their depositions and it
might be the relative flatness (compared to the polished electrodes used here) that gives

improved crystalinity.
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The cavities appear to be arranged primarily in a hexagonal pattern over the surface of the
electrode, but as much as 40 % of the surface adopts a square pattern. As mentioned
earlier in section 4.2.2, the hexagonally arranged pores correspond to the (111) crystal
planes in the original template and the square arrangement the (100) planes. Unfortunately
the resolution of the Philips XL30 ESEM used to image the electrodes was not good
enough to see the connectivity to the underlying cavities; as this would help confirm the
bulk structure of the gold. In the work reported by Bartlett er al.”° the connectivity can be
seen: within the hexagonally arranged cavities, three smaller pores (marking the contact
points between the spheres in the original template) are visible, in a triangular
arrangement. High resolution images of (100) planes have been published by Xu ef al.”.
Four smaller pores are visible within the 300 nm diameter cavities and they adopt a square

arrangement.

Bartlett er al.”® were also able to view the bulk structure of the inverse opals they
produced, by fracturing the slide substrates. Their results suggest that the sedimentation
process leads to an entirely hexagonal close packed structure. From the film thickness and
the charge passed during deposition they were able to calculate a void volume fraction of
60 = 7.15 %; slightly less than the 74.05 % expected for perfect close packing. They
suggest that the presence of domain boundaries account for this discrepancy; although it is
also possible that other packing arrangements also exist within the structure such as body
centred cubic arrangements (packing efficiency 68.02 %). Given the similarities in
template sedimentation and infiltration methods employed in this work it seems safe to
assume that the gold structure reported here have similar properties to those reported by

Bartlett er al.

For an electrode where the template was very good (as in figure 16) the whole of the
platinum disc is covered with gold; more than 90 % of this will appear as open structure in
the ESEM images and the deviation in thickness is no more than a spheres diameter.
However, sometimes the gold deposits show large areas without any structure. This can
happen if the template is damaged or lost from a portion of the electrode (in this case

these areas represent bulk, unstructured gold deposits). Or, as mentioned above (4.2.1).

102



Chapter 4 Macroporous Electrodes

the spheres sometimes sediment less heavily on one side of an electrode and where the

template is thinner it may be completely covered by even a thin deposit of gold (in this

case there is likely to be open structure beneath the gold surface, figure 17).

Figure 17. a) ESEM of gold macrostructure deposited onto a polished platinum disc of 0.5 mm diameter.
Cavities are 500 nm diameter. Film thickness is 750 nm. b) the same electrode imaged just to the right of

where the left-hand image ends.

Towards the far right of figure 17a the structure is starting to close as gold has been
deposited very close to the top of the template. On the right-hand side of figure 17b the
gold has completely covered the template, and is almost flat. It should be noted that for a
gold film of approximately 750 nm, as imaged above, the surface topology of the
platinum substrate is quite apparent; scratches of 1 um and 0.3 pum across (corresponding
to the particle sizes of the alumina slurries used to polish the platinum electrode) can be
seen criss-crossing the surface in figure 17b.

Higher magnification images do not show the normal hexagonal and square arrangements
of cavities because the gold has been grown to the limit of the template and in some

places beyond.

It was difficult to deposit any gold films of greater than 1250 nm thickness (i.e. 2.5 x 500
nm spheres thick) that were completely structured. This was due to the problems
encountered when trying to assemble thick, uniform sphere templates on electrodes of this

type (described in 4.2.1).
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4.5.3 Cyclic Voltammetry in Sulphuric Acid:

Cyclic voltammetry of platinum electrodes covered with thin films of structured gold
show features for both metals (figure 18)*"1%_ The anodic current between 0.6 and 1.1 V
is due to formation of gold oxide, which is accompanied by a characteristic stripping peak
at 0.45 V on the cathodic sweep (analogous to that for platinum, palladium and rhodium
in Chapter 3). Peaks for platinum oxide stripping (-0.01 V) and hydrogen
adsorption/desorption (-0.35 to -0.6 V) are also present; although it is not possible to

make out any current increase for platinum oxidation.
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Figure 18. Cyclic voltammetry in 1 M sulphuric acid, 7= 25 °C, purged with argon for 20 minutes. WE =
0.5 mm diameter polished platinum electrode with 250 nm thick deposit of structured gold (cavity diameter

=500 nm, i.e. % sphere layer). Sweep rate = 200 mV s

Many samples were made with gold deposits ranging in thickness from 250-1250 nm (i.e.
0.5-2.5 x 500 nm spheres height). These were cycled in acid; then sonicated in the same
acid (in order to displace any pockets of air within the structure) and then cycled once

again. Voltammograms recorded before and after sonication were the same; indicating
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that the gold structure wets readily. Addition of a surfactant to the acid was also used to

try and improve wetting, with much the same result.

Therefore it is possible that the platinum features, seen in the sulphuric acid voltammetry
(figure 18), are due to bare platinum where the spheres made contact with the substrate
electrode. However, exposed platinum may also be due to flaws in the structure: where
the gold deposition solution failed to penetrate the template or where the gold may have

been damaged.

From the voltammetry it is possible to estimate the surface area of platinum exposed (see
Chapter 3) and assuming the packing efficiency of spheres is approximately 85 % (this
seems reasonable since packing of spheres at a two dimensional surface has a spatial
efficiency of 91 % and 79 % for hexagonal and square arrangements respectively) it was
possible to calculate the area of contact for each sphere. For well structured, continuous
gold deposits values typically range from 4.12 x 10'° cm® to 539 x 107 cm?
corresponding to platinum discs of 230 nm and 260 nm diameter respectively (although

values as high as 1.66 x 10 c¢m? and as low as 7.85 x 107° cm?

were obtained). These
values are less than the cross-sectional area of a 500 nm diameter sphere (1.96 x 10 c¢m?)
suggesting that the platinum features, in the acid voltammetry, are mainly due to contact

with the template rather than defects in the structure.

The diameter of these contact points, between the structure and the substrate, were
measured by Bartlett er al.%. Scanning force microscopy of gold cavities, electrodeposited
onto evaporated gold slides, showed that 10 % of the central area of the cavities was flat.
This contact disc was found to scale with the radius of the template spheres down to r =
100 nm. The contact disc area, between the template spheres and the platinum substrate,
was estimated electrochemically (as described above) for several of the electrodes

modified here. The results are summarised in Table 2.
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Sphere d / nm | Sphere cross-section / cm” | Area of contact / cm” | % of flat surface
200 3.14 x 107 1.13x 107" 3.6
500 1.96 x 107 4.12 x 1077 21.0
500 1.96 x 107 539 x 1077 27.5
500 1.96 x 107 4.80 x 1070 24.5
600 2.83 x 107 2.78x 107° 9.8

Table 2. Comparison of contact area, between template spheres and substrate (as calculated by cyclic

voltammetry), with sphere cross-sectional area.

The percentage of flat surface at the bottom of the cavities reported above, differs slightly
from that reported by Bartlett er al.%%. It is important to note that the measurement of 10 %
reported by Bartlett et al. is based on direct observations made with SEM and scanning
force microscopy on samples deposited onto relatively flat substrates (evaporated gold
slide compared to the polished electrode used here); whereas the areas of contact were
estimated here by cyclic voltammetry of electrodes (electrodes with intrinsic surface

defects such as holes and scratches which can increase the amount of exposed platinum).

The gold surface area can also be calculated from the acid voltammetry. Unlike the
platinum surface area (which is understandably always within the same range), the gold
surface area increases with the deposition charge. However the measured surface areas
rarely match the theoretical values. For a good quality structured film the gold surface
area should be significantly less than the total surface area of the template spheres. This is
because of the points of contact between the spheres where gold does not deposit. These
windows between the main cavities would appear to be of the same order of magnitude as

the contact points between the spheres and the substrate (table 3).
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Deposition | Sphere | Surface area from | Total sphere | ASurface Window
Q/C layers | voltammetry / cm’® | surface area/ | area/cm? diameter /
cm? nm
2.9% 107 1.25 2.79x 107 8.84x10° | 6.05x 107 258

Table 3. Estimation of contact window between 500 nm gold pores deposited onto a polished platinum

electrode.

4.5.4 Conclusions:

Macroporous gold was successfully deposited onto polished platinum disc electrodes
using 500 nm polystyrene latex spheres as a template. The current transients for gold
reduction show a periodic oscillation which seems to correspond to variation in

conducting surface area as the gold grows through the regular layers of spheres.

Upon removal of the template the gold deposits appear opalescent to the naked eye and
ESEM images show regular arrays of hemispherical cavities in both square and hexagonal
arrangements. While the connectivity of the pores is not visible (due to limitations in the
resolution of the microscope) it is thought that the two arrangements represent the (100)
and (111) planes of a close packed lattice of spherical voids (analogous to the particle

array of the templates discussed in 4.2.2).

Cyclic voltammetry in sulphuric acid suggests that the gold structure is open (with
cavities interconnected at the points where the original polystyrene spheres made contact
with each other) and readily accessible to the aqueous acid solution. Furthermore the acid
voltammetry provides a measure of gold and platinum surface areas which in turn allow
for an estimation of the area of contact between spheres, and between the spheres and the
platinum substrate. This varies from approximately 4 to 28 % of the cross-sectional area
of the spheres and is in reasonable agreement to the contact areas of 10 % measured by

. . )
scanning force microscopy®™.
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4.6 Application of Macroporous Gold Disc Electrodes

This work was conducted in collaboration with Alexander Kuhn and his group at the
University of Bordeaux’. Three macroporous gold electrodes with 500 nm cavities and
film thickness of 1/2, 3/2 and 5/2 spheres were prepared and characterised here at the
University of Southampton. These were sent to the Kuhn group in Bordeaux where the
results described in the following section were obtained by Samia Ben-Ali. Full details of

this work have been published elsewhere®’.

4.6.1 Catalysis of NAD" / NADH Electrochemistry:

Nicotinamide adenine dinucleotide (NAD"/NADH) is a cofactor for approximately 300
enzymes, and is of great interest in the development of dehydrogenase based biosensors.
However, high overpotentials are needed to drive the electrochemistry of NAD'/NADH at
most substrates. One method for overcoming this problem is to use mediators which

catalyse the redox chemistry of NAD*/NADH""">?,

Recently a new family of redox mediators based on a nitrofluorenone skeleton has been
developed'®®'%?. These molecules form monolayers on various electrode materials like
glassy carbon, gold or platinum. In this work the response of macroporous gold
electrodes, to NAD+/NADH, was tested after decorating their surfaces with (4-carboxy-

2,5,7-trinitro-9-fluorenylidene)malononitrile (figure 19).

Figure 19. Catalyst: (4-carboxy-2,5,7-trinitro-9-fluorenylidene)malononitrile.

3 Laboratoire d’Analyse Chimique par Reconnaissance Moléculaire, ENSCPB, Université Bordeau I, 16
Avenue Pey Berland, 33607 Pessac, France.
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4.6.2 Cyclic Voltammetry in Sulphuric Acid:

Along with ESEM imaging this was used initially to assess the presence and quality of the
gold structure. This was then repeated in Bordeaux after shipping to confirm that the gold
layers were not damaged. Figure 20 (recorded in 0.5 M sulphuric acid) indicates that the
whole surface of the porous gold film is accessible. Estimates of the surface area were
made for each electrode from the charge under the gold stripping peaks (using the
conversion factor of 386 pC cm™ '**). These were: 2.5, 8.6 and 20.9 x10™ cm? (for the %,

3/2 and 5/2 sphere height deposits respectively).
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Figure 20. Cyclic Voltammetry in 0.5 M sulphuric acid purged with nitrogen for 15 min. Sweep rate = 100
mV s, Ambient temperature 20 = 2 °C. RE = commercial Ag/AgCl (3 M KCl). WE = 0.5 mm diameter
polished platinum discs with macroporous gold deposits of 250 nm (thin line), 750 nm (medium line) and

1250 nm (thick line) thickness (i.e. 1/2, 3/2 and 5/2 x 500 nm diameter sphere deposits).

4.6.3 Electrode Modification with (4-carboxy-2,5,7-trinitro-9-fluorenylidene)
malononitrile:

Figure 21 shows the characteristic peak for the 2 electron, 2 proton reversible R-NO/R-
NHOH redox couple. This actually represents the convolution of two

nitroso/hydroxylamine couples on each molecule of the catalyst. The peaks were
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integrated to calculate the charge and, thus, the surface coverage of the mediator. A
similar result was obtained for each electrode: 2.9 x 107", 3.0 x 107" and 2.1 x 10! mol
cm™ (1/2, 3/2 and 5/2 spheres gold deposits respectively); once again indicating that the
whole of the gold surface is accessible, and that a monolayer of the molecule is formed in

each case.
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Figure 21. Cyclic Voltammetry in 0.1 M Tris buffer, ambient temperature 20 = 2 °C, pH 8, purged with
nitrogen for 15 min. WE = 0.5 mm diameter polished platinum discs with macroporous gold deposits of 250
nm (thin line a), 750 nm (medium line b) and 1250 nm (thick line ¢), after modification of electrodes with
(4-carboxy-2,5,7-trinitro-9-fluorenylidene)malononitrile. Potentials reported vs Ag/AgCl, 3 M KCI. Sweep
rate = 100 mV s~

4.6.4 Mediation of NAD" / NADH Electrochemistry and Effect of Calcium ions:

As has previously been shown for polished gold electrodes'®"'®?

, the presence of the
nitroso mediator catalyses the oxidation of NADH (the overpotential is reduced by more
than 500 mV, figure 22 A). Comparison of the three electrodes by voltammetry in 3.2 mM
NADH/0.1 M Tris pH 8 shows that the catalytic increase in the current depends on the

thickness of the gold deposit (figure 22 B). The ratios of the currents (taken at +100 mV
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vs Ag/AgCl) for the 5/2 and 3/2 sphere electrodes to the 'z sphere electrode (3.4 and 6.8

respectively) correlate well with the expected increases.
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Figure 22. A) Cyclic voltammogram of /% sphere, mediator modified electrode in (a) 0.1 M Tris pH 8, (b) in
the presence of 3.2 mM NADH and (c) in the presence of 3.2 mM NADH and 0.2 M CaCl,. B) Comparison
of the catalytic currents in the presence of 3.2 mM NADH for 1/2, 3/2 and 5/2 sphere electrode (a, b and ¢
respectively). Sweep rate = 10 mV s™', potentials reported vs Ag/AgCl, 3 M KCL.

Lastly addition of Ca®" ions leads to an increase in the catalytic current of more than
500% (figure 22). Once again the ratios of the currents agree well with the predicted
values (3.5 and 6.4). It is thought that the current increase is due to the temporary
formation of a ternary complex (between the carboxyl group of the mediator, the calcium

ions and the phosphate groups of the coenzyme), which facilitates charge transfer®.
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Figure 23. Cyclic Voltammetry in 3.2 mM NADH / 0.2 M CaCl, / 0.1 M Tris buffer, pH 8, purged with
nitrogen for 15 min, ambient temperature 20 + 2 °C. Comparison of the catalytic currents for 1/2, 3/2 and
5/2 sphere electrode (a, b and ¢ respectively). Sweep rate = 10 mV s, potentials reported vs Ag/AgCl, 3 M
KCL

4.6.5 Conclusions:

[t has been demonstrated that macroporous gold electrodes can be modified on their entire
inner surface with a redox mediator belonging to the nitrofluorenone family. The amount
of adsorbed molecule increases linearly with the number of pores and the nitrofluorenone
derivative acts as a very efficient mediator for the electrocatalytic oxidation of NADH

freely diffusing from the outside into the pores.

The catalytic currents can be enhanced further by addition of Ca®" ions. The electrode
with the thickest (1250 nm, 5/2 spheres thick) modified, porous gold layer shows an
increase in catalytic current of more than one order of magnitude compared to a modified,
polished gold electrode of similar geometric area. It should be possible to produce gold

films of greater thicknesses or with smaller pores and thus even greater surface areas.
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4.7 Femtolitre Beakers

5 um spheres were deposited onto conducting substrates (including polished platinum and
silver along with evaporated gold and nickel slides) by sedimentation and then dried to
form the templates for deposition of macroporous films. Metals were deposited to a height
of < 2.5 um before dissolving the template in THF, to leave “cups” with volumes in the

order of 30 femtolitres.

It might be possible to use such structures as arrays of discrete reaction vessels,
immobilising bioactive molecules like proteins within the cups. There are several possible
ways this could be achieved: for instance by thiol attachment where one or both of the
metals comprising the cup is gold or by complexation with the metal surface through
histidine residues attached to the protein. Depending on the metals that constitute the cup
molecules could be immobilised indiscriminately over the structure or discretely; either on

the substrate exposed at the bottom or on the metal plated on top.

It is known that histidine tagged proteins will complex to Ni(Il) (and other 2+ metal ions)
through the imidazole residues'® (figure 24).
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Figure 24. Histidine tag transition metal ion coordination.
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Nickel was therefore chosen as a substrate for the femtobeakers and enhanced green

P'%+18%) was used as a test protein. EGFP has a B-barrel structure

fluorescent protein (EGF
and three of its residues covalently bond in the centre to form a fluorophore (figure 25)
which emits a green wavelength when excited by blue light (400 — 500 nm wavelength).
In this work the outer structure of the EGFP was modified with a 6-histidine tag by site
directed mutagenesis. It is hoped that these histidine residues will anchor the molecule to

Ni(II) ions at the electrode surface.

Figure 25. Image showing the tertiary structure of GFP modelled in Swiss-PdbViewer software (using

crystallographic data reported by Palm er al.'®®) and edited using POV-RAY. The structure is made up of 11
beta strands which form a beta barrel structure (a hollow cylinder) through which is threaded a helix
containing the chromophore (shown in a ball and stick representation). NB the crystallographic data for the
GFP mutant used in this work is not available. The molecule used in this work contains F64L and S65T
mutations, wheres the one in the image has only F64L and no histadine tag. However this does not affect the

secondary structure or the site of the chromaphore.
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4.7.1 Deposition of Macroporous Gold onto Nickel:

The templated nickel electrodes were not pre-soaked in the plating bath for 10 minutes
prior to applying the deposition potential. This was unnecessary since the aqueous gold
solution could easily permeate the monolayer of large spheres (in fact when electrodes
were left to soak for up to 10 minutes the template was often lost). Figure 26 below shows
a typical current time transient for the deposition of gold onto a 4 mm diameter polished

nickel disc covered in 5 um spheres.
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Figure 26. Chronoamperometry for deposition of macroporous gold. Solution is Techni Inc Gold 25 plating

bath, 7= 25 °C. WE = 4 mm diameter polished nickel disc covered in 5 pm polystyrene latex spheres.
Applied potential = -0.9 V vs SCE. Charge passed = 9.44 mC (i.e. approximately ¥ sphere height deposit).

The deposition transient in figure 26 looks very similar to the initial portion of the
transient for gold reduction through 500 nm spheres onto platinum, shown if figure 14
(although, a much higher current is observed here due to the larger surface area of the
substrate electrode). There is a similar peak in the transient after the initial charging
current. However since gold was never deposited to a thickness of more than '/od (d =

template sphere diameter) oscillations in the current are not apparent.

115



Chapter 4 Macroporous Electrodes

4.7.2 Characterisation of Macroporous Gold onto Nickel:

Upon removal of the template spheres the electrode surface appeared gold coloured and
opalescent. The electrode was imaged using the Philips X1.30 ESEM (figure 27). The left
hand image would seem to suggest that there are nickel dots of approximately 1.6 um
diameter exposed beneath the gold deposit. However this could simply be a feature of the
SEM detector arrangement. The gold structure acts like an array of tiny parabolas
collecting and reflecting the electrons back to the BSE detector positioned directly above
the sample surface. Indeed switching to the secondary electron detector (left hand image)

which is not positioned above the sample, the structure would appear to be continuous,

with no exposed substrate beneath the gold.
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Figure 27. SEM of 5 um gold structure deposited onto a 4 mm diameter polished nickel disc. Accelerating

voltage 10 keV. Left: BSE detector, scale bar = 10 um. Right: SE detector, scale bar = 20 pm.

The centres of the cups also appear brighter when viewed under white light impinging at
90° to the surface (figure 28). The pattern of light around the central spots would normally
appear as a continuous ring for reflection unpolarised light, but this image was taken
through a collinear polariser using plane polarised light. The simulation for polarised light
reflecting from a surface in this way is shown to the right, and agrees well with the

experimental observation.
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Figure 28. Left: image of 5 um gold structure deposited onto an evaporated nickel slide, taken with an
episcopic differential interference contrast microscope and a CCD camera, an X-Cite 120 metal halide
source was used to illuminate the sample with plane-polarised white light. Right: simulation of reflected
light intensity for polarised light entering a hemispherical cavity at 90° to the opening as viewed through

collinear polariser.

The optical properties of similar “micromirror” structures have been reported by Bartlett

et al.”"d!

. At each interface the light picks up a twist in linear polarisation due to the out-
of-plane reflection geometry. Collinear polarisers only permit reflections that preserve the

polarisation state, such as the single reflection off the bottom of the cavity’'.

The pattern of reflected light from the structure suggest that the gold really does form
smooth, bowl like shapes at the nickel surface, but is still not possible to tell how much, if
any, of the nickel is exposed at the bottom. In order to investigate this further 5 pm gold
structures were deposited onto some evaporated nickel slides that could be fitted into the

sample chamber of a more powerful SEM machine.
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Figure 29. SEM image of a nickel slide with 5 pm gold structure. Experimental area was a disc of 5.7 mm
diameter, defined using nail varnish. Charge passed for gold deposition = 0.241 C estimated to give a 2.5

um gold layer (i.e. 2 a sphere height).

Figure 29 is an SEM image on one such slide taken with a JSM 6500F thermal field
emission scanning electron microscope. The high resolution of figure 29 shows that the
gold is quite rough in between the cavities and is composed of quite large crystals which
are smoother where they have grown in contact with the spheres. There is no obvious
distinction between the nickel and the gold over most of the structured film; although the
gold is certainly very thin at the bottom of the cavities. EDX spectra recorded on these
samples does show some nickel peaks. However this does not prove that the nickel is
exposed since silicon peaks are also present; so it would seem that the x-rays are easily

able to penetrate the thin layers of metal.
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Voltammetry of the nickel-gold surface, in 1 M sulphuric acid, was used to help establish
if the nickel was exposed and to see if the gold could be etched to expose more (figure

30).
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Figure 30. Cyclic voltammetry in 1 M sulphuric acid, 7= 25 °C, purged with argon. 24 cycles. Sweep rate
= 200 mV s'. Working electrode 5.7 mm diameter nickel disc with 5 um macroporous gold structure

deposited to approximately 2.5 um thickness. — = 1* sweep, — = 2™ sweep, — = 24" sweep.

The voltammetry shows predominantly gold features, but with an extra peak at -0.25 V
due to nickel oxidation'®’. This does not confirm that nickel is exposed at the bottom of
the gold cavities as there may be flaws in the insulation of the nickel slide (that the
structure was deposited on) or damage to the structure itself. The nickel peak was found to
increase in size with cycling (blue line); although this is more likely to be due to the loss
of insulation over the nickel slide rather than etching of the gold, since the gold surface

area remains the same.

SEM imaging of the structure after the acid voltammetry does seem to show that the gold
has been slightly dissolved to leave areas of exposed nickel. However EDX of most of

these supposed nickel dots show no nickel peaks. Viewed under an optical microscope it
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becomes clear that not only the gold but also much of the nickel has been eroded during
the acid voltammetry. Figure 31 shows that, when lit from below, light pours through the

holes in the nickel layer.

1 mm

Figure 31. Evaporated nickel slide with structured gold deposit of 5.7 mm (defined by masking with nail
polish prior to gold deposition) diameter and 2.5 pm thickness. Structure was 5 um diameter cavities. Taken

with an Intel Digital Blue™ QX3+ microscope.

The amount of nickel exposed at the bottom of the structure might also be increased by
improving the contact of the template spheres with substrate prior to gold deposition. So
templated slides were heated to the glass transition temperature of the polystyrene latex
for a short time (~90 °C for 1 minute) in order to make the spheres sticky'®®. Once the

template had cooled the gold was deposited in the same way.

SEM images of these samples do show a clear break in the gold structure where the
spheres were in contact with the substrate (figure 32). However, when compared to bare
substrate (top right), the nickel still seems to have crystals of gold on it (left, top and
bottom images). Much of the structure is interrupted by regions where the spheres seem to
have melted into each other (bottom right). This is due to the poor temperature control of

the oven used to heat the samples.
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Figure 32. SEM images of a nickel slide with 5 um gold structure. Experimental area was a disc of 5.7 mm
diameter, defined using nail varnish. Spheres fixed prior to gold deposition by heating to ~90 °C for one
minute. Charge passed for gold deposition = 0.241 C estimated to give a 2.5 um gold layer (i.e. ' a sphere

height). Images taken with a JSM 6500F thermal field emission scanning electron microscope.

4.7.3 Immobilsation of his-tagged EGFP at Macroporous Surfaces:

5 um structures of gold and platinum were deposited onto silver, nickel and gold
substrates. These were soaked in a 50 uM his-tagged EGFP / 50 mM Tris buffer pH 8 at 4
°C overnight, and then removed, rinsed, and soaked in 50 mM Tris buffer pH 8 at 4 °C for

1 hour.

Samples were carefully dried and imaged using an episcopic differential interference

contrast microscope and a CCD camera. Observations were as follows:
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Gold structure on evaporated nickel slides:

Figure 33. Digital images of 5 pm gold cups electrodeposited onto an evaporated nickel slide. Taken with
an episcopic differential interference contrast microscope and a CCD camera, after soaking the sample in 50
uM his-tagged EGFP / 50 mM Tris buffer pH 8 at 4 °C overnight, and washing in 50 mM Tris buffer pH 8
at 4 °C for | hour. Left: blue light (4 = 400-500 nm) source impinging at 90° to sample. Scale bar = 10 um.

Right: polarised white light source (X-Cite 120 metal halide source) at 90° to sample. Same scale.

Figure 33 shows images of one of the samples that was soaked in the EGFP solution.
When viewed under normal light (figure 33 right) the sample appears the same as before
(figure 28), but under UV irradiation portions of the sample light up green. This is only
the case for samples that were soaked in the his-tagged EGFP; samples soaked in blank
tris buffer only, appear black under UV, reflecting little or no light. This suggests that the
green colour is emitted from the chromophore of the EGFP as it is excited by the UV

radiation.

However it is not possible to tell from this result how the EGFP is immobilised on the
structure. It could simply be a residue of randomly, and weakly, adsorbed protein
molecules on both the gold and the nickel; it may be bonded to the gold through thiol
groups on the protein or it could genuinely be through complexation of the histadine to
nickel ions at the bottom of the cavities. If the EGFP is randomly adsorbed on the surface

of the electrode it would most likely be denatured and would not be UV active.
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The path of light originating at the bottom of a hemispherical bowl (i.e. EGFP attached to
nickel inside the gold structure) was simulated using the Raytrace simulation program

(figure 34).
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Figure 34. Left: Raytrace simulation of light source in the bottom of a reflective hemispherical bowl.
Right: typical result showing the change in green colour intensity across one of the Sum cavities as imaged
in figure 33. This was achieved by analysis of figure 33a in SigmaScan® Pro. Lines were defined that
bisected the 5 um cavities, and the number of green pixels across these lines were plotted against the line

length in origin.

This theoretical, 2D slice of structure suggests that there should be two rings of slightly
greater intensity for the light emitting from each cavity: one at the very circumference of
the hemisphere, and one just inside this. Referring back to figure 33, most of the cavities
do seem to show two intense rings of light in these positions. The right-hand image in
figure 34 shows how the green light intensity varies across one of the 5 um cavities. This
suggests that the EGFP, or at least the active EGFP, is located at the bottom of the
cavities, and gives some weight to the theory that it is bound to the nickel through the

histidine residue.

In order to establish whether the EGFP was bound to the gold or the nickel these
experiments were repeated with new combinations of substrate and structure metals.

These results are described below.
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Gold structure on evaporated gold slides:

Under polarised white light, both before and after treatment with the EGFP solution, these
samples show the same reflective pattern as for the gold on nickel samples. When viewed
under UV the samples generally appeared black and featureless; although a few of the
samples that had been modified with EGFP did show very faint greenish patches which

appear to follow the pattern of the structure.

Gold structure on polished silver:

Once again these structures showed a similar reflective pattern to the gold on nickel
samples when viewed under polarised white light. After treatment in the EGFP solution
they did show some areas of green fluorescence, although this was much weaker than with
the gold on nickel samples. Again the fluorescence seems to follow the pattern of the

structure with the light emitting from the bottom of the cavities (figure 35). This is not so

surprising since histidine is also known to complex with silver ions.

Figure 35. Digital images of 5 um gold cups electrodeposited onto a polished silver disc. Taken after
soaking the sample in 50 uM his-tagged EGFP / 50 mM Tris buffer pH 8 at 4 °C overnight, and washing in
50 mM Tris buffer pH 8 at 4 °C for 1 hour. UV light source at 90° to sample.
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Platinum structure on evaporated gold slides:
The results were almost exactly the same as for the gold structure deposited onto

evaporated gold slides.

Platinum structure on polished silver:
No meaningful results were obtained for these samples as the platinum films were found

to be very mechanically unstable and peeled off of the silver.

4.7.4 Conclusions:

Macroporous gold and platinum was deposited onto nickel, gold, and silver substrates
using close packed 5 um polystyrene latex spheres as a template. Deposition to half
sphere height was used to fabricate arrays of tiny cups on the substrates. These cups
behave as reflective micromirrors under white light although ESEM at high magnification

and fine resolution shows that they are not perfectly smooth.

Where the substrate metal is different from the deposited metal it is possible to form
microcups with two distinct surfaces. Electrochemistry/chemistry might be performed
preferentially on the parabola of the deposited material or at the microdot of substrate
exposed at the bottom of the cup. Preliminary experiments reported here suggest that it is
possible to selectively immobilise his-tagged EGFP at nickel (and perhaps to a lesser

degree silver) dots at the bottom of 5 pm diameter gold cups.

125



Chapter 4 Macroporous Electrodes

4.8 Summary

Polystyrene latex spheres of 0.5 and 5 pm have been successfully assembled by
sedimentation from aqueous suspension, at evaporated nickel and gold slides and also at
polished platinum and silver disc electrodes. The quality of the packing is better for longer
sedimentation times and for the larger spheres. The contact between the spheres and the
substrate can be improved by heating the spheres to their glass transition temperature for a
short time. Once dried, these spheres can be used to electrodeposit structured films of gold

and platinum.

It has been demonstrated that macroporous gold electrodes can be modified on their entire
inner surface with a redox mediator belonging to the nitrofluorenone family. The amount
of adsorbed molecules increases linearly with the number of pores and the nitrofluorenone
derivative acts as a very efficient mediator for the electrocatalytic oxidation of NADH
freely diffusing from the outside into the pores. The catalytic currents can be enhanced
further by addition of Ca*" ions. The electrode with the thickest (1250 nm, 5/2 spheres
thick) modified, porous gold layer shows an increase in catalytic current of more than one
order of magnitude compared to a modified, polished gold electrode of similar geometric
area. It should be possible to produce gold films of greater thicknesses or with smaller
pores and thus even greater surface areas. Lastly it would seem from more recent
experiments (not shown here) that the NAD" produced at these electrodes is enzymatically

active.

The structured metal films from the 5 um diameter sphere templates reflect light as tiny
smooth hemispherical bowls. A tiny portion of the substrate remains exposed at the
bottom of the hemispheres. Active his-tagged EGFP can be immobilized exclusively at
the bottom of these hemispheres if the substrate electrode is able to complex with the

histadine (i.e. nickel or silver).
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Recessed Microelectrodes

5.1 Overview

As demonstrated in chapter 3 high surface area microelectrodes can be fabricated by
electrodepositing a thin film of nanostructured metal onto the surface. However these
films, while perfectly stable during most electrochemical procedures, are not
mechanically very robust. Care must be taken not to touch the electrode surface as this
can easily damage the mesostructure or displace the film altogether. In some cases the
films simply fail to adhere to the electrode surface properly and are displaced during

electrode rinsing between experiments (figure 1).

AccV SpotMagn  Del WD Exp ——— 10pm AccV SpotMagn Det WD Bp F—— 10pm
100kVEO 2000x SE 101 1 0.3 Torr 10.0kV 50 2000x GSE 100 1 0.8 Torr

Figure 1. SEM images of a 25 um polished platinum disc with a 1.3 pm H;-ePt film taken with a Philips
XL30 ESEM. Left: viewed perpendicular to gun. Right: viewed at 74° to gun and rotated 180°.

Another problem specific to microelectrodes is the high current density at the edge. This
leads to uneven film growth and overspill of the deposit altering the geometric surface
area of the electrode. Figure 2 shows how the radii of several (25 um diameter) polished
platinum microdiscs vary with deposition charge for electroplating with Hi-ePt films i.e.
the radius appears to be proportional to the square root of the charge. Here the radii were
estimated by cyclic voltammetry in ruthenium hexamine solution (see section 3.2.4) and

were found to agree well with observations made by ESEM.
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Figure 2. a) Plot of electrode radius (as determined by voltammetry in ruthenium hexamine solution) vs

charge passed during H,-ePt deposition. b) plot of electrode radius vs square root of charge.
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The intercept value of 12.51 um, from the linear regression in figure 2b, is as expected for
the bare polished microdisc. This relationship shows that the mesoporous platinum films

grow out radialy much faster than they increase in thickness.

In this work platinum microelectrodes have been electrochemically etched, to produce
uniform recessed discs, with some degree of control over the depth. The cavities were
then filled with lyotropic liquid crystalline phases in order to deposit thick nanostructures.
Since the subsequent metal deposition occurs within the confines of the cavity there is no
change in the geometry of the electrode. Also since most (or in some cases all) of the
structure 1s below the level of the insulator it is protected from incidental knocks and
scratches, this should make it mechanically more robust than a mesoporous film deposited

onto a polished electrode.

Recessed microdiscs might also be advantageous for the immobilization of polystyrene
latex spheres (to act as templates for deposition of macroporous films). In Chapter 4
polystyrene latex spheres were deposited at electrodes by electrophoresis. However it was
found that the spheres had a tendency to wander away from the conducting surface during
drying. It should be easier to confine the spheres at the electrode if its surface is recessed.
Some preliminary results for macroporous gold deposition at recessed platinum

microdiscs are reported here.

5.2 Recessing of Platinum Microdiscs

The method for recessing platinum microdiscs reported in this section cannot be found in
the primary literature. Most of the interest in recessed microdiscs is concerned with

modelling the effects of shallow recesses on electrodes that are mass produced by

169,170

photolithography (where the recess is inherent to the fabrication procedure). Other

171-1 174 175
B, pH'™* and glucose'” sensors where

areas of interest include dissolved oxygen
recessed microdiscs have an advantage over inlaid electrodes in that they are less sensitive

to solution flow rate.
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5.2.1 Current Time Transients for Recession:

Aggressive potential pulsing, to £ 5 V vs a sacrificial carbon reference/counter electrode,
was used to rapidly oxidise and reduce the platinum surface. This is done in an acidified
calcium chloride solution (60 % saturated CaCly, 36 % HyO, 4 % HCI). It seems likely
that the high chloride concentration facilitates etching by forming soluble complexes with
the oxidised platinum. There would appear to be no literature on recessing platinum
microdiscs by electrochemical etching and this method is actually reported for the etching
of microwires to produce fine points for SECM (scanning electrochemical microscopy)

tips'’°. A typical current time transient for this process is given in figure 3.
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Figure 3. Current time plot for a potential pulsing experiment to recess a platinum microdisc. Left: the full
180 s of data. Right: the first 2 s expanded to show some detail. WE = 25 um polished platinum disc set in
glass; CE/RE = vitreous carbon. Solution = 60 % saturated CaCl,, 36 % H,0, 4 % HCI by volume, 7= 20 =
2 °C. Applied potentials = 5 V (each pulse for 0.1 s). Potentials applied from and recorded using an Autolab

potentiostat/galvanostat and the accompanying Gpes manager software.

Figure 3 shows the current time transient for a 180 second etching experiment. High
currents are recorded during both the positive and negative potential pulses (although the
currents for platinum oxidation are by far the greater of the two). The currents may decay
during the course of the experiment as bubbles are formed at the electrode surface. The
current is also suppressed by platinum waste fouling the electrode surface; a black scum
can often be seen clouding the solution below the electrode. The currents and rate of

etching can be improved by tapping the electrode gently to remove bubbles and the
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platinum products that build up on the surface; although this does become more difficult

as the recess deepens.

A strong correlation between recess depth and charge passed has been observed for
electrochemical etching of carbon fibre microdiscs'’, and a similar relationship is
expected for the platinum etching here. The charge passed during several of the recessing
experiments was estimated from the current peaks (as in figure 3) and this was found to

correlate quite well with the observed recess depth (figure 4).

16 —
14 v -
12 - .

10 v -

d/pm

Q/mC

Figure 4. Plot of recess depth (d) versus charge passed during etching process (charge taken as the sum
under all peaks both positive and negative). Red circles: depth as estimated from ESEM measurements
(detailed in section 5.2.4). Black triangles: depth as estimated from cyclic voltammetry in ruthenium
hexamine solution, using the Bartlett method (detailed in section 5.2.4). Line: linear regression of data (r =
0.97, SD = 1.2, gradient = 1060 um C™"). All working electrodes were polished 25 um diameter platinum

discs set in glass.

From the gradient of the slope in figure 4 it was estimated that the charge passed to

dissolve each platinum atom was ~ 2.61 x 107 C. This suggests that most of the charge is
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not associated with platinum oxidation (since a charge of 2.61 x 10" C per atom would
imply that the oxidation was a ~ 160 electron process). A large portion of the total charge
is due to electrolysis of water, some is non-Faradaic double layer charging current and
some is no doubt due to oxidation and reduction of products (i.e. platinum salts) trapped
in the recess. Nonetheless the total charge correlates quite well with the recess depth over

this range.

In this work electrodes were recessed in batches (four to ten electrodes etched in the same
solution one after another) where each electrode was pulsed in the etching solution for a
different time (10-240 seconds typically) and then the depth of the recesses were
estimated later (methods for this are described in 5.2.4). However figure 4 suggests that it
should be possible to recess electrodes to a specified depth (with some accuracy) by

monitoring the total charge passed during etching.

Some recessing experiments were also performed using a PPR1 waveform generator and a
homemade current follower. However it was not possible to record the charge passed, or

the exact currents during these experiments due to the limitations of the current follower.

5.2.2 Characterisation by ESEM:

The recess depths obtained in this work were relatively shallow (typically less than the
diameter of the microdiscs, 25 pm) so it was possible to image the platinum surfaces
before and after etching. The Phillips XI.30 ESEM was used to view the electrodes as
bulky samples can be easily manipulated and moved in the large vacuum chamber. Also

the wet mode allows imaging of the non-conducting glass substrate around the electrode.
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Figure 5. 25 pm Pt disc sealed in glass, recessed by approximately 3 pm. Left: electrode surface

perpendicular to the electrode beam. Right: sample tilted by 41°.

When the microdisc electrodes are made, tiny bubbles are often trapped against the
platinum wire as it is sealed in the glass. These are often exposed during etching, and one

is visible in the images above (arrows).

Figure 5 shows a typical etching result. Tilting and rotating the samples in the ESEM

shows that the platinum is recessed evenly with the glass around it being stripped clean.

Bond er al. report the chemical etching of gold microdiscs in aqua regia'’’. Gold
microwires of 25 pm diameter were sealed in soda glass and polished (in a similar
procedure to that used to fabricate the platinum microelectrodes in this work). These were
etched in a stirred solution of one part analytical grade HCI to three parts nitric acid for 5-
30 minutes. The depths of the recesses were measured to an accuracy of = 10 pm by
polishing away the glass from one side of the microwire and viewing under a calibrated
microscope. Bond ef al. also found that while the surface of the electrode was roughened

there was no obvious convex or hemispherical shape caused by the etching.

This is unlike the case observed for electrochemical recessing of carbon microfibres.
Morita et al. report the electrochemical etching of carbon fibre microelectrode
arraysm’m. These were fabricated by extruding 1000, 6.93 um diameter, high strength

carbon fibres through an epoxy resin. After curing these composites were set in a
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polyethylene tube and fixed in place with more epoxy resin. The tube was then cut into
sections with one end being polished to make the working face of the electrode array and
the other bonded to a standard electrical lead for contact during electrochemical
experiments. Etching was achieved by application of a constant current (> 800 mA c¢cm™)
in a solution of 2 M sulphuric acid/0.2 M sodium sulphate. SEM imaging of the electrodes
after recessing showed the carbon fibres to be bullet shaped rather than flat at the etched
end. The length of the bullet tips was found to range from 2.5-13 um (depending on the

overall length of the recess)'”.

5.2.3 Characterisation by Cyclic Voltammetry in Sulphuric Acid:

Occasionally electrodes needed sonicating to get the solution into the recess, but the
voltammetry of polished and recessed platinum microdiscs is quite similar (figure 6). The
acid voltammetry suggests that the platinum remains smooth and even during the etching
process. The roughness factor (i.e. the observed surface area/the theoretical surface area,
for a perfectly smooth electrode of the same dimensions) for the electrode in figure 6 was

calculated as 1.9 and 1.8 before and after etching respectively.
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Figure 6. Cyclic voltammetry in 1 M sulphuric acid, 7 = 25 °C, purged with argon for 20 minutes. Sweep
rate = 200 mV s™'. Red line: WE = 25 um polished platinum disc. Black line: WE = same electrode after

etching (recess = 3 pm).
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5.2.4 Estimation of Recess Depth:
The recess depth was estimated by three methods: one using the images obtained from the
ESEM and the other two based on electrochemical measurements. These three methods

were compared in order to establish which was the most practical and accurate.
1. Trigonometry on ESEM images:
This was achieved by recording two images of the electrode: one at 90° with the disc

perpendicular to the electron beam and one after tilting the stage to some angle that

exposes the inside wall of the recess (figure 7).

Figure 7. Schematic illustrating the trigonometry used to estimate the recess depth of platinum.
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Where:
@ = the angle to which the sample is tilted in the SEM.
x = the length of recess wall exposed (as seen in the SEM image).

d = depth of the recess.

¢ = 180°-90°-6.
Therefore since: adjacent 1
cosgp=——
hypotenuse
Then: do_* 2
cos¢

2. Bond method:

The behaviour of recessed and inlaid microdisc electrodes (of identical radii) under
chronoamperometric conditions was compared theoretically and experimentally by Bond

et al.'”

. The situation for a sudden change in electrode potential, at + = 0, from
equilibrium to a value sufficient for mass transport controlled oxidation/reduction was
considered. Starting with the solution for steady state current at an inlaid microdisc

(equation 3):

i=4nFc’Da 3
Where:

D = the diffusion coefficient of redox species.
n = the number of electrons involved in the reaction.
F = Faraday constant (96485 C mol™).

¢” = the bulk concentration of the redox species.

a model for a recessed disc (of similar dimensions and under similar conditions) was

developed.
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It was assumed that the concentration of the redox species (R) is uniform across the mouth
of the recess and denoted ¢”. This value (¢™) will differ from the bulk concentration of R
(c®) if the solution is quiescent but will be the same for a stirred solution. Bond et al.
assume that there must be a linear concentration profile of R in the recess for a steady
state to exist within. If the concentration of R is zero at the electrode surface and ¢” at the

mouth of the recess, then:

. m 4
- _p% _pc
mka dx L

Where: L = is the recess depth (d) divided by electrode radius (a). Diffusion from the bulk
to the recess mouth must mimic steady-state diffusion to an inlaid disc, as given by

equation 3 but with ¢® replaced by ¢’- ¢™

i=4nF(c"—c")Da 5

Equations 4 and 5 relate to the same current and may be solved to give the concentration

of R at the pore mouth:

., 4L’
= 6
4L + ma
Hence the steady-state current at the recessed disc is:
. 4mmFc’ Da* 7
4L+ ma

Therefore the recess depth (d), of a microdisc, can be calculated by comparison of its

steady-state current to the steady-state current of a similar inlaid electrode using:

o
4L+ 7

s
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Where:
fss = 1s the steady-state flux (from iy recessed/i1 intaia), and,

L = is the recess depth (d) divided by electrode radius (a).
This works best for deep recesses where L > 1 (as explained below).
3. Bartlett method:

The main shortfall of the Bond equation is in their assumption of a uniform concentration
profile across the recess mouth. By calculating the near steady-state concentration profiles
across the recess mouth for a range of depths Bartlett er al.'”® were able to show that for
an L of 2 the concentration change across the recess mouth is about 10 % and varies quite
gradually, while for an L of 0.1 or 0.025 (typical values seen for the shallow recesses
produced by photolithography) the change in concentration is much greater and the profile
alters sharply from the disc centre to the recess edge. Therefore the theoretical steady-

state mouth concentration, ¢”, derived by Bond et al'”

(equation 6), indicates a lower
overall mouth concentration for the shallow recesses, but does fit better for the deeper

recCesses.

Although Bond et al. do make the shortfalls of their model clear; it has been

179-181 : : 182
181 and single microelectrodes'®” by

inappropriately applied to shallow, recessed, arrays
several workers. Consequently some efforts have been made to model such electrodes
more accurately by finite element methods (F EM)183. In 1997 Ferrigno et al. 184 employed
a commercial FEM package to numerically simulate the chronoamperometric response of
recessed and protruding microdiscs, under transient and steady-state conditions (the
purpose of this work was primarily to overcome the problems inherent to numerical
simulation of the chronoamperomertic response of inlaid microdiscs i.e. the singularity at
the electrode edge due to the conflicting Neumann and Dirichlet boundary

.. 169,185
conditions'¢%183-186y,
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184 shows considerable

Bartlett et al. found that the model proposed by Ferrigno ez al.
discrepancy between theoretical and experimental results and attribute this to instabilities
in the mesh during refinement. Bartlett e a/. provide a better model based on custom
made FEM simulation software, using a more stable hopscotch algorithm'®’. This gives a
more accurate prediction of transient and steady-state responses at both deep and shallow
recessed microdiscs. From the approximate analytical expressions they provide it is
possible to calculate the recess depth, d, of an electrode from its chronoamperomertic

response (equation 9).

1
1+ AL+ AL+ AL+ 4,1

Js

where:
A, =1.9352, 4,=-3.5009, 43=0,and 4, =0for 0 <L <O0.1.
A1=1.6843, 4, =-1.3237, 43=1.7116, and 44, =-0.7585 for 0.1 <L <1.0.

Equation 9 has been plotted in figure 8.
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Figure 8. Curve fitted steady state flux calculated from the 4" order polynomial expression (eqn 9) for 0.1 <

L<1.0.
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Determination of f:

The current response of the electrodes to ruthenium hexamine was calculated before and
after recessing by voltammetry in solutions of three concentrations. f;; was calculated

from eqn (10).
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Typical examples of the results obtained before recessing are shown in figure 9 (results

obtained after recessing are essentially the same but show correspondingly lower

currents).
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Figure 9. Recorded with a 25 pm platinum disc recessed by approximately 10 pm. Left: cyclic voltammetry
in Ru(NH;)sCl; (—=5mM, — =2 mM and — = 1.2 mM) in 0.25 M KCI (7 = 25 °C, purged with Ar).
Sweep rate = 5 mV s"'. Right: Plot of i, vs [Ru(NH;)(,}*] used to calculate the response of the electrode to
Ru(NH;)>" (i.e. the gradient of the slope).

Good agreement between the depths estimated using the Bartlett and trigonometric
methods was observed (see figure 4). Although, it should be noted that great care had to
be taken at each stage of the measurement process. The electrodes must be fully
characterised before and after etching by ESEM and voltammetry in 1 M sulphuric acid
and ruthenium hexamine; to ensure that they are clean and to verify the shape and size of
the microdiscs. Careful adjustment of the electrodes in the ESEM sample chamber is

required to position the surface as close to horizontal (with respect to the detector) as
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possible, so that accurate measurements of all the angles and lengths can be made from
this reference point. Electrodes must be held firmly in position while measurements are
made as any tiny movements will distort the image and introduce errors. The etched
electrodes must be cycled in 1 M sulphuric acid after etching to remove and debris from
the recess before the voltammetry in ruthenium hexaamine can be performed. If many
ruthenium hexaamine voltammograms are to be recorded the concentration of the solution

may vary and this must also be accounted for.

The recess depths, as estimated using the Bartlett method, were also compared to values
obtained from the Bond equation. As predicted the agreement improves as the recess

depth increases'’® (Table 1).

Electrode | dgong / UM | dpgrer. / pm | % difference between dpong and dparier
1 0.05 0.03 66.7
2 0.67 0.47 42.6
3 3.15 2.71 16.2
4 3.57 3.11 14.8
5 4.18 3.73 12.1
6 4.67 4.24 10.1
7 5.01 4.59 9.2
8 6.23 5.80 7.4
9 7.27 6.85 6.1
10 12.60 12.26 2.8
11 16.60 16.35 1.5
12 18.50 18.70 -1.1
13 22.60 22.70 0.4
14 59.00 59.50 -0.8

Table 1. Comparison of recess depth as estimated using the Bond and Bartlett equations. All measurements
made on 25 um diameter platinum microdiscs (recessed using the method described above 5.2.1) by cyclic
voltammetry in solutions of ruthenium hexamine (5, 2 and 1.2 mM in 0.25 M KCl, see 5.2.4 determination
of f,). Electrodes arranged in ascending depth as estimated by the Bartlett method. % difference between d
calculated from the Bond equation and those calculated from the Bartlett equation = (dg,ng — dearien)/ Aparien %

100.
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5.2.5 Conclusions:

It has been possible to fabricate recessed platinum microdisc electrodes by
electrochemical etching of platinum microwires sealed in soda glass. The resulting
electrodes appear to be recessed evenly and without significant roughening of the surface.
It should be possible to control the recess depth by monitoring the charge passed during

etching.

It was possible to estimate the depth of the microdiscs by imaging them in an
environmental electron microscope. The values of d obtained using this method agree well
with those obtained from electrochemical measurements (where the equations 8 and 9

were applied).
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5.3 Filling Recesses with Mesoporous Metals

5.3.1 Electrodeposition of Mesoporous Platinum:

Mesoporous platinum was deposited onto recessed microdiscs in much the same way as
for polished, inlaid microdiscs. Electrodes were cleaned prior to deposition by
voltammetry in 1 M sulphuric acid; then the electrodes were rinsed with distilled water,
and stored in distilled water, before applying the plating mixture. Extra time and care was
taken, when applying the plating mixture to the surface of the recessed electrodes, to fill
the cavity fully and completely cover the microdisc. Figure 10 shows a current time

transient for the deposition of mesoporous platinum onto a recessed platinum disc.
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Figure 10. Chronoampreometry for deposition of mesoporous platinum onto a 25 um diameter platinum
disc recessed by 5.22 pum. Plating mixture: water, HCPA, Brij® 56 (1:1:1.5 by weight). Applied potential =
-0.1 V vs SCE. Charge passed = 0.27 mC.

This result is fairly typical and is similar to deposition on inlaid electrodes in that there is
an initial spike when the potential is first applied (due to charging current), and the current

increases with time. However with inlaid electrodes a peak is also usually seen in the first
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50-100 seconds, with the current rising and falling briefly before the steady increase at

longer timescales.

Through trial and error with different recess depths (all around 5 pm) it was found that a
charge of approximately 24 pC was required for each um of mesoporous film desired.
Using this value it was possible to consistently deposit mesoporous platinum very close to

the limit of the recesses without overspill.

The theoretical deposition charge, calculated from the volume of platinum required to fill
a 1 um recess of 12.5 pm diameter, is 15.8 uC um™ (assuming a pore radius of 1.25 nm
and pore spacing of 2.5 nm, which gives approximately 22,673,157 pores over the entire
microdisc area for a perfect hexagonal arrangement). Therefore 24 pC um'l corresponds
to a Faradiac efficiency of approximately 66 % (somewhat higher than the 43 %
efficiency for mesoporous platinum deposition onto inlaid microdiscs, as calculated from

surface area measurements in section 3.2.2).

This Faradiac efficiency of 66% is less than the value of 75 % reported for
macroelectrodes®’, but higher than the value of 43% observed for inlaid microdiscs of 25
um diameter (section 3.2.2). As mentioned in section 3.2.2, the efficiency is dependent on
the rate of mass transport of platinum(IV) and the intermediate platinum(II) species, to
and from the electrode surface® (i.e. diffusion of Pt(II) away from the electrode, before it
can be fully reduced to platinum metal, leads to a reduced Faradiac efficiency, and this is

more pronounced at the microdisc electrodes due to their high rates of mass transport).

As a microdisc is recessed its mass transport regime changes from highly efficient radial
diffusion to less efficient planar diffusion, as seen at large electrodes. A recessed
microdisc should behave more like a macroelectrode than an inlaid microdisc, and should
display a reduced rate of mass transport; therefore one would expect an improvement in
the Faradaic efficiency for Hj-ePt reduction. Note that for deeper recesses the Faradiac
efficiency of Hj-ePt deposition should tend towards the 75 % reported for

macroelectrodes.
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5.3.2 Characterisation of Mesoporous Films by ESEM:
Figure 11 below shows ESEM images of a recessed 25 um diameter platinum disc before

and after deposition of mesoporous platinum.

AccV Spot Magn Det WD Exp F——1 10um
100KV 60 2000x GSE 100 1 0.3 7o

Figure 11. ESEM images of a 25 um diameter platinum microdisc recessed by approximately 4.4 um). Top:
before deposition of the mesoporous platinum. Bottom: after passing a charge of 70 uC in the plating

mixture. Left: viewed perpendicular to the GSE detector. Right: tilted by an angle of 42.7°.

The mesoporous platinum deposits evenly across the microdisc, and generally appears
quite smooth although there are very subtle ripples and shallow undulations on its surface.
In figure 11 above, the mesoporous platinum is not deposited to the very top of the recess
(there is approximately 1.7-1.8 um left). It is important to note that if the same charge (70
uC) was passed at an inlaid electrode the film would spread out and be thinner (see figure

2).
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5.3.3 Characterisation of Mesoporous Films by Cyclic Voltammetry in Sulphuric Acid:

After deposition of the Hj-ePt phase, the electrodes were cleaned by soaking in distilled
water (as for the polished electrodes) and then by voltammetry in 1 M sulphuric acid.
However, for the thick mesoporous films, it took much longer for the voltammetry to
stabilise (figure 12); as much as 30 or 40 minutes (at 200 mV s™' between the usual limits:

-0.65 V to +1.85 V vs SMSE see chapter 3) for the thickest deposits.

-08 06 -04 -02 00 02 0.4 0.6 0.8 1.0
Evs SMSEIV

Figure 12. Cyclic voltammetry in 1 M sulphuric acid, 7 = 25 °C, purged with argon for |5 minutes. WE =
25 um diameter platinum disc recessed by approximately 5.57 um, after deposition of approximately 3 um
of Hi-ePt (i.e. 94 uC). Sweep rate = 200 mV s, (—) 1% 32 cycles, (- ) next 32 cycles recorded ~ 3 minutes

later, (—) last 32 cycles recorded ~10 minutes later.

Initially there is no definition to the platinum features and there is an extra peak, at -0.35
V. Slowly this peak decreases in size as the platinum oxide peak grows and the hydrogen

adsorption region de-convolutes to two clear peaks.

The surface areas of the nanostructured electrodes were estimated using the charge
underneath the hydrogen adsorption/desorption peaks. However they were not as high as

one might expect and seemed to reach a limiting value for film depths of about 5 um and
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above (figure 13). It would seem that this is, at least in part, due to the fact that the entire
surface is not accessible during the timescale of the voltammetry. If the sweep rate is
reduced the surface area observed increases (figure 14); except for thinner films i.e. <4

um where it remains constant.
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Figure 13. Electrode surface area (as estimated from hydrogen desorption peaks of voltammetry in 1 M
sulfuric acid at 200 mV s™') vs charge passed during deposition of mesoporous film. m = mesoporous films
on polished platinum discs; o = mesoporous films on recessed platinum discs (all electrode diameters 25

pm).
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Figure 14. a) cyclic voltammetry in 1 M sulphuric acid (7 = 25 °C, purged with argon for 20 minutes). WE
= 25 um platinum disc recessed by 10.5 um and modified with a 10.5 pm mesoporous platinum deposit.
Sweep rate: — =200, — =100, — =50, — =20, — = ]0and —=5mV s b) platinum surface area (as

calculated from the voltammetry) vs sweep rate.
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For the thicker mesoporous deposits, reducing the sweep rate alters the shape of the
voltammetry (in sulphuric acid) and the measured surface area increases exponentially
(figure 14b). It is likely that at the higher sweep rates there is not enough time for a double
layer to establish throughout the pores, and so not all of the mesoporous platinum surface

is “seen” in the voltammetry.

The accessibility of platinum mesopores was studied using impedance spectroscopy by
Elliott and Owen®*. They provide an equation to calculate the volumetric surface area of

the nanostructured metal (equation 11).

47r

/= «/§(2r +w)’

11

Where: » = (pore radius) 1.25 nm; w = (wall thickness) 2.5 nm then f = (volumetric

surface area) 0.36 x 107 cm?® cm™.

Therefore it is possible to calculate a theoretical surface area of the electrodes from the
volume of mesoporous platinum deposited. Using slow voltammetry (i.e. slow enough
that the charge under the hydrogen adsorption/desorption peaks does not vary with further
reduction in sweep rate) the surface areas of the mesoporous platinum deposits in the
recessed electrodes was calculated (see chapter 3 for details of surface area measurement).

This is compared to the theoretical surface area (calculated from equation 3) in table 2.

Film thickness / um | Surface area, / cm” | Surface areameoretical / cm?® SAL/SA,
10.7 0.00650 0.0190 0.34
10.5 0.00520 0.0186 0.28
7.2 0.00344 0.0127 0.27
6.5 0.00280 0.0114 0.25
4.9 0.00430 0.0086 0.50
33 0.00206 0.0058 0.36
2.9 0.00243 0.0051 0.48

Table 2. Comparison of theoretical and observed platinum surface areas for mesoporous deposits of
different thicknesses (corresponding to the depth of the recesses the films are deposited into). All electrodes

used were 25 pm in diameter.
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The observed surface areas are consistently smaller than the theoretical values. There may
be several reasons for this: 1) the mesoporous films are not perfect hexagonal
nanostructures with totally uniform pore diameters, 2) there may be portions of the film
that are unstructured or that have a different structure due to phase changes in the plating
mixture as platinum is depleted, 3) there could be different crystal domains in the plating
mixture where pores would not line up or change direction sharply preventing or
hindering diffusion into the structure or 4) tiny air bubbles in the plating mixture could

lead to gaps in the structure.

It is worth noting that Brij® 56 is not an ideal surfactant for this kind of template directed
deposition; since it consists of a mixture of surfactant molecules and the resulting liquid
crystal phases are not as well defined as they would be for a pure surfactant. Better
agreement between theoretical and observed surface areas is seen for mesoporous deposits
where pure surfactant (e.g. octaethyleneglycol monohexadecyl ether) was used as a

template?',

Electrochemistry within the pores is further complicated by the fact that there may not be
sufficient space for a complete double layer to form. This will depend on the ionic
strength of he solution as studied by Boo et al. 18 They state that for a porous electrode
the effective surface area will depend on the ratio of the pore diameter (r) to the Debye
length (x”'); i.e. if ¥’ > r then there is insufficient room in the pore for the double layer to
form and only the exterior surface of the electrode will be available for electrochemical
reaction. Boo et al. calculate x from equation 12:

1

x =(3.29x107)zC*? 12

. . . - . . . -1
where C* is the bulk z:z concentration in mol L™ and « is given in cm™.

189

Equation 12 is fine for symmetrical electrolytes ~~ but for electrolytes of a mixed valency

(such as the sulphuric acid used in these experiments) a different expression is needed.

The more general form of the equation is'%:
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!
K:[e'z:n,z;}2 13

g kT

Where e is the absolute value of electronic charge; »; is the number of ions, of type i, per
m>; z; is the valency of the ions of type i; ¢ is the dielectric constant of the solvent (78.3 F
m'l); gp is the permittivity of free space (8.85 x 102 F m'l); kg is the Boltzmann constant

(1.38 x 102 TK™") and T'is the temperature (298 K).

Therefore using equation 13 and the concentration of the acid used in the experiments to
measure the electrode surface areas (1 M), a theoretical Debye length (x") of
approximately 0.17 nm is expected. This is less than the internal diameter of the pores in
the mesoporous films (» = 1.25 nm) and suggests that the entire surface of the platinum is

active during voltammetry in 1 M sulphuric acid.

It is worth noting that the equations above refer to planar electrode surfaces and can
therefore only be used as an approximation inside the pores if the double layer is much
shorter than the pore diameter. The modelling for a cylindrical, nanopore, surface is more

complicated and has been considered in many publications'®' "%,

It should also be taken into consideration that the number of hydrogen ions is greatly
exceeded by the number of platinum surface sites in the pores. The number of hydrogen
ions within the pores can be estimated (assuming a pore radius of 1.25 nm and hydrogen
ion concentration of 2 M) as 9.82 x 10?!' moles per um, and the amount of hydrogen ions
required to completely cover the platinum is 1.71 x 10" moles per um of pore length.
Therefore there are approximately 17 times more platinum sites than hydrogen ions within

the pore.

This suggests that there will be a drastic increase in pH within the pore during the
cathodic sweep as hydrogen ions are adsorbed. However this will be rapidly redressed by
diffusion of bulk ions into the pores. Even for a film thickness of 10 um (NB the pores, if

continuous, will be somewhat longer due to their tortuousity’’) and a hydrogen ion
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diffusion coefficient of 9.5 x 107 cm® s™, it will only take 10.5 ms for hydrogen ions to
travel the full length of the pores. At a sweep rate of 200 mV s, the hydrogen
adsorption/desorption process will take approximately 3.2 s (significantly longer than 10.5
ms). This explains why, even at the fastest sweep rate of 200 mV s, the hydrogen
adsorption/desorption peaks in figure 14 are only slightly separated, despite the fact that

the mesoporous film was 10.5 um thick.

While the momentary pH change in the pores accounts for the separation of the hydrogen
adsoption/desorption peaks, it is not clear what is causing the shoulder on the oxide
stripping peak (-0.2 to -0.35 V figure 14). Since this only occurs at the higher sweep rates
it could be due to reduction of some species generated during the anodic sweep;

something which has time to diffuse out of the pores at slower sweep rates.

5.3.4 Characterisation of Mesoporous Films by Cyclic Voltammetry in Ruthenium

Hexaamine Solution:

One of the reasons for depositing mesoporous platinum into recesses was to try and
produce very thick structured films without altering the geometry of the electrode.
Imaging of the electrodes using ESEM shows that, if the right charge is passed during
deposition, the films can be grown to the edge of the recess (or very close) without
spilling over onto the glass. Voltammetry in ruthenium hexamine solution confirms that

the radii of these electrodes are unaltered (figure 15).
The limiting current for a microdisc (i;) is related to its radius by the equation 14:

i, =4nFDca 14

Where # = (number of electrons) 1; F = (the Faraday) 96485 C mol; ¢ = (concentration
of Ru(NH3)¢Cl3) 3.1 x 10° mol ecm?; a = (electrode radius) 12.5 x 10" cm and D =
(diffusion coefficient) values for Ru(NH;)sCls in 0.1 M KCl range from 8.5 -9.1 x 10°®
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cm?’ 5! typically194. Taking D= 8.5 x 10° cm? s gives a predicted i, of 12.71 nA which

agrees well with the observed current 12.6 + 0.1 nA.
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Figure 15. Voltammetry in 3.1 mM Ru(NH;)¢Cl; / 0.2 M KCI (purged with argon). Working electrode = 25

um diameter platinum disc recessed by = 7.17 um and filled with mesoporous platinum. Sweep rate = 5 mV

s (=) = 1% sweep; (—) = 2™ sweep.

The peak at -0.2 V is only present on the first sweep and (like the charging current) is
closely related to the observed surface area. This peak is not seen at all for polished
microdiscs and seems to be due to reduction of platinum oxide. The oxide layer forms
naturally if the electrode is stored in water, but peak size is dependent on time and it takes

several days for a full oxide layer to build up.
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The nature of the peak was verified by voltammetry in 0.2 M KCl in the absence of the

ruthenium complex (figure 16).
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Figure 16. Voltammetry in 0.2 M KCI (purged with argon). Working electrode = 25 um diameter platinum
disc recessed by = 10.6 um and filled with mesoporous platinum. Sweep rate = 5 mV s'. (=) = 1% Sweep;

(—=2™ sweep; (—) = 3rd sweep; (—) = 4th sweep.

The peak is present on the first sweep (black line) since the electrode had previously been
stored for a week in distilled water. However, once the oxide has been stripped off, only
charging current is visible on the second sweep (red line). On the third sweep (green line)
the positive limit is increased from + 0.2 V vs SCE to + 1.1 V (sufficient overpotential to
fully oxidise the platinum surface) and the peak returns. Then on the fourth and final
sweep (blue line) the positive limit was restored to +0.2 V and once again only charging
current was observed. A similar experiment was performed in a solution containing the
ruthenium complex and differed from figure 16 only in that there was also a ruthenium

redox wave present.
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5.3.5 Effect of Polishing on Mesoporous Deposits:

The mechanical stability of the mesoporous deposits, within the recesses, was
investigated. Two 25 pum platinum disc electrodes were recessed and then the space was
filled with mesoporous platinum and rhodium. These electrodes were polished in stages
and voltammetry in sulphuric acid and ESEM were used to investigate the effect of each

polishing. Figure 17 shows the mesoporous platinum electrode after initial deposition of

the nanostructure and after each polishing.
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Figure 17. ESEM images of a 25 pum platinum disc recessed by 5 um and electroplated with a ~ 5 um
mesoporous platinum film. Taken with a Philips XL30 ESEM. a) Immediately after deposition. b) after
polishing on wet 0.3 um lapping film (~ 1 min). ¢) after polishing on wet 1200 grit silicon carbide paper (~
30 s) and wet 0.3 um lapping film (~ 1 min). d) after polishing on wet 1200 grit silicon carbide paper (~ 30

s) and wet 0.3 pum lapping film (~ 1 min).

The surface of the mesoporous film is quite uneven and it is the thicker portions that are

first affected by the polishing.
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Voltammetry in sulphuric acid was recorded at each stage and shows how the surface area

of the platinum varies (figure 18).
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Figure 18. Cyclic Voltammetry in | M sulphuric acid (T = 25 °C, purged with argon for 20 min). WE = 25
um platinum disc recessed by 5 um and electroplated with a = 5 pm mesoporous platinum film.— = after
initial deposition. — = after 1* polishing stage. — = after 2™ polishing stage. — = after final polishing

stage.

The voltammetry was used to estimate the surface area of the electrode at each stage. This
is detailed in table 4 along with the percentage of the surface that is affected by the
polishing (this was estimated from the ESEM images using the area calculation function

in SigmaScan® Pro).
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Stage Platinum surface area/ | % of initial surface % surface
cm?® area polished
After initial 243 %107 100 0
deposition
After 2™ polishing 1.81x 107 74.5 23
After 3 polishing 1.43 x 107 59 38
After 4™ polishing 1.82 x 107 0.7 100

Table 4. Variation of mesoporous platinum surface area with polishing compared with the percentage of the

surface affected by polishing.

The effect of the initial polishing stages appears quite minimal from the ESEM images,
and most of the mesoporous structure remains. However the total surface area decreases
in proportion to the geometric surface that is polished; suggesting that the pores are no
longer accessible where the surface has been damaged. Platinum is quite malleable and it
seems that the mechanical forces of polishing smear the metal rendering the nanopores
inaccessible. The structure was not re-opened by cycling in acid or even by applying the

same electrochemical etching procedure used to recess the electrodes originally.

In the case of the rhodium electrode the nanostructure was grown well above the depth of

the recess (figure 19 left). And then the electrode was polished in order to try and remove

the excess rhodium and leave a 25 um disc.

Figure 19. ESEM images of a 25 um platinum disc recessed by ~ 6.6 pm. Left: after deposition of excess
mesoporous rhodium. Viewed perpendicular. Right: after polishing the modified electrode on a Buhler

polishing cloth with a slurry of | um alumina. Viewed at an angle of 44.5 °. Depth estimated as ~ 6.2 pm.
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The ESEM image taken after polishing shows a disc of 25 um diameter recessed by ~ 6.2
um. It would appear that the rhodium deposit has been pulled out of the cavity in one
clean lump during polishing. This is not surprising since the most of the volume of
rhodium was outside of the cavity. Voltammetry in sulphuric acid suggests that some
small, residue of mesoporous rhodium remains; as there is a rhodium oxide stripping peak

comparable to the platinum stripping peak in size.

5.3.6 Conclusions:

In this section it has been shown that mesoporous platinum and rhodium can be
electrodeposited onto recessed microdiscs. Thus it is possible to deposit thick structured
films without altering the geometrical surface area of the substrate disc, as confirmed by
ESEM and cyclic voltammetry in ruthenium hexaamine solution. The mechanical stability
of the mesoporous films is improved provided most or all of the metal is deposited below
the mouth of the recess. However, while the recessed mesoporous deposits could be
polished without displacing them from the substrate electrode, the pores were closed off
and could not be reopened. This led to significant reductions of the specific surface area,

which were proportional to the percentage of the film surface that was polished.

The electroplating is performed in the same way as previously reported for deposition of
mesoporous metals at inlaid microdiscs (Chaper 3), but proceeds with increased Faradaic
efficiency due to the decreased rate of mass transport within the recess (at least in the case

of mesoporous platinum deposition).

5.4 Filling Recesses with Macroporous Metals

Expanding on the work in Chapter 4 this section is concerned with electrophoretic
assembly of colloidal polystyrene spheres, and electrodeposition of macroporous gold,
onto recessed platinum microdiscs. It is proposed that the recess will be of benefit for the
template assembly by preventing movement of the colloidal particles, away from the

electrode surface, during drying.
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5.4.1 Electrophoretic Assembly of Polystyrene Latex Spheres:

500 nm polystyrene spheres were assembled at a recessed platinum discs (25 pm
diameter) by electrophoresis in a 0.01 wt. % suspension in ethanol. This method allowed
spheres to be placed specifically inside the recess. Ethanol was used instead of water here
(in contrast to the experiments in Chapter 4) as it evaporated faster once the working
electrode was removed from the cell; this seemed to reduce the amount of sphere
movement during drying (although this was not quantified). Figure 20 shows a current

time transient for a typical assembly experiment.
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Figure 20. Chronoamperometry in a suspension of 500 nm polystyrene spheres (0.01 wt % in ethanol). WE

= 25 um platinum disc recessed by = 2.9 pm. Applied potential = + 1.5 V vs platinum gauze pseudo

reference/counter electrode.

Similar results to those shown in Chapter 4 were obtained although the confinement of the
spheres at the electrode after deposition was better (Figure 21). This is probably due to the

restricted mobility inside the recess.
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Figure 21. ESEM images of a 25 pm platinum disc recessed by = 2.9 um. Taken with a Philips XL30
ESEM. Left: before assembly of 500 nm polystyrene spheres viewed at an angle of 39.5° to the electron

beam. Right: after assembly of 500 nm polystyrene spheres. Viewed perpendicular to the electron beam.

5.4.2 Electrodeposition of Macroporous Gold:
The same procedure as that reported in Chapter 4, for macroporous gold deposition at
platinum, was employed here. The current transient for gold reduction, onto the electrode

pictured in figure 21, is shown in figure 22.

The packing efficiency for a perfect array of monodisperse, close packed spheres is 74 %.
However even for the most carefully assembled colloidal arrays the true packing
efficiency will be lower. Therefore assuming a sphere packing efficiency of 70 % it was
estimated that it would take around 6 uC of charge to completely fill the recess with gold.
Less charge was passed (2.7 uC) in order to prevent deposition above the template. Figure
23 differs from the gold deposition transients in Chapter 4 in that there is no undulation in
the current. This suggests that the electrophoretically assembled template is less
crystalline than the sedimented templates; as regular layers of spheres are needed in order

for the current to vary periodically (see section 4.5.1).
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Figure 22. Deposition of macroporous gold onto a 25 pm platinum disc recessed by = 2.85 um. Solution
was a commercial gold plating bath (Techni gold 25) supplied by Technic Inc (7= 25 °C). Applied potential
=-0.84 V vs SCE. Charge passed = 2.7 pA.

After deposition the electrode was soaked in THF to remove the spheres. However upon
imaging in the ESEM it was clear that the template was still present. Soaking the
electrode overnight was not enough to dissolve the spheres so other solvents such as
DMSO and toluene were tried, but each time the electrode was imaged the spheres
(although more distorted) were still visible. Figure 23 shows the electrode after gold
deposition and several attempts to remove the template in the three different solvents.
Comparison of this image with figure 21 (before gold deposition) indicates that the

spheres have been swollen and plasticised.
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Figure 23. ESEM images of a 25 pum platinum disc recessed by ~ 2.85 um. After electrophoretic assembly
of 500 nm polystyrene latex spheres (see figure 21); deposition of gold (see figure 23) and soaking in THF
(12 hours) DMSO (30 min) and toluene (1 hour). Taken with a Philips XL30 ESEM.

Usually the spheres dissolve quite readily in THF or toluene and when the solvents (used
on the electrode in figure 23) were mixed with aqueous suspensions of the same 500 nm

spheres, the polystyrene dissolved very rapidly.

It is possible that the polymer was rendered insoluble by the electron beam when the
template was imaged for the first time (in figure 21). Electron beams are sometimes used

to cure polymers by causing the carbon chains to crosslink'®.

It was consistently found here that when the templated electrodes were imaged in the
ESEM then the spheres could not be dissolved either before or after gold deposition. It
was possible to electrophoretically assemble 500 nm spheres at a recessed platinum disc,
deposit gold through the structure and dissolve the template in THF if it was not first

imaged in the ESEM. However this meant that the quality and depth of the template could
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not be checked before gold deposition. Nonetheless, as figure 24 shows, porous gold was

deposited on the recessed electrodes.

AccV SpotMagn® Det WD Exp FH—— 10pm
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Figure 24. ESEM images of a 25 pm platinum disc recessed by ~ 1.85 pm. After electrophoretic assembly
of 500 nm polystyrene latex; deposition of gold (charge passed = 2.8 pC) and soaking in THF (15 min).
Taken with a Philips XL30 ESEM.

Gold was deposited to the limits of the recess of the electrode imaged in figure 24, and
there are portions where the metal has overgrown the template. However voltammetry in

sulphuric acid shows that the structure is open.

5.4.3 Characterisation of Macroporous Gold by Cyclic Voltammetry in Sulphuric Acid:

Voltammetry of the recessed macroporous electrodes in sulphuric acid shows both gold'*
and platinum'*'? features (similar to the macroporous gold films deposited onto 0.5 mm
diameter platinum discs in Chapter 4). The peaks are labelled 1-6 and correspond to
platinum oxidation, gold oxidation, gold oxide reduction, platinum oxide reduction,

hydrogen adsorption and hydrogen desorption respectively.
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Figure 25. Cyclic voltammetry in | M sulphuric acid (7 = 25 °C, purged with argon for 20 min). WE = 25
pm diameter platinum disc recessed by =~ 2 pm, plated with structured gold (500 nm cavities) Q=0.93 pC.
Sweep rate =200 mV s

The platinum and gold surface areas were estimated for several electrodes modified in this
way (table 5). All of the electrodes appeared to have open gold structure when viewed in
the ESEM (as in figure 24) although the number of spheres and the thickness of the films

was quite variable.

Au deposition Q / pC | Pt surface area/ cm” | Au surface area / cm”
2.8 1.71x 107 1.97x 107
2.79 7.92x10° 1.73x 107
0.93 5.91x 10° 1.84 x 107
0.93 1.18x 107 1.25x 107
1.0 832x10° 224x 107

Table 5. Comparison of gold and platinum surface area with gold deposition charge for recessed 25 um

platinum discs modified with macroporous gold.

There is no correlation between gold surface area and the deposition charge; this is

probably due to a lack of crystallinity in the electrophoretically deposited template. The

164



Chapter 5 Recessed Microelectrodes

amount of exposed platinum is also quite variable. Assuming the area of contact between
the spheres and the platinum to be 5 x 10"'% cm? (see table 2 Chapter 4) and near perfect
packing at the electrode, the theoretical platinum surface area is 1.13 x 10 cm? This is

much lower than the values calculated from the acid voltammetry (more than 10 times

less in some cases).

For a less crystalline template there will be a higher proportion of platinum covered
during gold deposition, so one would expect the observed platinum surface areas to be
less than the theoretical value. This is odd since the ESEM images show no gaps in the
structured films where extra platinum might be exposed. One possible explanation might
be that the template is not wetting completely; if there were air bubbles on the microdisc

surface then more platinum would be exposed after gold deposition.

5.4.4 Conclusions:

It is possible to electrophoretically assemble 500 nm polystyrene latex spheres at recessed
platinum microdiscs, form a colloidal suspension in ethanol. These particle assemblies can
be used as templates for the deposition of macroporous gold. ESEM images of the
templates, the lack of oscillation in the gold deposition current and voltammetry in
sulphuric acid after gold deposition all suggest that these electrophoretically assembled
arrays are less crystalline and less well ordered than the templates assembled by
sedimentation in Chapter 4. However a macroporous network of open interconnected gold

can be formed within the recess above the substrate electrode.

5.5 Summary

It is possible to recess platinum microdiscs by electrochemical etching with some control
over the depth. Quite aggressive potential pulsing is required to dissolve the platinum,
although the resulting electrodes appear to be recessed evenly and without significant
roughening of the surface. The deepest recess generated in this work was approximately
60 um. However this took over an hour to produce and required periodic sonication of the

electrode (in the etching solution) to remove black deposits, of what were assumed to be
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platinum salts, from the cavity. If these etching products are not removed then the

recessing seems to become self limiting at around 20 pum.

The recesses can be filled (completely or partially) with mesoporous metals like platinum
and rhodium. These mesoporous deposits do not alter the geometrical surface area of the

electrodes in the way that deposition onto polished microdiscs does.

Electrodeposition of mesoporous platinum into recesses proceeds with higher Faradaic
efficiency than deposition onto polished, inlaid electrodes (66 % compared to 43 %
respectively). This is thought to be due to the restricted diffusion if the recess reducing the

loss of the intermediate, Pt(I), reduction product.

Here it has been possible to plate mesoporous metals to depths, and therefore thicknesses,
of 10 um to produce microelectrodes of very high specific surface area. Although the
surface areas calculated from voltammetry in sulphuric acid are somewhat less than the
theoretical values (25-50 % fairly typical for Brij® 56 templates), these could, almost
certainly, be improved by using a better surfactant (i.e. octaethyleneglycol
monohexadecyl ether). While these mesoporous films are less prone to damage or
removal than films deposited onto polished electrodes, they are not robust enough to
withstand polishing, as it would seem that the soft malleable metal structure smears and

distorts, rendering the pores inaccessible.

Electrophoretic assembly of polystyrene latex spheres at the recessed platinum microdiscs
was more successful than at polished platinum microdiscs. This is probably due to the
restricted mobility of the spheres during drying. Spheres immobilised this way were used
to deposit macroporous gold films onto the microelectrodes. However preliminary

experiments suggest that there is little long range order to the structures.
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Appendix A

Estimate of charge required to deposit a gold film of half a sphere layer thick:

Volume of unstructured gold = electrode surface area x film thickness
i.e. =ma’ x r, (where r = the diameter of the template spheres e.g. 250 nm).
=1.963 x 10° cm® x 2.5 x 10 cm

=4.9x10% cm’.

Number of spheres at the electrode surface = (electrode surface area/cross-sectional
area of a sphere) x 0.9'

=(1.963 x 10~ cm*1.963 x 10 cm?) x 0.9

= 900,000.

Volume of gold deposit occupied by spheres = (number of spheres x volume of
sphere)/2

= (900,000 x 6.545 x 10* cm?)/2

=2.95x 10°% cm’.

Total volume of gold = unstructured gold volume — total sphere volume
=4.9x10%cm’ -2.95 x 10° em’
= 1.96 x 10 cm’.

Moles of gold = (total volume of gold x density)/atomic weight
=(1.96 x 10® cm® x 19.3 g cm™)/196.97 g mol ™.
=1.92 x 10 moles.

Deposition Q = mnF, (where m = moles, n = number of electrons and F = Faraday
constant)

=186x10™*C.

' 2D hexagonal packing efficiency = 91 % (or 79 % for squar packing).
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Appendix A

For gold depositions of more than half a sphere height the calculation is complicated by

changes in the sphere packing between the surface and the bulk.

The thickness of gold required to deposit half way up the next sphere layer is not simply
1.5 x r, as the spheres do not stack directly on top of each other; instead spheres in

subsequent layers nestle between three of the spheres from the lower layer (figure 1).

15xr
<15xr

Figure 1. Diagram illustrating the three dimensional packing of spheres.

This height discrepancy can be calculated by considering the relationship between the
centres of 4 spheres in contact as in figure 1 above. In this tetragonal arrangement all four
spheres are in contact; hence the centres of the spheres form a triangular based pyramid

with all the side lengths equal to d (sphere diameter) and all angles 60° (figure 2).

M 60°

a
Figure 2. Polyhedron illustrating the tetragonal arrangement of the centres of 4 contacting, close packed

spheres.
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Appendix A

The height of this pyramid (and thus the discrepancy between the true layer height and 2d)

can be calculated from equation 1:

Where h = the pyramid height, e = the edge length and a = the base edge length (both a
and e = d here).

NB h can also be calculated by its relationship to the slant height (s):
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