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Abstract

In this thesis results are presented and discussed on the formation and
characterisation of silver nanoparticles. The potential applications of the silver
nanoparticles are investigated using the reduction of 4-nitrophenol and the
detection of nitrates. In addition, data are presented on the antibacterial activity of

the silver nanoparticles.

The silver nanoparticles were synthesized as colloidal particles protected with
polyvinylpyrrolidone (PVP) with a diameter of 5.73 nm. The colloidal silver
nanoparticles were generated in solutions containing 0.05 mol dm=3 AgNOs,
0.1 mol dm-3 KNOs and 423.75 g dm-3 PVP with an electrochemical pulse of -6.0 V
vs Ag*/Ag. The PVP-protected silver nanoparticles showed excellent stability over
a 30 day period and instability was only observed on the addition of AgNO3 or
KNOs. The PVP-protected nanoparticles were successfully immobilised in a
polyacrylamide hydrogel and employed in the reduction of 4-nitrophenol in the
presence of NaBH4. The 4-nitrophenol was completely reduced after a 60 min
period with a first order rate constant of 7.4 x 10-#4 s'1. The activity of the hydrogel
composite was maintained on dehydrating and rehydrating and following repeated
reactions. The hydrogel composite showed antibacterial activity for
Staphyloccoccus aureus, MRSA, Escherichia coli and Pseudomonas aeruginosa and
very good antibacterial activity was observed on loading the composite with
mobile Ag* ions. However, the composite showed poor detection of nitrates, due to

diffusion limitations.

The silver nanoparticles were successfully deposited at a glassy carbon electrode
using a double pulse or a single pulse technique. For the double pulse technique, a
pulse at a potential of E1 was applied to instantaneously nucleate nanoparticle
seeds. Then, a longer pulse at E2 was applied to grow the seeds into established
particles. In the single pulse technique a potential sufficient to nucleate and grow
the particles was applied for the entire period, giving a much higher density of
silver particles consistent with a progressive nucleation and 3D growth model with

a narrow size distribution. The deposited silver nanoparticles were successfully

viii



used in the electrochemical detection of nitrates. The limit of detection was
obtained as 2.0 x 10-5> mol dm-3 using cyclic voltammetry and the performance was
increased using constant potential amperometry, giving a limit of detection of
9.8x10% mol dm3, which falls well below the maximum concentration of
8.0 x 10 mol dm-3 as set out by the EPA under the Nitrate Directive (91.676/EEC).
However, significant interference was observed on the addition of nitrites and
chloride anions. The rate constant for the reduction of nitrate was calculated as
9.79 x 103 s'1, while the reaction order was computed as 0.736, consistent with the
adsorption of nitrates. Higher peak currents were observed at lower pH values
between 2.0 and 4.0, indicating that the adsorption of H* ions facilitates the

reduction of the nitrate anion.
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Introduction Chapter 1

1.1 Nanoparticles

The field of nanoscience is one of the most rapidly expanding areas of research
across all disciplines. This is due largely to a wide range of applications for
nanoparticles, such as electronic devices, sensors and biomedical devices. The
synthesis of nanoparticles was carried out long before their nature was
understood. Back as far as the 17t century, nano gold was used in stained glass
windows to produce a ruby red colour while a lemon-yellow colour is typical of
silver nanoparticles. The properties of nanoparticles are strongly dependent on
their size and shape. The optical properties of nanoparticles is caused by
oscillation of the free conduction electrons and this can be described my Mie
theory (1). These resonances are often referred to as surface plasmons. There are
many different methods employed to generate nanoparticles but broadly speaking,
solution phase chemical reduction using a reducing agent, vapour-phase
condensation, laser ablation of a metal target, photoreduction and electrochemical
deposition are the most common. The Creighton method to synthesize nanosized
silver uses NaBH4 to reduce AgNOs and gives particles of around 10 nm with a
narrow size distribution (2). This method has been adapted for the synthesis of
other metal nanoparticles such as Pt, Pd, Ru and Cu . In high ionic strength
solutions a protecting or capping agent is employed to prevent aggregation of the
particles in solution. Sodium citrate is one of the most commonly used protecting
agents but poly(N-vinylpyrrolidone) (PVP) is also widely used ). The large
positive reduction potential of Ag means that nanoparticles are quite
thermodynamically stable to oxidation in low-ionic strength aqueous and alcoholic
suspensions. For this reason, apart from gold, the synthesis of silver nanoparticles
is the most researched of all the nanomaterials. In this study, both colloidal and
electrodeposited silver nanoparticles are synthesised. The application of these
materials as antibacterial agents, heterogeneous catalysts and as a nitrate sensor is

then investigated.




Introduction Chapter 1

1.1.1 Stability of Colloidal Nanoparticles

While the synthesis of silver nanoparticles is relatively straight forward, the
challenge lies in preventing aggregation once formed. The surfaces of
nanoparticles are dynamic and are strongly influenced by the local environment.
An understanding of the mechanism and conditions that lead to aggregation is a
developing field. A protecting agent is usually required for colloidal particles to
prevent aggregation, particularly in high ionic strength solutions. The influence of
simple mono and di-valent electrolytes on colloidal stability can be explained by
the Derjaguin-Landau-Verwey-Overbeek (DLVO) theory where aggregation is
induced by screening of the surface charge 5-7). The DLVO theory explains colloidal
stability based on the balance between the van der Waals forces and the
electrostatic repulsion forces within the diffuse double layer that surrounds
colloidal particles in solution. Aggregation is typically averted using two main
approaches. Electrostatic repulsion between particles is achieved using anions
such as citrate and borohydride that are weakly bound to the nanoparticle core (6
10) producing a charged layer that serves as an electrostatic barrier to aggregation.
Steric repulsion is achieved using bulky organic polymers such as polyethylene
glycol (PEG) and poly(N-vinylpyrrolidone) (PVP), effectively isolating the particles
from one another (+11). These protecting groups are more difficult to displace than

citrate and borohydride but offer a greater degree of stability (4.

The stability of colloidal nanoparticles is often examined with the addition of salts
that increase the ionic strength of the solution (12), For example, the effect of adding
extra salts was studied by Espinoza and co-workers whereby the kinetics of halide-
induced decomposition and aggregation of citrate protected silver nanoparticles
was measured (13). They discussed how the capping agent works by producing a
charged layer that surrounds the nanoparticles and serves as an electrostatic
barrier to aggregation and proposed that by increasing the ionic strength of the
solution this decreases the effective electric field between the charged
nanoparticles and consequently lowers this barrier. The double layer contracts and
the surface potential decreases with increasing ionic strength. The particles
coagulate when the ionic strength exceeds the critical coagulation concentration

(c.c.c) (9,
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Because PVP acts sterically to prevent aggregation, one would expect the particles
to be unaffected by changes to the solution ionic strength. However, Zhang showed
how both PVP and citrate protected silver nanoparticles suffered from particle
aggregation at high ionic strength although citrate particles were more susceptible

to aggregation (15),

1.1.2 Size Dependence of the Plasmon Absorption of Colloidal
Nanoparticles

Nanoparticles have fascinated scientists as far back as the 17t century when gold
particles were used in the pigment of ruby stained glass. It was Faraday that
recognised that the red colour was due to colloidal gold particles (16) and Mie was
the first to understand that the colour was attributed to the collective oscillation of
the free conduction electrons induced by an incident electromagnetic field. Also
called surface plasmons, Mie described them quantitatively by solving Maxwell’s
equations with the appropriate boundary conditions for a spherical particle (1. The
theory describes the total extinction cross section composed of absorption and
scattering as a summation of all the electric and magnetic multipole oscillations.
Therefore, the electronic and optical properties of nanoparticles are intrinsically
linked to their size and shape and these theories can be utilised to understand the
connection applicable to many different systems (17). In this study, it allows for the

determination of the size of the particles through the UV-Visible absorption band.

When particles are small compared to the wavelength, A, of the incident light (A >>
2R, e.g., for gold 2R < 25 nm) only the electric dipole absorption contributes to the
extinction cross section of the nanoparticles (18) and the optical absorption
coefficient, a, of a solution of uniform spheres embedded in a medium of refractive
index, nq4, can be described by the Mie scattering theory in the electric dipole
approximation given by Equation 1.1. Above a certain particle size, the absorption
band shifts to longer wavelengths because additional magnetic-dipole terms must

be added to Equation 1.1.
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18mn e, 1.1
P (e + 2n2)% + €11]

In Equation 1.1, p is the volume fraction of the spheres, em” and em”, are the real and
imaginary parts of the dielectric constant of the metal. The mean free path of the
conduction electrons in the particles is limited by the particles boundary or size
and is therefore much smaller than the path in the bulk metal. Changes to the size
and hence the mean free path of the electrons, modify the surface plasmon
resonance frequency through the dielectric constant. When the effect of the
particle size on the mean free path of the electrons is taken into account, the
complete expression for the dielectric constant as determined by free electrons is

substituted into Equation 1.1 to give Equation 1.2 (19),

_ 9mpnic A2 1.2
R G PR PR Y L PP

Here, A,, = A.(gy + 2n3)? is the wavelength at which the maximum absorption
takes place, 1 = (2mc)?*m/4nN, &2, and A1, = 24%0/c. Equation 1.2 gives a band of
Lorentzian shape, if the band is narrow, the width, w, at half maximum absorption
(FWHM) is A%2,/1, and is given by Equations 1.3 and 1.4. The d.c. conductivity, o, is
given by Equation 1.5.

w= A2/2, 13
w = (g + 2n3)c/20 1.4
o = (N,e?R)mug 1.5

In Equation 1.5, R is the particle radius, ug [= (ZEF/m)l/Z] is the electron velocity

at the Fermi energy Ep [= (3n/87r)2/3(h2/2m)] and Ne is the number of electrons
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per unit volume. The final expression that describes the relationship between

bandwidth and particle radius, is shown in Equation 1.6

_ (g0 + 2n3)cmug 1.6
B 2N, e2R

From Equation 1.6 the bandwidth has a 1/R dependence. At larger particle sizes,
where the wavelength of the incident light becomes comparable to the particle
size, greater than roughly 10 nm or 25 nm for gold, there are magnetic-dipole
terms which peak at different energies. These terms are not accounted for in the
Mie theory electric dipole approximation, Equation 1.1. These extrinsic size effects
are size dependent and require the use of the full expression of the Mie theory.
Their contribution means that now the extinction coefficient explicitly depends on
the particle size. Additionally, the plasmon bandwidth increases with increasing
particle size due to inhomogeneous polarization of the nanoparticle often referred

to as retardation effects (20),

1.1.3 Electrochemical Deposition of Nanoparticles

Electrochemical deposition is the process whereby a thin layer of metal, a metal
alloy and more recently conducting polymers are deposited on a surface.
Electrodeposition of a metal via reduction of metal ions from an electrolyte can be
accomplished by two different processes, (a) electrons are provided by an external
power supply or (b) the process is electroless and deposition is achieved due to the

presence of a reducing agent in solution (21,

The field of electrochemical deposition has evolved over the decades, finding
applications in an ever increasing number of areas in science and engineering. Fine
tuning of electrochemical deposition techniques has been driven by the explosion
of the electronics industry in recent decades. The desire to create a unique

structure that may infer specific properties useful in microelectronics, optics and
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sensors has seen this technique move far beyond simple electroplating. With the
emerging interest in nanostructured materials, the virtues of electrochemical
deposition are particularly evident. The technique provides a route to a variety of
new nanomaterials including nanowires, nanotubes and nanoprisms with the

inherent advantage of direct electrical contact with a conducting surface.

Much of the attractiveness of the technique stems from the ease with which the
direction of the growth of the nanomaterials can be managed by varying
parameters such as overpotential, time and solution composition. Despite its
versatility, achieving dimensional uniformity remains a challenge. In order to
investigate the size-dependent properties of small nanoparticles, distributions
with low size dispersions need to be obtained. For example, Zoval and co-workers
found the heterogeneity of platinum nanocrystals deposited on basal plane
oriented graphite increased with deposition time from a relative standard
deviation of 35% to 44% for potentiostatic pulse durations of 10 ms to 100 ms (22),
Additionally, Burton and co-workers in 1951 realised that crystalline surfaces have
imperfections and therefore a variety of growth sites (23), Electrodeposition at
defected sites, like scratches or edges, requires a lower overpotential to deposit
metals and this can also lead to a large size distribution (2425). The focus of many
studies has therefore been to minimise heterogeneity by varying the
electrochemical parameters, namely potential pulse energy and duration. Of
course an understanding of the nucleation process of metal particles is essential in
order to design experiments that would likely achieve particles with as narrow a
size distribution as possible. The number density of metal centres follows

first-order kinetics and is given by Equation 1.7.

N(t) = No{l — exp(—At)} 1.7

Here, No is the total number of sites where nucleation is possible, A is the first
order nucleation rate constant, which is a function of a number of parameters like

potential, concentration and the nature of the substrate, and t is time. There are
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two limiting cases which describe the initial stages of nucleation. When A4 is large
and all the sites are available for nucleation, Equation 1.8 is obtained. This
describes the situation of instantaneous nucleation. At small A and small ¢t Equation
1.7 is reduced to Equation 1.9. In this case the number of nuclei is a function of
time and is described as progressive. Since the rate is determined by experimental
parameters the mode of nucleation can be directed by varying the experimental

conditions.

N(t) = N, 1.8

N(t) = ANyt 1.9

The growth of the nuclei into stable metal clusters can proceed by two different
mechanisms. Two-dimensional (2D) growth proceeds via adatoms attaching to the
edge of existing nuclei. If growth is allowed to continue unabated eventually nuclei
will coalesce to form a complete layer on the electrode. Nucleation can then occur
on this first layer and the process can be repeated indefinitely. Three-dimensional
(3D) growth occurs when adatoms attach to nuclei at any point resulting in
upward and lateral growth at similar rates. A commonly referred to model for the
potentiostatic current-time transients under diffusion controlled 2D and 3D
growth is the Scharifker and Hills model (26). In this model the processes of
instantaneous and progressive nucleation and 2D and 3D growth are combined to
yield the following four equations, Equations 1.10, 1.11, 1.12 and 1.13, which

describe the early stages of deposition and growth.

Progressive nucleation and 2D growth (PN2D) is given by Equation 1.10, while
instantaneous nucleation and 2D growth (IN2D) is described by Equation 1.11.
Equation 1.12 describes progressive nucleation and 3D growth (PN3D) and

instantaneous nucleation and 3D growth (IN3D) is given as Equation 1.12.
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I ( t )2 { 2<t3 - tmax?’)} 1.10
Imax tmax 3 tmax3

I ( t ) { 1<t2 — tmax2>} 1.11
Imax tmax 2 tmaxz

( I )2 1.2254{1 l 23367< t >1}2 1.12
= —exp |—2. —
Imax ( t ) p tmax

tmax

( I )2 1.9542{1 [ 12564( t >T}2 1.13
= —exp|—1.
Imax ( t ) tmax

tm ax

In these equations Imax represents the maximum current which is recorded at time,
tmax. These equations can be applied to the potentiostatic current-time transients

to identify the nucleation mode for a given set of experimental conditions.

To achieve monodispersed nanoparticles, instantaneous nucleation is essential so
that all nuclei appear at the same time. Ngo and Williams found that a very narrow
particle size distribution could be achieved by temporally separating the
nucleation and growth phase irrespective of the rate law which applies provided
every particle on the surface grows in accordance with the same rate law (27.28),
Narrow distribution during the growth phase was achieved by manipulating the
following growth conditions, i) the flux of the monomer to the surface was high, ii)
the sample temperature was low and iii) the nucleation density was low. It was
hoped that by following these principles that nucleation would end quickly and the
nuclei would grow independently from its neighbour in an uncoupled manner. The
system studied by Ngo and Williams was particles grown from a gas flux of

monomers. Penner and co-workers believed the same principle could be applied
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to the electrochemical deposition of nanoparticles. In their work they described
how interparticle diffusional coupling leads to a large size distribution of
electrochemically deposited nanoparticles (2930). Although a large overpotential
favours instantaneous nucleation, it leads to polydispersity when the growth of
particles switches from kinetic control to diffusion control. The concentration of
metal ions around growing nuclei is depleted as deposition proceeds. The size of
the depletion layer, also known as the diffusion zone is a function of overpotential.
If the diffusion layers around neighbouring particles overlap or “couple” the
growth of these particles is further limited in comparison to particles which grow
independently of one another. Penner provided a schematic representation of this

process and this is shown in Figure 1.1.

In theory, eliminating diffusional zone coupling should allow particles to grow
independently of one another and exhibit a higher degree of monodispersity. This
is realised by a two-step approach, which is an extension of the Ngo and Williams’s
concept of separating the nucleation and growth. Two separate pulses of different
overpotential are employed. An initial pulse of high overpotential is applied for a
very short time with a view to instantaneously seed nuclei. A second pulse, applied
over a longer timescale and at a much lower overpotential is designed to grow
these seed nuclei in an uncoupled fashion. This double pulse technique has been
utilised by many other groups since with great effect (31-36). Although Penner
extensively investigated the fundamental principles behind the technique, it was
utilized by Sheludko and Bliznakov to electrodeposit Pb and Ag on Pt

microelectrodes as early as 1952 (37),
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Figure 1.1: Depiction of the effect of interparticle diffusion coupling on the particle size as a function of
overpotential and time @9,

1.2 Hydrogels

Hydrogels are a class of polymers that have the ability to gradually swell in
aqueous media and retain large amounts of water (38). Examples of some synthetic
and natural hydrogels polymers are shown in Figure 1.2. Many derivatives of these
polymers and others have been synthesised in order to improve the properties of
these gels or to tune them for specific applications. The polymer chains of these
gels may or may not be connected via crosslinking molecules and this ultimately
dictates whether the gels will maintain the structure of a ‘solid-like solution’ of

polymer and water or eventually dissolve over time.
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Figure 1.2: Examples of some synthetic hydrogels.

Depending on the desired application, biodegradability may be preferred (39 or, at
the other end of the spectrum, long term durability may be required (49. The
amount of water retained by the hydrogel depends on the structure of the polymer
network and on the properties of the swelling media, such as the temperature, pH
and ionic strength (41). Hydrogels are often divided into three classes depending on
the nature of their network, namely entangled networks (42), covalently cross-

linked networks and networks formed by physical interactions (43),

Since the development  of  the first  hydrogels based on
poly(hydroethylmethacrylate) (PHEMA) by Wichterle and Lim (44) in the 1950’s the
types of hydrogels and the range of applications have expanded immensely.

Innovative gels based on synthetic, natural or hybrid materials have been
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developed to try and optimise the swelling properties, the biocompatibility and
physical properties of the hydrogels with a view to increasing the range of
applications of these useful materials (#>-47), The range of applications is far
reaching, for example in personal hygiene products as superabsorbents for
disposable nappies and sanitary towels or as stomach bulking agents to help tackle
the growing problem of obesity 39). One of the most common applications of
hydrogels is in the field of drug delivery (48). These materials are ideally suited for
drug delivery as they are highly porous materials that have a high affinity for
aqueous environments and they can be formulated in a variety of physical forms
including slabs, micro and nanoparticles, coatings and films. Nochi and co-workers
showed successfully how cationic, self-assembled, cholesteryl group-bearing
pullulan nanogels (a polysaccharide polymer) could be used as an antigenic
protein-delivery system that could be administered intranasally as an alternative
to traditional injections (49, They used a non-toxic fragment of Clostridium
botulinum BoHc/A as a prototype vaccine antigen and found that nasal
administrations of BoHc/A entrapped in the pullulan nanogels resulted in
prolonged retention of the antigen in the nasal tissue compared to naked
administration of the BoHc/A. Also, histochemical studies showed that
significantly more mucosal IgA antibodies were produced in mice immunized with
the BoHc/A nanogels compared to mice immunized with naked BoHc/A. Many
hydrogels are also biocompatible particularly in the case of carbohydrate-based
polymers as they resemble the native extracellular matrix. Fricain and co-workers
implanted cellulose and phosphorylated cellulose into the femoral bone of rabbits
and found no inflammatory response and observed bone cell regeneration along
with integration of both types of implants (50). The antibacterial properties of
hydrogels have also been studied. Primarily, they involve the incorporation of an
antibacterial agent 1 or silver (52) but some hydrogels have antibacterial
properties without any antibacterial additives. Saha and co-workers investigated
the antibacterial properties of four hydrogels, some of which were synthetic and
some were biopolymers. They found that gelatin and sodium alginate hydrogel
possessed natural antimicrobial properties 53). Yang and co-workers prepared

chitosan and poly(vinyl alcohol) hydrogels for wound dressing that showed good
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antibacterial activity against Escherichia coli 5%). Hydrogels have also been utilized
as a matrix for heterogeneous catalysis. They provide a stable environment for the
catalysis but importantly provide a convenient method to remove the catalyst once

the reaction is complete (55,

1.2.1 Polyacrylamide Hydrogels

Polyacrylamide is a very widely used and functional polymer. While
polyacrylamide is non-toxic the monomer, acrylamide, is a neurotoxin and
therefore extensive washing of the polymer is required in order to render it safe
for use, in particular for biomedical applications. The range of applications for this
material is extensive. It has the ability to form high purity clear gels leading to its
earliest use in gel electrophoresis in 1959 (56), Because the gels pore size is uniform
and can be tuned by controlling the concentrations of acrylamide and
bisacrylamide it makes this material ideal for the separation of proteins and DNA
fragments. Polyacrylamide has also been used in the agricultural industry as a soil
conditioner 7). Anionic polyacrylamide is effective at causing clay particles to
aggregate through cation bridging therefore leaving the soil less susceptible to
erosion. Additionally, soil applied pesticides and fertilizers remain on the soil as

opposed to being washed away with the runoff water.

Polyacrylamide can be synthesised in the straight chain form or cross linked
usually with N,N-methylenebisacrylamide. The reaction mechanism for the
polymerisation of acrylamide is a vinyl addition polymerisation initiated by free
radicals generated from ammonium persulfate and tetramethylethylenediamine
(TEMED) for chemical polymerisation or in photochemical polymerisation
riboflavin is also introduced. While the polymerisation reaction is widely used the
reaction mechanism for the generation of the initiating free radical has not been
studied by many groups. Generally, the reaction is described as being initiated by
the persulfate radical while TEMED catalyses the formation of the radicals (58). The
persulfate radical alone is sufficient to initiated polymerisation but usually heating
is required to break the weak 0-O bond of persulfate (5960, The most

comprehensive study on the reaction mechanism was carried out by Feng and
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co-workers  (58),  They  proposed the initiation  mechanism  of
peroxydisulfate/TEMED by the formation of a contact charge transfer complex
(CCT) and a cyclic transition state (CTS) that subsequently produced
(CH3)2NCH2CH2(CH3)NCH2", HSO4+" and HO" free radicals. All these free radicals

combined are responsible for the initiation of the vinyl polymerisation.

The suggested reaction scheme for the generation of these radicals is shown in
Scheme 1.1. A general mechanism for acrylamide polymerisation is presented in
Scheme 1.2 where bisacrylamide is randomly incorporated to crosslink the
growing chains. The actual polymerisation reaction is a free radical vinyl
polymerisation and is described by three steps, chain initiation, propagation and
termination. Chain initiation involves two steps, the generation of the free radicals
as described in Scheme 1.1 and the second step involves the addition of this radical
to the first monomer unit to produce the chain initiating species, as shown in
Scheme 1.3, step 1. Chain propagation then occurs by the successive addition of
large numbers of monomer molecules to the chain initiating species. Both of these
additions occur when the radical uses one of the electrons from the pi system of
the vinyl group to form a more stable bond. The remaining electron transfers to
the beta carbon turning the molecule into a radical, Scheme 1.3, steps 2 and 3. The
process continues as the chain grows until the monomer is used up or termination

occurs, step 4 and 5.
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Scheme 1.1: Initiation mechanism of peroxydisulfate/ TEMED catalyst.
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Termination of the growing chains can occur by various methods, including
combination and disproportionation. Combination arises where two propagating
radicals react with each other by coupling to form a dead polymer and
disproportionation occurs when a hydrogen radical that is beta to one radical
centre transfers to another radical centre to form two dead polymer chains (one

saturated and one unsaturated) (61), as illustrated in Scheme 1.3.

1.3 Silver Nanoparticles in Catalysis

The use of silver nanoparticles in catalysis first appeared in the 19t century in
photography (62). The unique catalytic properties of nanoparticles can be
understood by notable changes in reactivity as the size of the clusters decrease.
Clearly, the large surface area of nanoparticles increases the activity but
additionally the reduction potential becomes progressively more negative as the
size of the metal particles approaches the nanodomain (¢3). The redox potential of
the particle for a particular metal depends on the agglomeration number (64, The

redox potential of these small particles, Equation 1.14

Agn — Agn1+ Agt + e 1.14

becomes more positive as the particle grows. For n=1 (free silver atom) the
potential is -1.8 V vs NHE. As the number of atoms within a cluster increases,
(n = o0), the reduction potential approaches the value of a conventional silver
electrode, 0.79 V vs NHE. Henglein described very small particles as
“microelectrodes”. Electrons are transferred across the particle-solution interface
in much the same way as they are in electrochemistry. When nucleophiles, such as
BH4, I- and PhS- adsorb on the surface of nanoparticles, the Fermi potential is
significantly increased as the nucleophile donates its electron density onto the
surface of the particle. In this way the particle mediates the electron transfer for
the reduction reaction (6566). Zhang showed how the reaction rate for
4-nitrophenol reduction increased as the size of silver particle on electrospun

silica nanotubes decreased (¢7). In another study the activation energy for the
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electron transfer reaction between hexacyanoferrate(IlI) ion and thiosulphate ions
was different for different shaped platinum nanoparticle catalysts (tetrahedral,

cubic and spherical) (68).

The catalytic activity of silver nanoparticles is often accessed by observing the rate
of a model reaction. The model reaction should be first order with respect of the
reactants, have no side products and should be easy to monitor. A prime example
of this is the reduction of 4-nitrophenol to 4-aminophenol by NaBHs4. The
characteristic absorption band at 400 nm for the 4-nitrophenolate anion gradually
decreases as reduction occurs while a new absorption band at 300 nm appears (69),
The reduction of 4-nitrophenol to 4-aminophenol by NaBHs4 does not occur
without the presence of a catalyst (79). The nanoparticle catalyses the reaction by

efficiently mediating the electron transfer from a BH4  ion to 4-nitrophenol (66),

1.3.1 Hydrogel Nanoparticle Composites as Heterogeneous Catalysts

One of the challenges of using silver nanoparticles for any practical application is
the recovery of the material post treatment. Release of silver into water or solution
is also a concern. Hydrogels are just one of many types of substrates that have been
used to encapsulate or immobilise metal nanoparticles. Patel used electrospun
porous silica nanofibers containing silver nanoparticles (71). Silver-magnetite
nanoparticles offer a means of removing particles with a magnet (72. The high
surface area afforded by zeolites is a commonly used support for metallic
nanoparticles (73). Three important characteristics dictate the catalytic
performance of metal nanocomposites. The substrate should have a high surface
area, the chemical reagents should have easy access to the nanoparticles inside the
substrate and the size and distribution of the nanoparticle within the substrate

should be uniform (71,

There are two main approaches used to successfully generate hydrogel networks
containing homogeneous silver nanoparticles. In the first method, often referred to
as the breath-in breath-out method, preformed hydrogels are dehydrated then
placed in a silver nanoparticle solution where uptake occurs (74). In the second
approach, reduction of silver salt to metallic nanoparticles occurs within the

polymer matrix (73). Citrate stabilised silver nanoparticles have been successfully
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prepared, in situ, during the photoinduced polymerisation of acrylamide
cross-linked with bisacrylamide (76). PVP can also form hydrogels if physically
cross-linked with ionizing radiation. Obradovic and co-workers electrochemically
synthesized alginate protected silver nanoparticles and successfully produced
hydrogel microdiscs that could be blended with PVP and PVA (77). The composition
of the hydrogel matrix can also be used to direct the size and shape of the
nanostructures  that form  within the gel. Mohan found that
polyacrylamide/poly(ethylene glycol) gels with increasing crosslinking density

resulted in a continuous decrease in silver nanoparticle size (78).

1.4 Biological Activity of Silver

Medical research is in a continuous battle with microorganisms such as bacteria,
viruses and fungi to prevent infectious diseases in human and animals. The advent
of antibiotics over 70 years ago revolutionized the treatment of infectious disease
changing the course of medicine. Jubilation was short lived as within a few years
the emergences of the first strains resistant to penicillin were identified.
Spontaneous and rapid mutations in bacterial DNA confer resistance to antibiotics.
Most frighteningly however is the ability of bacteria to transfer DNA coding for this
resistance from one species to another through plasmid sharing (9. The
emergence of methicillin-resistant Staphylococcus aureus (MRSA) is probably the
most publicised occurrence of bacterial resistance due to its prevalence in
hospitals where already immuno compromised patients are at very high risk. The
first strain of MRSA was isolated in the UK in 1960, just one year after the use of

methicillin as an alternative to penicillin started.

Bacteria confer resistance through mutations of their genome. Methicillin is one of
a group of narrow-spectrum f(-lactam antibiotics widely used to treat infections.
Resistant to methicillin is related to the gene mecA, which codes for the low affinity
penicillin-binding protein 2A (PBP2A) which can still function as a trans-peptidase
in the presence of high concentrations of 3-lactam antibiotics. Trans-peptidase is a
bacterial enzyme that crosslinks the peptidoglycan chains of the cell wall. In this

way MRSA can maintain normal cell function in the presence of methicillin and
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other -lactam antibiotics (89). Alternatives to $-lactam antibiotics where resistance
cannot develop have received tremendous attention as more and more resistant
strains are discovered yearly. This has resulted in a resurging interest in silver as

an antimicrobial agent (81.82),

The antimicrobial activity of silver has been known for well over 2000 years.
During the middle ages the Greeks and Roman placed silver coins in water
containers to prevent microbial spoilage (83). Of all the metals ionic silver is known
to have the largest antimicrobial activity. Whether bacteria have the potential to
develop resistance to silver based drugs, to the same extent as they have to
antibiotics like penicillin, is a much debated topic (8. Certainly, the fact that silver
has been used as an antimicrobial agent for thousands of years suggests that
resistance is much more difficult to acquire. This is attributed to the silver having
several modes of attack, whereas traditional antibiotics bind to specific cell
antigens giving bacteria the opportunity to develop gene mutations to counteract
these specific binding interactions. An in depth review of the molecular genetics of

silver resistance was performed by Silver (85,

Nevertheless, silver has been incorporated into many medical products such as
plasters and wound dressing and is a rapidly growing industry. Suspensions of
colloidal silver, which can be sprayed directly onto skin to aid in the healing of a
burn, are also commercially available. While silver does not appear to be an
accumulative poison and the World Health Organisation does not regulate the
amount of silver in drinking water, high levels of silver can lead to conditions such
as argyria. Argyria manifests as a bluish/grey discoloration of the skin as silver
compounds accumulate in the dermis and other membranes. The condition is not
life-treating however the discoloration is normally permanent (86, Silver does not
appear to have a physiological role and is therefore of little clinical or toxicological
significance. However, as the use of silver and silver nanoparticles in everyday
household items such as clothing, children’s toys, water filters and cosmetics
becomes more prevalent, more detailed studies on the trophic transfer of silver
and its effect on higher organisms is needed. In particular, little is known of the

ecological impact that silver nanoparticles may have. Silver nanoparticles were
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found in some cases to accumulate in the liver and lungs and penetrate the

blood-brain barrier of rodents (87).

The number of papers illustrating the beneficial antimicrobial effects of silver is
vastly growing. Despite this, few attempts to elucidate the mechanism by which
silver imparts its antibacterial activity have been carried out. The mechanism
therefore remains not widely understood. However, metallic silver is inert in the
presence of human and bacteria cells, it is the silver ion that is biologically active
and readily binds to cell surface receptors and metal carrier proteins like
albumins 849, The most commonly proposed mechanism of silver toxicity is
described in the following ways (i) uptake of free silver ions followed by
disruption of ATP production and DNA replication (ii) silver nanoparticles and
silver ions generate reactive oxygen species and (iii) silver nanoparticles causing
direct damage to the cell membranes (81). A synergistic effect has been observed
when some antibiotics have been coupled to silver nanoparticles. Shahverdi and
co-workers found that the antibacterial activities of many common antibiotics
were enhanced when tested against S. aureus and E. coli when used in combination
with silver nanoparticles (88). The production of reactive oxygen species and
disruption of disulfide bond formation caused by the presence of silver severely
weakens the structural integrity of the cell wall making it more permeable to
antibiotics (89). TEM images of silver treated E. coli showed drastic morphological
changes in the cell membrane as a result of protein aggregation. As a result, the
potency of [3-lactam, aminoglycosides and quinolone antibiotics was increased a
1000 fold in some cases. Morones and co-workers demonstrated that the size of
the nanomaterial impacted on the resulting antibacterial activity. Only silver
particles smaller than 10 nm were able to directly interact with the bacterial
membrane (°9). Pal and co-workers demonstrated a shape-dependent interaction
between E. coli and silver nanomaterials. They found that truncated triangular
silver nanoplates possessing (111) planes displayed better biocidal activity
compared to spherical and rod-shaped nanoparticles as well as silver ions as
AgNOs3 1. Lack of a standardised method to test the effectiveness of silver
compounds and nanoparticles makes literature comparisons difficult. Additionally,

Lalueza, Chopra and co-workers highlighted that describing the real bioavailability
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of silver has led to disparity in values of MIC (minimal inhibitory concentration)
for around a hundred strains of S. aureus. Values between 8 to 80 mg/L silver

nitrate have been reported (8292),

In this work, plate assays were used to assess the anti-bacterial activity, if any, of
polyacrylamide-PVP-protected silver nanoparticle composite on five strains of
bacteria. Gram-positive bacteria; S. aureus and methicillin-resistant S. aureus
(MRSA), and gram-negative bacteria; Pseudomonas aeruginosa (ATCC 27853),
Pseudomonas aeruginosa (ATCC 10145) and Escherichia coli (E.coli) were the five

strains studied.

The hydrophilic nature of Ag* means gram-negative bacteria such as E. coli are
more susceptible to the biocidal properties of silver containing compounds. There
are many reports on the efficacy of silver nanoparticles suppression of E. coli
growth. Rastogi found that total suppression of E. coli growth was achieved when

the bacteria were incubated for 24 hours with colloidal silver nanoparticles (°3),

Silver nanoparticles biosynthesised from the bioreduction of Ag* by S. aureus
showed promising results when tested for antimicrobial activity by a
well-diffusion method against MRSA and methicillin-resistant Staphylococcus
epidermis (MRSE) (°4., As the research area expands, materials with silver in
various forms with more unusual morphologies are being tested for antibacterial
activity. Silver vanadate nanowires decorated with silver nanowires were tested
on three strains of S. aureus and promising antimicrobial activity was found. The
MIC value against MRSA was found to be ten times lower compared to

concentrations for the antibiotic, oxacillin (9.

The other bacteria species used in this study were two strains of Pseudomonas
aeruginosa (P. aeruginosa). Again there are many studies illustrating the
effectiveness of silver to kill and suppress the growth of this bacterium. Kora and
co-worker showed a dose dependent relationship between the amount of silver
nanoparticles and the measured zones of inhibition for well diffusion assays for

P. aeruginosa ().
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1.4.1 Hydrogel Nanoparticle Composites and Antibacterial Activity

The low solubility of silver salts in biological media, due to the presence of chloride
anions, significantly limits the use of silver. Immobilizing silver salts and
nanoparticles in a polymer matrix offers a number of advantages. Nanoparticles
easily aggregate, which diminishes the chemical and physical properties that make
them unique. With the aid of a polymer matrix, precipitation is prevented and
silver is stabilised long enough to be delivered to its desired site when the particles
are placed in a protective environment. The slow release of silver ions is also

achieved by employing a polymer matrix.

Polymeric, biomaterial-based hydrogels offer an immobilising matrix suitable for
silver nanoparticles. Examples of antibacterial studies on silver nanoparticle
impregnated hydrogels are available in the literature (52747697.98) The
experimental approach to anti-bacterial testing is quite varied. Some studies
supplement the nutrient agar with a hydrogel silver nanoparticle composite (#9). A
testing method most similar to the one employed in this study was also used by Eid
and co-workers (100), Here, hydrogel discs of poly(acrylamide/itaconic acid)
containing silver nanoparticles, from the reduction of silver ions using gamma
radiation, were investigated for their anti-bacterial activity. They were most

effective against P. aeruginosa.

1.5 Nitrate

1.5.1 Nitrate and Our Environment

Nitrate is an essential compound for all plant life to proliferate. It is found in
chlorophyll, a crucial component of photosynthesis, the nucleic acids that encode
for the proteins and enzymes that allow the plant cell to function and grow.
Therefore, much of the plants energy and resources serve to fix nitrogen and
incorporate it into the cell where it can be utilised. A plant that grows in a soil rich
in nitrogen sources generally has more leaves, stems and gives higher yields.
Globally, the use of nitrogen fertilisers is vital to meet the huge demands for
agriculture crops by the world’s population. However, this inevitably leads to its

own problems. Nitrate is very soluble and is easily leached by rain from the soil
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into natural water systems which eventually leads its way into drinking water. It
also increases the amount of atmospheric nitrous oxide, a potent greenhouse gas,
which may be of even greater concern. Additionally, the ammonium ion (NH4*),
which is positively charged and held in soil through electrostatic attraction to
negatively charged clay, is converted to nitrate by microbes using a process called
nitrification(191). The majority of nitrate enters the soil after harvest when these
microbes continue to breakdown any remaining residual organic compounds into
nitrate that would normally be taken up by the growing plants. It is generally
accepted that plants preferentially absorb inorganic forms of nitrogen such as
nitrate and ammonium, however, in the last few decades this view is changing (102)
and recent research suggests that dissolved organic nitrogen, in the form of amino
acids, can also be directly taken up by plants (103), The reality is probably that while
nitrate is preferentially absorbed, nutrient availability, plant species type, pH and
temperature all dictate which type of nitrogen is absorbed, as suggested by

Addiscott (104),

In agriculture, the demand for higher productivity over the past fifty years has
forced producers to spread ever increasing amounts of fertilizers on crops (105),
Figure 1.3 illustrates how Ireland is one of highest users of chemical and manure
sources of nitrate. The Nitrate Directive (91/679/EEC), adopted in 1991, has the
objective of reducing water pollution caused or induced by nitrates from

agricultural sources (106),

Agriculture is not the only source of nitrogen pollution, road traffic and industry
produce nitrates directly or compounds that are readily converted to nitrate. The
effect of excess nitrate in the environment has significant health risks. For instance,
when nitrate is taken in by eating food and drinking water containing
nitrate, nitrate is converted in the gut to nitrite, which can bind with haemoglobin,
decreasing its ability to carry oxygen around the body. This generally affects
infants more than adults and is commonly known as ‘blue-baby syndrome’ as it
causes the skin to turn blue. Other health problems associated with nitrates

include diuresis, increased starchy deposits and haemorrhaging of the spleen.
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Figure 1.3: Total mineral and manure nitrogen application across the EU (source: JRC, Mulligan and
co-worker 2006).
From an environmental point of view excess nitrate can have serious effects on the
health of an eco-system. When nitrates are present with phosphates, nitrate leads
to eutrophication of water systems causing algae blooms. When these algae blooms
biodegrade they drastically deplete the dissolved oxygen content in the water
which has detrimental effects on all fish and other animal life that are supported in
these ecosystems. For this reason the Environmental Protection Agencies (EPAs)
are closely monitoring nitrate levels in water systems and have accordingly set
Maximum Contamination Levels (MCLs) for nitrate concentrations. For the EU, the
European Communities Drinking Water Regulations 2000 set nitrate levels at
50 ppm (8.0 x 10-* mol dm-3) while in the US it is even lower at 10 ppm (1.6 x 10-#
mol dm-3). Under the EUs Water Framework Directive, all European countries are
to have ‘good water status’ by 2015. Many countries are struggling to meet this
target, therefore a means of an effective method to monitor nitrate levels is vitally

important.
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Nitrate is an extremely stable ion and is the most fully oxidised form of nitrogen. In
fact, Silvester and co-workers in 2008 believed they were the first to report the
oxidation of nitrate to NO: electrochemically as a consequence of the wide
electrochemical window afforded by using an ionic liquid (107). However, nitrate is

a strong oxidizing agent and is therefore readily reduced to nitrite.

1.5.2 Mechanistic Features of Nitrate Electroreduction

The nitrate reduction reaction is a widely studied reaction as more efficient ways
of removing this product from waste water are always in demand, particularly as
regulations on its discharge into the environment become more stringent. Possible
technologies for the treatment of nitrate-containing solutions include biological
denitrification (108), jon exchange (109 and heterogeneous catalysis (110), but
electrochemical reduction is becoming an increasingly attractive alternative since
it offers convenience, low cost and does not require additional reagents.
Concurrently, research has focussed on how electrochemistry can be used as a
nitrate monitoring tool as well as a means of treating nitrate contaminated water.
Nitrate reduction has been studied at various metal substrates, including copper
(111-114)  sjlyer (115116) Jead (117), cadmium (118) and boron-doped diamond (119120,
Alloys and nanomaterials offer a variety of new materials which could be
investigated for their ability to reduce and sense nitrate. The catalytic activity of
standard macroelectrodes has been shown to increase after modification with a
second element (121.122) For example, the electrocatalytic reduction of nitrate at Rh
nanoparticles was improved through modification with Sn (123), Understanding the
reduction mechanism and how the properties and composition of the electrolyte
dictate the products of the reduction reaction is crucial for designing more efficient
materials for both the batch electrochemical reduction of nitrate contaminated
water and the development of sensors with greater sensitivity. Despite the large
number of groups working in this area over many decades, the complex nature of
the cathodic reduction of nitrate is still not fully understood. Typically, a mixture of
products is produced and it is rarely obvious whether the electron transfer is

sequential or whether different reduction reactions are occurring concurrently.

26



Introduction Chapter 1

Additionally, there is also evidence that a chemical reaction is coupled to electron

transfer as the function ip/v1/2 decreases monotonously with v1/2(124),

Equations 1.15 to 1.23 are a list of some of the possible reaction pathways that
nitrate and subsequently nitrite undergo as proposed by Plieth (125126), Clearly, the
reaction is very complicated but many agree that the rate-determining step is the
electron transfer to convert nitrate to nitrite, Equation 1.15. Also, it is clear that the
adsorption of nitrate to the surface is essential in order for electron transfer to
occur. The importance of adsorption in the reaction mechanism was illustrated by
Castella and Gatta when they observed the effects that changing the oxidative
potential limit had on the nitrate reduction wave. The current decreased when the
oxidative limit, the potential region for nitrate adsorption, was shifted towards
more reductive potentials and disappeared completely at values lower than -0.60 V
vs SCE (127), Adsorption of nitrate can also account for the low values of the charge

transfer coefficients quoted in the literature (128),

NO3- + H20 + 2e- = NO2" + 20H- 1.15
NO3- + 2Hz20 + e- = NO2 + 20H- 1.16
NOs- + 3H20 + 5e- - (1/2)Nz2 + 60H- 1.17
NO2- + 5H20 + 6e- - NH3 + 70H- 1.18
NO2 + 4H20 + 4e- —» NH20H + 50H- 1.19
2NO2 + 4H20 + 6e" — N2 + 80H- 1.20
2NO2 + 3H20 + 4e- = N20 + 60H- 1.21
NOz  + H20 + 2e- = NO + 20H- 1.22
N20+ 5H20 + 4e- —» 2NH20H + 40H- 1.23
2H20 + 2e- — H2 + 20H- 1.24
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The presence of strongly adsorbing anions, such as sulphate and chloride, indicate
the importance of adsorption in the overall rate of nitrate reduction. Molodkina
and co-workers found reduction rates were considerably lower in sulphate

containing electrolytes compared to perchlorate (129),

The rate determining step is often written as Equation 1.25.

NO3 ads+ H20 + 2e- > NOz" ads + 20H- 1.25

Much research has gone into determining the number of electrons in the
rate-determining step, producing conflicting results. Reyter and co-workers
obtained an an’ value of 0.98 thus by assuming a charge transfer coefficient of 0.5,
most likely two electrons were involved in the rate-determining step (113).
However, another study by De and co-workers (128, which compared
experimentally obtained Tafel plots and calculated Tafel slopes using Temkin and
Frumkin isotherms, found that Equation 1.26 best represented the rate

determining step for nitrate reduction in neutral solution.

NO3- ads+ H20 + e- > NO2 ads + 20H- 1.26

Dima and co-workers comparison of nitrate reduction at various coinage and
transition-metal electrodes in acidic media yielded a similar conclusion. The values
of the Tafel slopes suggested that the first electron transfer of the overall reaction

of nitrate to nitrite was the rate-determining step (130),

The range of products formed is highly dependent on the electrode material as
well as the solution composition and pH (131.132), For example, Cattarin found that
the electrolyses of a nitrate solution a -1.4 V vs SCE at a silver electrode resulted
primarily in the production of nitrite, while at a copper electrode ammonia was the

end product (113). The current density for nitrate reduction depends strongly on the
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nature of the electrode. Dima and co-workers preformed an extensive study on the
reactivity of nitrate on eight different polycrystalline electrodes (Pt, Pd, Rh, Ru, Ir,
Cu, Ag and Au) in acidic media using cyclic voltammetry (130). They found that the
activity of the metal towards nitrate reduction decreased in the order Rh > Ru > Ir
> Pd and Pt for the transition metals and in the order Cu > Ag > Au for the coinage
metals. When Molodkina and co-workers investigated the kinetics and mechanism
of nitrate and nitrite reduction at a platinum electrode modified by copper
adatoms they suggested that the increased activity towards nitrate reduction at
copper is largely due to the facilitation of the nitrate adsorption as a result of the
partial positive charge of copper adatoms (129), More recently, Sn modification of
Rh nanoparticles not only increased the nitrate currents but the final products
were also dependent on the electrode material (123), Using ion chromatography to
determine the products of nitrate reduction, Yang and co-workers found that after
Sn modification of a Pt electrode hydroxylamine became the dominant product.
Ammonia was the only identifiable product at a Pt electrode (133), The stronger
adsorption of nitrate to oxophilic sites on Sn is believed to enhance activity, while
differences in the ability to break the N-O bond can give rise to different abilities to

form NH4* ad NH30H~+ (123),

The reduction reaction has been studied in both acidic and basic media and the
rate of reduction has been found to be influenced by the pH of the solution. Many
research groups choose alkaline media in order to separate the nitrate reduction
peaks from the hydrogen evolution reaction since the overpotential for nitrate
reduction is high (134, Indeed, the reduction rate is favoured at more negative
potentials (135). Reyter and co-workers studied the electroreduction of copper in
alkaline solution and determined that reaction products were dependent on
applied potential, with hydroxylamine produced at -1.1 V and ammonia the final
product at -1.3 V vs SCE (113), Groot and Koper determined that the selectivity and
the rate of electrocatalytic nitrate reduction at platinum was influenced by nitrate
concentration and the pH of the solution (136). They described how nitrate
undergoes direct reduction at all concentrations but at higher concentrations
(> 1.0 mol dm-3) and in highly acidic media an indirect, autocatalytic mechanism

OocCcurs.

29



Introduction Chapter 1

1.5.3 Current Research in Nitrate Sensors

There are several methodologies used to quantify nitrate levels in aqueous
solutions. These include UV-Vis spectroscopy, capillary electrophoresis,
chromatography and chemiluminescence. HPLC is the most widely used method to
quantify nitrate and nitrite in biological samples such as blood, urine and food.
Jobgen and co-workers published a comprehensive review comparing HPLC
analysis of nitrite and nitrate containing samples using various detectors (137),
UV-Vis absorbance, electrochemistry and fluorescence are the principle detection
techniques used in conjunction with HPLC. Typically, concentrations in the
nanomolar range can be detected. For example, Muscara and de Nucci reached a
detection limit of 75 nM by preforming the Griess reaction post-column on a
sample containing nitrate and nitrite (138). Interfering compounds such as chloride,
proteins and amines are removed on an ion exchange column. Subsequently the
nitrate is reduced to nitrite on a second column packed with copper plated
cadmium powder. Finally, the diazo-compound from the reaction of nitrite with
the Griess reagents, sulphanilamide and N-(1-naphthyl)ethylenediamine, is
detected at 540 nm. While the technique offers excellent sensitivity, many of these
techniques involve a lot of sample preparation, require expensive materials and
skilled operators. Electroanalysis offers several advantages over these techniques,
from ease of use and sensitivity to low cost and ease of miniaturisation. The
reduction of nitrate is thermodynamically favourable but because the kinetics of
the charge transfer is slow, direct detection of nitrate is characterised by poor
sensitivity, the need for large overpotentials and electrode fouling (139), The
electroreduction of nitrate has been extensively studied at traditional electrodes
and research is currently focusing on bimetallic alloys, conducting polymers and
nanomaterials as potential materials suitable for nitrate sensing. Copper-based
materials have received a lot of attention due to its high catalytic ability to reduce
nitrate (111), Many research groups look to incorporate copper in some form when
developing new materials for electrochemical nitrate sensors. A limit of detection
of 76 pM nitrate was obtained at a copper plated, boron-doped, diamond
microelectrode (140). Bimetallic copper-thallium composite films exhibited higher

electrocatalytic activity for the reduction of nitrate and nitrite compared to pure
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copper and pure thallium electrodeposits (127). This bimetallic composite film had
detection limits of 190 and 250 uM for nitrate and nitrite, respectively.
Nanoparticles offer four main advantages over macroelectrode in electroanalysis:
high effective surface area, enhanced mass transport, catalytic activity and control
over local microenvironments (141). Simm and co-workers compared the activity of
a silver nanoelectrode and a macroelectrode for the electroreduction of halothane
and found that although the limits of detection were similar the nanoelectrode
displayed greater sensitivity (142). Silver nanoparticle deposited on a pure gold
electrode allowed detection of nitrate in synthetic seawater at concentrations of 24
and 10 puM in deoxygenated and oxygenated media, respectively (143), Besides
metals, electrochemically deposited conducting polymers offer an alternative
material that has been investigated for the electrochemical detection of nitrate.
Doping a conducting polymer, such as polypyrrole, with the analyte to be detected
creates chemical recognition sites that are selective for that analyte. Hutchins
described how these ionophores are complimentary in size to the target analyte,
creating a host cavity for nitrate, thus providing enhanced selectivity in the
presence of interfering ions (144). More recently, nanostructured conducting
polymers doped with nitrate further enhance the detection properties of these
materials by increasing the surface area. A limit of detection of 4.5 puM was
recorded at nitrate doped polypyrrole nanowires within a microfluidic device (145),
Nitrate biosensors have also been developed and have proven to be very sensitive.
Nitrate reductase immobilised within a gelatin matrix on a glassy carbon electrode
detected nitrate concentrations of 2.2 nM nitrate by monitoring the oxidation
current of the redox mediator, methyl violgen (146). The various techniques have
advantages and disadvantages, so choice of technique is very much application

driven.

The aim of this thesis was to explore the formation and potential applications of
silver nanoparticles in a number of different areas; colloidal silver nanoparticles
encapsulated within a hydrogel matrix for use as a heterogeneous catalyst and
antibacterial substance and electrodeposited silver particles on a glassy carbon

electrode as a sensing material for low levels of nitrate in aqueous solutions.
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2.1 Introduction

In this chapter the experimental techniques and apparatus used in the course of
this research are outlined. Firstly, the experimental set-up of the electrochemical
apparatus is described, in Section 2.2. The theoretical background for each of the
different experimental techniques employed in the preparation and
characterisations of the electrodeposited silver nanoparticles and the
PVP-protected colloidal nanoparticles is provided in Section 2.3. The chemicals and
preparation procedures of the samples are introduced in Section 2.4, while specific
details on the concentration and experimental parameters are outlined in the

results chapters as the experiments are discussed.

2.2 Experimental Set-up

2.2.1 Electrochemical Apparatus

Electrochemical experiments such as potentiostatic, galvanostatic, cyclic
voltammetry (CV), open-circuit potential measurements were carried out using
one of two potentiostats; a Solartron (Model SI 1287) or a CHi440 instrument
(Model EA160). Each system was controlled by a computer and the various
software packages used were CorrWare for Windows™, Version 2.1 and CHi440
software Version 2.06 respectively. A schematic of the electrochemical equipment
is shown in Figure 2.1. In all cases, experiments were carried out using a

conventional three-electrode system, as described in Section 2.2.2.

Figure 2.1: Experimental set up used to record all electrochemical measurements.
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2.2.1 The Electrochemical Cell

The electrochemical cell is shown in Figure 2.2 is a standard three-electrode cell
consisting of a working electrode (WE), an auxiliary or counter electrode (CE) and
a reference electrode (RE). Different reference electrodes were utilised
throughout this study depending on the nature of the electrolyte solution, namely a
silver wire or a standard calomel electrode (SCE). The potential of the silver wire
was measured after the experiment. A number of different materials served as the
working electrode. Platinum sheet electrodes were employed in Chapter 3 for the
synthesis of PVP-protected colloidal silver nanoparticles. A glassy carbon (GC) disc
electrode served as the substrate material upon which silver was electrochemically
deposited in Chapter 4. The electrochemical reduction of nitrate was also
investigated at a silver electrode for comparison. A platinum wire/sheet was used
as the auxiliary (counter) electrode in all cases. The electrodes were connected to
the potentiostat using insulated wires and the experimental parameters and

results were imputed and recorded on a standard PC as shown in Figure 2.1

Reference (SCE) —M8M8M=—_

Auxilliary (Ptwirey——>
|

2 Working
(Pt, Auor GC)

Electrolyte

Glass cell

Figure 2.2: Diagram of electrode and electrochemical cell.
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2.2.3 Electrode Materials and Preparation

All electrode materials were purchased from Goodfellow or Alfa Aesar. The GC
substrate and bulk silver rods were encased in Teflon and set in place using epoxy
resin, a schematic of which is illustrated in Figure 2.3. The electrical contact for the
electrodes was achieved using a copper wire and conducting silver epoxy. The
platinum sheets were connected via a copper hook through a small hole at the top
of the platinum sheet itself. The GC was of high purity grade and had a 4 mm or
5 mm diameter. Similarly, the silver was of high purity but 3 mm in diameter. The
platinum wire CE and the platinum sheets, WE and CE, were also of high purity,
99.9%, with a diameter of 1 mm for the wire and 1 x 5 cm length x width
dimensions for the sheet electrodes. Prior to each experiment the exposed
electrode surface was polished using a Metaserv Universal polisher with water
lubricated silicon carbide paper. The surfaces were polished to a smooth finish
with successively finer grades, ranging from 300 to 1200 grade, rinsed and
sonicated in distilled water between each grade. A mirror finish was then achieved
by spraying Buehler MetaDi Monocrystalline Diamond suspension of between 1 to
30 um onto a Buehler polishing cloth and hand polishing using successively finer

grades. Again rinsing and sonicated with distilled water between grades.

~ S e

N
Fraems

-~
Teflon Electrical

Holder Connection
{ Epoxy Resin

Exposed Metal

Surface

Figure 2.3: Schematic diagram of electrode assembly.
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2.3 Experimental Techniques

The principal electrochemical/analytical techniques employed throughout this
study were cyclic voltammetry, potentiostatic measurements, rotating disc
voltammetry, ultraviolet-visible spectroscopy (UV-Vis) and scanning electron
microscopy (SEM) in conjugation with energy dispersive X-ray analysis (EDX). An
overview of each of the techniques is given below and other more detailed

parameters are discussed in the results chapters.

2.3.1 Cyclic Voltammetry

Cyclic voltammetry (CV) is often the first technique used to characterise an
electrochemical reaction, giving vital information on the mechanism of the
reaction. CV involves sweeping the applied potential at working electrode between
two chosen potential limit while monitoring the current output. The initial applied
potential, Ej, is swept to a vertex potential, Ev, the scan in then reversed and swept
back to the final potential, Ef which is usually equal to the initial potential, E:.
These sweeps are typically carried out a number of times and at a constant rate
known as the scan rate. The resulting plot is one of applied potential (V vs. ref)
versus current (A cm-2). The WE serves as the surface where the electron transfer
of the redox reaction takes place and the electrical current created is known as the
faradaic current. The CE balances this faradaic process with an electron transfer in
the opposite direction i.e. if oxidation takes place at the WE a reduction reaction
takes place at the CE. So, depending of the applied potential at the WE, the

electroactive species can be reduced or oxidised.

There are four main CV responses that depend on the reversibility of the redox
process and whether the redox species are adsorbed or not on the electrode
surface as shown in Figure 2.4. Each response is characterized by the different
shape of the corresponding cyclic voltammogram, which is described by three key
parameters, the peak current (Ip), the peak potential (Ep) and the potential width at
half peak (|Ep - Ep/2|). The dependence of each parameter on the potential scan rate,

v, allows the characterisation of the electrochemical system. The E, does not
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change with v for reversible (Nernstian) systems. The I, changes linearly with v1/2
for reversible and irreversible systems, and with v for reversible adsorbed species.
The correlation between I, and v1/2 for quasi-reversible systems depends on the
scan rate and the electron-transfer rate constant. Generally, there is no correlation
between I, and vl/2 at high scan rates and for reactions which display slow
electron-transfer kinetics. The exact diagnostic equations used to probe the

redox characteristics are described in detail in various electrochemistry textbooks

12),

The voltammogram response at different scan rates can reveal kinetic information
concerning the electrocatalytic process such as diffusion and adsorption effects. A
linear response to scan rate would be evidence of a diffusion controlled reaction as
described by the Randles-Sevcik equation with has two forms depending on the
behaviour, reversible (Equation 2.1) or irreversible (Equation 2.2) of the reaction

taking place at the electrode.

i, = (2.69 x 105)n%/2DY/2p1/24C, 2.1

ip — _(299 x 105)n(an')1/2D1/2171/2AC0 2.2

Reversible behaviour is observed when both the oxidation and reduction species
are stable and where the kinetics of the electron transfer process is fast (3). In
Equation 2.1, ip is the peak current (A), n is the number of electrons, D is the
diffusion coefficient (cm? s'1), v is the scan rate (V s'1) and Co is the concentration
(mol cm-3)(4). Equation 2.2, for the irreversible systems, has some additional terms
compared to Equation 2.1 namely a, the charge transfer coefficient which is a
measure of the symmetry of the energy barrier. The term n’ is the number of
electrons transferred up to and including the rate determining step. For the
purpose of this study, CV was used to study the electrochemical behaviour of the

nitrate anion at the modified electrode surface. Since nitrate oxidation is generally
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not observed only the reduction process was monitored. Additionally, the effect of
all the interfering compounds, the composition of the background electrolyte and
the determination of the surface area by lead underpotential deposition were

investigated by cyclic voltammetry.

Reversible Irreversible
I (Epasdpa)
I (Epasdpa)
(++)
e

Epan

(Epedpe)
I oc 02 lp oc 012
E, independent of » |Ep| increases as v increases
|Ep — Epr2] = 59/n mV |Ep — Epro| = 48/an mV ©
Quasi-reversible Adsorption
! (Eprr[pn)
I )
) (Epartpa) %
£ '

Epan

(BperIpe)
(Epe-Ipe)
I, not proportional to v*? Ip c
|Ep| increases as v increases Ep independent of v
|Ep — Epro| = 26A(A, o) mV AEpz =90/n mV

Figure 2.4: Cyclic voltammograms with their respective peak current (Ip) and potential (Ep) characteristics.
The electrochemical system is reversible when the concentrations of the electroactive species at the electrode
surface are governed at any time by the Nernst equation. The integer, n, is the number of electrons involved in
the redox process, and o is the corresponding transfer coefficient. The factor A(A, a) is a function of a and
A =k% (wDF/RT) 2, where D is the diffusion coefficient of the electroactive species and k° is the standard
heterogeneous rate constant. The values of this factor are available in the literature. All potentials are
expressed at 25 °C.
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2.3.2 Potentiostatic Measurements

This versatile technique was utilised in this study for a variety of different
processes. A potentiostatic mode was employed to grow silver nanoparticles on
the surface of a glassy carbon electrode in Chapter 4. A multi-step approach can be
utilised to affect the size of the particles by varying the length of the potential
steps. A  potentiostatic mode was also  utilised to generated
poly(N-vinylpyrrolidone) (PVP) protected colloidal silver nanoparticles in
Chapter 3. The applied potential was held for either a fixed amount of time or until
a desired charge had passed. Potentiostatic measurements were also used as an
analytical tool. Constant potential amperometry (CPA) is a technique where a
constant potential, sufficient to either oxidise or reduce the analyte of interest, is
applied to the electrode and the current is monitored. Current steps are observed
as aliquots of analyte are added and these steps can be used to generate a
calibration curve to investigate the sensitivity of a surface to changes in analyte
concentration, in this case nitrate. The working electrode is usually rotated at high
speed, to remove mass transport effects, until the non-faradaic current reaches a
stable background level. When basal current levels are achieved, a series of
injections of analyte are made to the cell while the working electrode is still being
rotated and the changes in the current are monitored. This produces a step-wise
pattern of time (s) versus current (A cm2), Figure 2.5. This technique is very useful
when trying to determine the limit of detection of the electrode material being
tested as it allows the charging background current to dissipate to very low levels

so that small changes in faradaic or redox current can be detected.
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—>

Current /A cm??

Time/s ——>

Figure 2.5: Typical constant potential amperometry response.

2.3.3 Rotating Disc Voltammetry

The kinetic and mass transport contribution to the measured current can be
separated and examined by essentially controlling the mass transport to the
surface through controlled rotation of the electrode. For a reaction such as the
complex nitrate reduction reaction where mixed electron and mass transport
controls are likely this technique can give useful insight. The rotating disk
electrode apparatus was a Princeton Applied Research Model 636 Ring-Disk
Electrode System. Rotating disc voltammetry (RDV) is similar to CV in that the
potential of the working electrode is swept between two chosen potential limits
and the change in current is monitored. However, it differs significantly because
the working electrode itself is rotated about its own axis. The rotating disc
electrode (RDE) consists of a flat disc of suitable electrode material, in this case GC,
centrally embedded in a rod of insulating material. It is attached to a motor by a
rotating shaft and subsequently immersed in the electrolyte solution and rotated
at a certain frequency, f, where the angular frequency (s1) is, ® = 27tf. A schematic
representation of the set-up is shown in Figure 2.6. The current is measured as a
function of potential and the resulting voltammograms generally exhibit a sigmoid

shaped wave, Figure 2.7, at a sufficiently fast rotation rate.

49



Experimental Chapter 2

To motor

Working electrode

Figure 2.6: Schematic representation of the experimental set-up for rotating disc voltammetry.
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Current (T)
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Figure 2.7: Typical rotating disc voltammetry response.

The rotation causes a controlled flux of solution towards and perpendicularly to
the electrode surface, which is then radially and evenly distributed on the disk;
Figure 2.8(a) and (b). The layer of solution adjacent to the surface of the electrode
behaves as if it was stuck to the electrode and appears from the perspective of the
rotating electrode to be motionless. The thinner the stagnant layer the faster the
analyte can diffuse across it and become quickly oxidise or reduced leading to

higher currents. The thickness of the stagnant layer, & in cm, is inversely
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proportional to the square root of the angular frequency, ©!/2, Equation 2.3. And so

in general, faster rotation makes the stagnant layer thinner.

D1/3,1/6

§(w) = 161~ 23

@

Figure 2.8: Schematic showing the flow pattern from (a) below and (b) a side view.

It is this high rate of mass transport that results in the sigmoid shaped wave. If the
rotation rate is not sufficiently fast, voltammograms resembling those of CV are
obtained. When the observed current using RDV is limited by diffusion only with
no complications due to sluggish kinetics or coupled reactions the voltammograms
will be sigmoidal in shape regardless of rotation rate and the limiting current can
be related to the rotation rate of the electrode using the Levich equation, Equation

2.4.

i, = (0.62)nFAD?*/3w'/?2y=1/6C, 2.4
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Where iL. is the limiting current (A), n is the number of electrons transferred, F is
the Faraday constant (96485 C mol1), A is the electrode area (cm2), D is the
diffusion coefficient (cm? s1), o is the angular frequency, v is the kinematic
viscosity (0.01 cm?2 s'1) and C is the concentration of the reactant in the solution
(mol cm3). It can be seen from this equation that the diffusion coefficient is
linearly dependant on the square root of the rotational speed and the limiting
current. Therefore, a plot of iL versus w1/2 yields a linear plot for a mass transport
controlled reaction and the diffusion coefficient can be calculated from the slope of
the line. Deviations from linearity and an intercept that doesn’t pass through zero
is an indication of a reaction having sluggish kinetics and possible coupled

chemical reactions.

When there is a Kkinetic element to the reaction, an extension of the Levich
equation, called the Koutecky-Levich Equation, Equation 2.5, can be used to extract

the heterogeneous rate constant, ix, from the intercept.

1 1 1 2.5

+
i i, 0.62nFAD2/3w1/2py-1/6C

The parameters are as described above. By extrapolating what the limiting current
would be at infinitely high rotation speeds i.e. the y-intercept, one can extract the
rate constant, ko (cm s1) from a plot of 1/i as a function of 1/w1/2 where the

interceptis 1/ik. ko is related to ik through the following relationship, Equation 2.6.

i, = nFAkyC 2.6

For the purpose of this study, RDV was used to evaluate the diffusion coefficient
and the heterogeneous rate constant for nitrate at the modified electrode under

study.
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2.3.4 Ultraviolet-Visible Spectroscopy
Ultraviolet-Visible (UV-Vis) spectroscopy is a very useful analytical technique as it
can be used to determine very low concentrations of an analyte in a solution by

applying the Beer-Lambert law, Equation 2.7,
A = ebc 2.7

where, A is the absorbance, ¢ is the extinction coefficient, b is the path length and c
is the concentration of the absorbing species. The wavelength at which a material
or chemical absorbs light is a function of its electronic structure and also, in the
case of colloidal nanoparticles, it’s related to the size and size distribution of the
particles. A Varian Cary series spectrophotometer was used for all the analysis and
a 1 cm wide quartz crystal cuvette was employed. For the purpose of this study,
UV-Vis spectroscopy was employed to investigate the concentration, size

distribution and stability of the PVP-protected silver nanoparticles.

2.3.5 Infrared Spectroscopy
In this research infrared (IR) spectra were recorded as KBr discs using a Perkin
Elmer system FT-IR spectrometer. Samples were finely ground with a pestle and

mortar with dry KBr and pressed into a disc under 10 tonne of pressure.

The position of the IR band is specified by its wavelength (1) and is given by its
reciprocal, wavenumber in cm-1. The normal range of IR frequency used is between
4000 and 400 cm-l. Absorption of IR energy causes vibrational energy changes
within the molecule in the form of bending and stretching motions. A dipole must
be present in the covalent bond for a compound to be IR-active as absorption of IR
energy causes oscillation in the dipole moment that are related to specific
vibrational modes. The absorption intensity is also proportional to the square of
the dipole moment. These vibrational modes correspond to distinct energies and
are specific for each functional group and the overall spectrum may be used as a
unique fingerprint of a compound. The vibration between two atoms can be
approximated by Hooke’s law. In this approximation, two atoms and the

connecting bond are treated as a simple harmonic oscillator, where the frequency
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depends on two quantities, the masses of the atoms and a force constant (i.e. the

stiffness of the bond) as given by Equation 2.8.

1 |k 2.8

_Zna

Where v is the frequency of the vibration, k is the force constant and m is the mass.
This explains why heavier atoms vibrate slower than lighter ones and how bonds

with a higher degree of saturation vibrate at higher wavenumbers.

2.3.6 Scanning Electron Microscopy and Energy Dispersive X-Ray
Analysis

The scanning electron microscope (SEM) is a microscope that uses electrons rather
than light which interact with objects to form an image. It is routinely used to
generate high-resolution images of objects to reveal information about
morphology and topography. In order to generate such images, the surface of the
sample under investigation is bombarded with a high energy beam of electrons
(primary electrons) under high vacuum. In response, electrons from the sample
(secondary electrons) are emitted and are attracted and collected by a positive
detector which amplifies, analyses and translates the electrons into an image. The
SEM consists of an electron-optical column mounted on a vacuum chamber (©). The
gun, placed on top of the column, is typically a thermionic cathode made of
tungsten that emits electrons. The electrons are pushed down into the column by
an accelerating voltage ranging from 1 to 30 kV. Magnetic lenses and scan coils are
used to focus and scan the electron beam on the specimen. The pressure in the
specimen chamber is 10-3 - 10-5 Pa (~ 107 mmHg). The specimen is placed on a

stage that can move with nanometric precision along the x, y and z axis.

The interaction of the high-energy electrons with the sample generates different
types of signals categorized into two groups depending on whether they are
generated by elastic or inelastic interactions (7). The elastic scattering results

from the deflection of incident electrons by atomic nuclei or shell electrons
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with similar energy. This, in turns, results in backscattered electrons (BSE)
with negligible energy loss and scattering angles larger than 90°. The inelastic
scattering results from interactions of the incident electrons with the nuclei and
core electrons of the material, and generates signals with substantial energy loss
transferred to the sample. Secondary electrons (SE), Auger electrons,
X-ray emission and cathodoluminescence belong to this group. The incident
beam has a characteristic penetration volume in the sample and each signal
originates from a different part of it, Figure 2.9. The BSE electrons have high
enough energy (> 50 eV) to emerge from underneath the sample surface. Images
made from BSE electrons are characterized by Z contrast, i.e., the brightness of the
elements is proportional to the atomic number (Z) as the backscattering yield
increases with increasing Z. The resolution of these images is of the order of 1 pm
because of the high energy of the BSE electrons. The SE electrons have low energy
(< 50 eV) and consequently carry topographical information of the sample surface.
The low energy of SE electrons allows a resolution of about 10 nm. Auger electrons
are emitted from atoms ionized by the incident electron beam and their energy
is characteristic of the elements. The energy of Auger electrons is very low and

the resultant escape depth is only of a few nanometres.

Electron Beam

Backscattered Electrons N -
. o Auger Electrons
Characteristic X-Ray N

o Secondary Electrons 5,
X-Ray Contmuum y / ;

Beam Energy

Atomic Number

Figure 2.9: Schematic representation of the electron-material interaction in scanning electron microscopy
(SEM). (a) Section of the volume of interaction of the electron beam with the sample surface and
corresponding areas from which all the different signals originate. (b) Size of the interaction volume as a

function of atomic number of the elements in the sample and the energy of the electron beam.
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The characteristic X-ray signal is used to perform the chemical microanalysis of the
sample surface. This technique is called energy dispersive X-ray (EDX) analysis and
is discussed later in greater detail. Cathodoluminescence is produced
through electron relaxation emitting infrared, visible and ultraviolet photons. Such
a signal can be collected and elaborated to give images with a resolution of 50 nm
™,

The large majority of SEM images are obtained from SE electrons. The image
formation is performed by a device made of three components namely a
scintillator, a light pipe and a photomultiplier tube. The scintillator converts the SE
electrons into light, the light is collected by a light pipe which conveys it into a
photomultiplier tube, and here the light is converted back into electrons. The
electrons are eventually converted to a visual signal displayed on a cathode ray
tube. The brightness and contrast of the image generated are directly dependent
on the surface topography, Figure 2.10. The yield of the SE electron emission from
the specimen is also dependent on the atomic number of the component in the
sample; low atomic number elements naturally emit low yields of SE electrons

when excited by an electron source.

Detector
Intesity

Detector
Tntegity

(a) (b)

Figure 2.10 Schematic illustration of the effect of surface topography and detector position on the detection of
secondary electrons (SE). (a) Effect of surface roughness on the intensity of the collected signal. An obstructing
tip is placed in between the beam spot and the detector, the SE electrons emitted behind the tip are gradually
absorbed giving the image its 3D appearance. (b) Effect of the emission region on the intensity of the collected
signal. The beam focused on the top of the tip has a higher exposure and consequently a more intense

associated signal.
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Charging phenomena at the surface of non-conductive samples can interfere with
the emission of SE electrons. Therefore, in order to improve the yield of SE
emission and the surface conductivity, the samples are typically sputter coated

with a thin layer of a noble metal, e.g., Au (10 nm).

Energy dispersive X-ray analysis (EDX) is carried out in combination with SEM.
EDX allows the localized micro-elemental analysis of the top few micrometres of
the sample. X-ray signals are generated when the high-energy electron beam hits
the sample surface. A characteristic X-ray signal is produced from the interaction
of a beam electron with an inner shell electron of the sample. The inner electron is
ejected and replaced by an outer shell electron. This process requires the emission
of X-rays with energies corresponding to the energy separation of the levels
involved in the electronic transition. Since each element has its characteristic
orbital energies, the X-rays emitted by the sample are linked to its chemical
composition. An X-ray continuum is also generated through the deceleration of the
beam electrons which gives the broad background signal present in all EDX
spectra, also referred as Bremsstrahlung. This background has much lower
intensity than the elemental peaks and does not represent an issue in the

qualitative analysis of the samples.

The transitions involved in the characteristic X-ray emission are labelled after the
K, L, M, N electronic shells. The EDX lines are also named «, 3 or y depending on
which outer shell electrons make the transition to fill the electron vacancy.
Transitions of electrons immediately after the emptied level are «, the following
level are 3 and y in order of increasing energy. An EDX spectrum consists of a
series of peaks placed at specific energies depending on the chemical element and
with intensity proportional to the number of counts. The number of counts is
proportional to both the amount of chemical element in the sample and to the
energy carried by the associated X-ray signal. X-rays of higher energy give more
intense peaks. This is connected with the working principle of the EDX detectors.
The energy of the incoming X-rays is measured in terms of the amount of
‘ionization’ produced in the detector material. The most common detectors are

based on a semiconductor p-n junction where the number of hole/electron pairs
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generated by the incoming X-ray signal is roughly the number of times the
band-gap fits with the energy carried by the signal. The two main types of detector
are the lithium-drift silicon detector, Si(Li), and the silicon drifted detector, SDD.
The advantage of the latter is that it does not need to be cryogenically cooled using

liquid nitrogen.

The resolution of the EDX probe is given by the size of the volume of interaction of
the electron beam with the sample. The size is usually a few microns. Smaller
probing spots are achievable at lower energy and with highly collimated beams

(feasible conditions with Field-Emission Scanning Electron Microscopes).

The EDX qualitative and quantitative analysis is mainly affected by the surface
roughness, Figure 2.11 (9. The interaction of the BSE electrons with the
surrounding zones of the probed point (the beam spot) can cause the emission of
X-rays that add up to the signal belonging to the point of analysis. The extent of
such interference is a major limitation that affects the quantitative analysis. A
quantitative EDX analysis is practicable only with high-quality flat-polished sample
surfaces, and it must be performed against a known standard prepared and
analysed in the same way. Quantitative analysis is possible by comparison of
relative peak heights of the sample and a standard of known composition
measured under the same conditions. However various correction factors due to
matrix effects must be taken into account in order to obtain reliable data (89).
These correction factors are related to atomic number (Z), absorption (A) and
fluorescence (F) effects and are corrected by using a characteristic ZAF factor

which correlates the intensity of the peak to the concentration of the element.
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FDX
Deetertar |

Figure 2.11 Schematic illustration of the effect of the surface roughness on the detection of the X-ray signal.
The interaction of the backscattered electrons (BSE) with the surrounding roughness causes the acquisition of

a mixed signal by the EDX detector.

2.3.7 Measuring Nanoparticle Size

In order to calculate the size, density and surface area of the electrodeposited
nanoparticles and therefore the current density of the nitrate signal, the Java based
program Image] version 1.45j for Window 7 was utilised. Image] is a
cross-platform image analysis toll developed by the US NIH. Image] can calculate
area and pixel value statistics of user-defined selections and intensity threshold
objects such as SEM images. The data generated can be used to create size
distribution histograms and percentage surface coverage by the particles. Image]
was used to process SEM images from 6 random sites on a sample and this data
was combined and assumed to represent the whole surface of the GC electrode
modified with silver particles. The SEM images and hence Image] view only the
topography of the particles, therefore are viewed as 2D circles, area of nr? rather
than the hemispherical shape that they most likely are, area 2nr2. This adjustment

of the area data collected by Image] is easily achieved using Microsoft Excel.
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2.3.8 Instrumentation, Software and Ancillary Equipment

Potentiostatic and CV experiments were carried out using one of two potentiostats;
a Solartron (Model SI 1287) or a CHi440 instrument (Model EA160). In the case of
the Solartron Potentiostat Model 1287, the electrochemical experiments were
performed using Scribner Associates Corrware for windows Version 2.1. The
resulting data in all cases were analysed using Scribner Associates CorrView
Version 2.3a. CHi440 software Version 2.06 was used to analyse the data
generated by the Chi440 instrument. During CPA experiments, the working
electrode was rotated using the Princeton Applied Research Model 636 Ring-Disc
Electrode System apparatus. UV-Vis spectroscopy was performed in a Varian Cary
50 UV-Vis spectrometer while Infrared scans were performed in a Bruker
spectrometer. The SEM and EDX analysis was performed on a Hitachi SEM model
S-3200N which was fitted with an Oxford instruments EDX system with a
PentaFET Precision INCA X-act detector. General analysis of data and plotting of
calibration graphs were performed in Microsoft Excel 2010. An overview of the

ancillary equipment used throughout this study is given in Table 2.2.

Table 2.2. Ancillary equipment used with model information

Equipment Model
Sonicator Branson 1510
Electronic Balances Sartorius Models TE612 and TE124S
pH Meter Orion Model 720A
Conductivity Meter Jenway 4510
Gold Sputter Coater Emitech K550x / Agar Scientific
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2.4 Chemicals and Synthesis

For all the reagents the highest analytical grade possible was purchased. The
chemicals used throughout this study were purchased from Sigma-Aldrich or its
subsidiary company Fluka. All chemicals were used as supplied and all solutions
were made with distilled water unless stated otherwise. Lithium perchlorate
(LiClO4) was used as a supporting electrolyte for much of this work. This

compound was handled with extreme care due to its potentially explosive nature.

2.4.1 Chapter 3 - Electrochemical Synthesis of PVP-Protected Silver

Nanoparticles and Their Immobilisation in a Hydrogel Matrix

2.4.1.1 Electrochemical Synthesis of PVP-Protected Silver Nanoparticles

The electrochemical synthesis of poly(N-vinylpyrrolidone) (PVP) protected silver
nanoparticles was carried out using a procedure similar to that employed by Yin
and co-workers (19). The voltammetric characterisation was carried out in a
conventional three electrode cell where a 4 mm platinum disc electrode served as
the working electrode and a platinum and silver wire served as the counter and
reference electrode, respectively. A three electrode cell was also employed for the
synthesis of the PVP-protected silver nanoparticles but with two platinum sheet
electrodes, 1 x 5 cm, serving as the working and counter electrode and a silver wire
as a reference electrode. The electrodes were cleaned as outlined in Section 2.2.3
before being placed in a solution containing various amounts of PVP dissolved in
10 mL of 5x 103 mol dm-3 AgNOs and 0.1 mol dm-3 KNOs. The PVP content was
expressed in g dm3 and had an average molecular weight of 40,000. The
electrolysis was carried out using various electrochemical techniques, namely
potentiostatic and galvanostatic, for either a fixed amount of time or until a certain
total charge had passed. Details are outlined in the results and figure captions. The
solution was under constant agitation using a stirring bead and magnetic stirring
plate during the electrolysis to aid the flux of silver ions to the electrode surface
and to avoid the formation of flocculates that can form in the vicinity of the

cathode when the nanoparticle concentration is high.
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2.4.1.2 UV-Vis Spectroscopy of PVP-Protected Silver Nanoparticle Solution

The silver nanoparticle solution was placed in a 1 cm diameter quartz cuvette
either undiluted or diluted with deionised water. In most cases, the solution
required dilution as the absorption intensity was very high. The dilution factor is

specified in the relevant result section and figure caption.

For the experiments which monitored the effect of added salts on the stability or
aggregation of the PVP-protected silver nanoparticle, the suspension of
nanoparticles were diluted 120 times in deionised water. To 2.85 mL of this
solution 0.15 mL of either 0.1 mol dm-3 AgNOs or KNO3 was added to give a final
3 mL solution containing 5 x 103 mol dm-3 of the added salt. This solution was
introduced into 1 cm diameter quartz cuvette and the absorbance monitored over
1 month. All solutions were stored in a sealed vial covered with tinfoil and away

from light.

2.4.1.3 Immobilisation of PVP-Protected Silver Nanoparticles onto a Glassy
Carbon Electrode for the Electrochemical Detection of Nitrate

A polished 4 mm diameter glassy carbon electrode was polished as outlined in
Section 2.2.3. The electrode was then suspended for 12 hours in a PVP-protected
silver nanoparticle solution which had been synthesised potentiostatically at an
applied potential of -6 V until a charge of 180 C was reached from an aqueous
solution containing 0.05 mol dm-3 AgNOs, 0.1 mol dm-3 KNOs and 423.75 g dm-3
PVP. After 12 hours, the electrode was air dried until all solvent had evaporated
before being placed in a nitrate-containing solution to test for its ability to perform

as an electrochemical sensor.
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2.4.1.4 Polyacrylamide-PVP-Protected Silver Nanoparticle Composite

2.4.1.4.1 Polyacrylamide-PVP-Protected Silver Nanoparticle Composite Synthesis

The polyacrylamide-PVP (PAAm-PVP) and the polyacrylamide-PVP-protected
silver nanoparticle (PAAm-PVP-Ag-np) composites were prepared by dissolving
acrylamide monomer (AAm) and N,N’-methylenebisacrylamide (MBA) in 10 mL of
water. The solution was purged for 10 minutes with nitrogen to remove any
dissolved oxygen. To this, either 10 mL of a 423.75 g dm-3 PVP solution in water,
also purged for 10 minutes, was added to make the PAAm-PVP hydrogels or for the
PAAm-PVP-Ag-np composites, 10 mL of the PVP-protected silver nanoparticle
solution which had been synthesised potentiostatically at an applied potential of -6
V until a charge of 180 C was reached from an aqueous solution containing 0.05
mol dm=3 AgNOs3, 0.1 moldm3 KNOs and 423.75 g dm3 PVP. To initiate
polymerisation, 300-400 pL of a freshly made 1% ammonium persulfate aqueous
solution and 5-10 pL tetramethylethylenediamine (TEMED) were added with

vigorous mechanical stirring.
2.4.1.4.2 Polyacrylamide-PVP-Protected Silver Nanoparticle Composite as an Electrode

The hydrogel electrodes were prepared by casting the gel solution around a 1 mm
diameter polished platinum wire. This was achieved by suspending the wire in a
6 mm diameter standard household straw 5 cm in length with a plastic plug at one
end. The gel solution was poured into the straw where gelation occurred. Once set
the plug was removed and the gel slid from the straw easily. The electrodes were
suspended in a large beaker of deionised water for 1 day to extract any unreacted

reagents.

2.4.1.4.3 Polyacrylamide-PVP-Protected Silver Nanoparticle Composite for Use as a
Heterogeneous Catalyst for the Reduction of 4-Nitrophenol

The components of the gels, once combined, were pipetted into a glass vial 5 cm in
height and 1 cm in diameter. This served as the mould for the gels to set at room
temperature. Typical gelation occurred within 10 minutes but the composites were

left in mould for at least 2 hours to allow complete polymerisation. To remove the
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gels from the glass vials the bottom of the glass tube was cut with a grinding wheel
allowing the gel cylinder to be easily slide out to the tube intact. The gel cylinder
was then cut using a sharp razor blade into uniform discs 3 mm in length. The discs

once rinsed, were ready for use in subsequent experiments.

4-Nitrophenol and NaBH4 solutions were freshly made for each experiment and
degassed with N2 for 10 minutes prior to initiating the reduction reaction. The
number of discs per volume of solution was kept constant for each run and
magnetically stirred at the same RPM as this affected the rate of the reaction. To
monitor the rate of the reduction reaction three fully swollen discs were added to a
solution containing 3 mL of 1.2 x 10 mol dm3 4-nitrophenol and 6 mL of
0.1 mol dm=3 NaBHs, in other words 3 discs in 9 mL of 4 x 10> mol dm3

4-nitrophenol and 6.7 x 10-2 mol dm-3 NaBHa.

2.4.1.5 Biological Preparation for Anti-Bacterial Testing

The potential anti-bacterial activity of the PAAm-PVP and PAAm-PVP-Ag-np
composites were tested against five different strains of bacteria, namely (a)
Staphylococcus aureus (S. aureus), (b) methicillin-resistant Staphylococcus. aureus
(MRSA), (c) Pseudomonas aeruginosa (ATCC 27853), (d) Pseudomonas aeruginosa
(ATCC 10145) and (e) Escherichia coli (E.coli). All anti-bacterial testing was carried
out in the Medical Mycology Lab, Department of Biology, Maynooth University

under the direction of Dr. Kevin Kavanagh.
2.4.1.5.1 Chemicals for Bacterial Biological Preparations

Chemicals were purchased from commercial sources and were used without
further purification. Deionised water was used to prepare all media. The nutrient
broth medium containing peptone, yeast extract and nutrient agar were purchased
from Scharlau Microbiology and prepared following the manufacturer’s
instructions in sterilised water (13 g in 1 L of deionised water). E.coli was supplied
as a clinical isolate by the Clinical Microbiology Laboratory, St. James’ Hospital,
Dublin, Ireland and were originally isolated from a gastro-intestinal tract infection.

S. aureus was supplied as a clinical isolate by the Clinical Microbiology Laboratory,
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St. James’ Hospital, Dublin, Ireland and were originally isolated from a urinary tract
infection. MRSA was obtained as a clinical isolate from Microbiologics, North St.
Cloud Mn, USA and was originally isolated from a wound infection. P. aeruginosa
27853 and 10145 were both obtained from the American Type Culture Collection
(ATCC) Marasses, VA, USA.

2.4.1.5.2 Sterilisation

Sterilisation of the microbiological equipment and media was carried out in a
Dixons ST2228 autoclave at 121 + 2° C and 124 kPa for 20 minutes. All worktops
and benches were sterilised by washing with 70 % (v/v) ethanol/water prior to
use. Agar plates were prepared in a laminar flow hood and the plates were

streaked in an aseptic area around a Bunsen burner.
2.4.1.5.3 Cell Density

Bacterial cell density was recorded at an optical density of 600 nm (OD600) using

an Eppendorf BioPhotometer.
2.4.1.5.4 Procedure for Bacterial Biological Preparations

The in vitro antimicrobial activity of the PAAm-PVP-Ag-np composite was
investigated against both Gram-positive and Gram-negative bacteria. All bacteria
were grown on nutrient broth agar plates at 37 + 1°C and maintained at 4 + 1°C for
short term storage. Cultures were routinely sub-cultured every 4-6 weeks. The five
different bacteria were grown overnight to the stationary phase in nutrient broth
at 37 = 1°C and 2000 rpm. The cells were diluted to give an OD600 = 0.05 and
streaked onto the agar plates. The plates were incubated for 1 hour at 37 + 1°C.
The hydrogel discs were then placed on the plates and incubated for a further 24

hours at 37 + 1°C before the zones of inhibition around the discs were measured.
2.4.1.5.5 Measuring the Zones of Inhibition

To determine the zone of inhibition (ZOI), the diameter of the disc and the
diameter of the disc plus the zone itself were measured in mm. Then, using the
area of a circle, A = mtr?, the area of the disc was subtracted from the total area of

inhibition to give the area, in mm?, of the zone of inhibition (11,
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2.4.2 Chapter 4 - Silver Particles Electrochemically Deposited on a

Glassy Carbon Electrode for the Electrochemical Detection of Nitrates

2.4.2.1 Electrodeposition of Silver Nanoparticles on a Glassy Carbon
Electrode

The silver nanoparticle modified glassy carbon electrode (Ag-np-GC) was formed
by immersing a clean GC electrode in an aqueous solution containing 0.001 mol
dm-3 AgClO4 in 0.1 mol dm-3 LiClO4. Firstly, a potentiostatic oxidative pulse of +1 V
for 15 mins was applied in order to clean the surface and removed any intercalated
silver that may be on the GC surface from previous experiments (12). The electrode
was then allowed to rest at open circuit potential for one hour. The next step, the
electrodeposition step, was varied in duration and magnitude in an attempt to find
the ideal experimental conditions to generate uniformly deposited particles with a
narrow size distribution and high density surface coverage. Details of these

variations will be discussed in the results chapter.

2.4.2.2 Lead Underpotential Deposition at a Bulk Silver and a Silver-Modified
Glassy Carbon Electrode

Lead underpotential deposition (UPD) was carried out on a freshly polished 2 mm
bulk silver electrode, a 4 mm bare glassy carbon electrode and a 4 mm glassy
carbon electrode decorated with silver particles that had been electrochemically
deposited as described in Section 2.4.1.1. A Pt wire and a SCE electrode were used
as the counter and reference electrode respectively. The lead deposition solution
contained either 1 or 10 mmol dm-3 of lead(II) chloride in 0.1 mol dm-3 HCI. Details
of scan rate and potential window are outlined in the text and figure captions. The
charge associated with the anodic lead stripping peak was calculated by
integrating under the curve using the integration function in the CorrView
programme. The potential limits were determined, by eye, to be where the current

started to increase above the flat background current.
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2.4.2.3 Nitrate Detection at a Bulk Silver and a Silver-Modified Glassy Carbon
Electrode

CV was primarily used in the analysis of nitrate reduction. In most cases, the
modified electrode was first cycled in background electrolyte, 0.1 mol dm-3 LiClO4,
between -0.2 V and -1.6 V vs. Ag/AgCl for 30 cycles. Where this is not preformed it
will be stated in the text. The electrode was then transferred to solutions of various
nitrate concentrations (KNO3 in 0.1 mol dm-3 LiClO4) and cycled in the same
potential window as the background until a steady state was reached (30 cycles).
Any variations in these parameters or solutions will be clearly stated in the text or
figure captions. The scan rate used in this study was primarily 50 mV s-1 but again
was varied to elucidate various kinetic parameters. The contribution from the
background charging currents was removed by subtracting the current value in the
background scan from the measured current at the peak potential in the nitrate
containing solutions. CPA was also employed to access the nitrate limit of detection
that could be achieved at the silver-modified GC electrode. The RDV apparatus, as
described in Section 2.3.3, was used for this experiment to ensure a constant
supply of fresh analyte to the electrode surface and so that a steady state and quick
response time could be achieved. Aliquots of 2 x 10-3 mol dm-3 KNO3 were added to

25 mL of 0.1 mol dm-3 LiClO4 at a rotation speed of 2000 RPM.

67



Experimental Chapter 2

2.5 References

10.

11.

12.

A.J. Bard, Faulkner L.R., Electrochemical methods: Fundamentals and Applications; 2nd
ed. ed.; Wiley, 2000.

C.M.A. Brett, A.M.O. Brett, Electrochemistry: Principles, Methods, and Applications;
Oxford University Press, Incorporated, 1993.

R. Greef, L.M. Peter, D. Pletcher, J. Robinson, Instumental Methods in Electrochemistry;
Horwood Publishing Limited, 1985.

C. Brett, A. Brett, Electroanalysis; Oxford University Press, 1998; Vol. 64.

A.J. Bard, L.R. Faulkner, Electrochemical methods: fundamentals and applications; 2nd
ed.; Wiley, 2000.

M.l. Szynkowska In Encyclopedia of Analytical Science; Elsevier: 2005.

W. Zhou, Z.L. Wang, Scanning Microscopy for Nanotechnology: Techniques and
Applications; 1st ed.; Springer, 2006.

J. Goldstein, D.E. Newbury, D.C. Joy, C.E. Lyman, P. Echlin, E. Lifshin, L. Sawyer, J.R.
Michael, Scanning Electron Microscopy and X-ray Microanalysis; 3rd ed.; Springer,
2003.

N. Kanani, Electroplating: Basic Principles, Processes and Practice; Elsevier Science,
2005.

B. Yin, H. Ma, S. Wang, S. Chen, "Electrochemical Synthesis of Silver Nanoparticles
under Protection of Poly(N-vinylpyrrolidone)", The Journal of Physical Chemistry B,
107, 8898, (2003).

S.L. Percival, W. Slone, S. Linton, T. Okel, L. Corum, J.G. Thomas, "The antimicrobial
efficacy of a silver alginate dressing against a broad spectrum of clinically relevant
wound isolates", International Wound Journal, 8, 237, (2011).

A.A. Isse, S. Gottardello, C. Maccato, A. Gennaro, "Silver nanoparticles deposited on
glassy carbon. Electrocatalytic activity for reduction of benzyl chloride",
Electrochemistry Communications, 8, 1707, (2006).

68



esults Chapter 3

Chapter 3
Synthesis and Applications of
PVP-Protected Silver Nanoparticles

69



Results Chapter 3

3.1 Introduction

The synthesis of nanoparticles has become one of the most intensely researched
topics in chemistry and physics over the last decade. The interest stems from the
unique properties that nanoparticles have over their macrosized counterparts.
Their small size results in new electrical and optical properties, possibly suitable
for a range of electronic and optielectronic applications (1. The enhanced
properties displayed by nanoparticles have also been explored in the area of
sensors and particularly electrochemical sensors (23). Nanoparticles have been
deposited on a wide range of surfaces, from typical electrode materials such as
glassy carbon, platinum and gold to modified electrode surfaces such as polymer
modified electrodes, metal oxide modified electrodes and self-assembled
monolayers. Not only do the nanoparticles give rise to higher surface areas and
increased currents but these materials may have catalytic effects on certain redox
reactions (49), The nanoparticles can be easily electrodeposited on an electrode
surface, and they can also be generated as colloidal nanoparticles in solution.
Typically, colloidal nanoparticles are synthesised from the metal salts which are
chemically reduced using a reducing agent and in the presence of a stabiliser.
Electrochemical reduction offers an alternative to reducing agents leading to
higher purity, where the applied potential acts as the reducing agent. Also, precise
particle size control is possible by adjusting the current density, the applied
potential or the concentration of metal salts and protecting agents. The speed of
electrochemical synthesis is also an advantage. Large concentrations of uniform
sized particles can be generated within minutes without the need for tedious

workups.

This chapter is focussed on using electrochemistry to generate colloidal silver
nanoparticles. Later the particles are incorporated into a polyacrylamide hydrogel
matrix and the possible applications of these materials are investigated. The
particles were coated with poly(N-vinylpyrrolidone) (PVP), which acts as a
stabiliser, and then incorporated into the polyacrylamide hydrogel. This hydrogel
matrix offers a stable and biocompatible support to investigate the potential of

these nanoparticles to act as a heterogeneous catalyst for the reduction of
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4-nitrophenol to 4-aminophenol. As hydrogels are insoluble in aqueous solutions
and yet are highly porous it allows the nanoparticles to come in contact with the 4-
nitrophenol molecules. Furthermore, the composite is easily recoverable once the
reduction is complete. Because of the biocompatible properties of both
polyacrylamide and PVP and also the well-studied activity of silver as an
antibacterial agent, the composite material was tested on five strains of bacteria.
Finally, the hydrogels were also tested for their ability to act as an electrochemical

SENsor.

3.2 Experimental

The procedure, materials and equipment used to synthesise the PVP-protected
silver nanoparticles and the hydrogel composites are outlined in Chapter 2,

Sections 2.2 and 2.4.1.

3.3 Results

3.3.1 PVP and Silver

The method used to synthesis the colloidal silver nanoparticles was previously
published by Yin and co-workers (7). Here, a novel method to synthesize spherical
silver nanoparticles in the aqueous phase is described. The generation of aqueous
phase noble metal nanoparticles can be difficult as the metal ions coat the cathode
more easily compared to when an organic phase is employed. This method uses
PVP as a stabilising agent, also called a protecting agent, for the silver particles as
they form. Yin and co-workers found that PVP accelerated the formation of
monodispersed silver nanoparticles and lowered the rate of silver deposition on
the cathode while allowing for a greater degree of size-control. The structure of

PVP is shown in Figure 3.1.
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Kim and co-workers (8 studied the interaction of various silver salts with PVP and
showed, through Raman and IR studies, that silver ions interact with the carbonyl
oxygen of the amide group. They also reported the importance the counter anion

has on the interaction between PVP and the silver cation.

Figure 3.1: Structure of poly(N-vinylpyrrolidone).

A mechanism for PVP protection of silver nanoparticles is outlined in a paper by
Zhang and co-workers on the chemical reduction of silver (®). Therein, the
mechanism of protection was described in three stages. Firstly, the PVP donates
lone pairs of electrons to the sp hyprid orbitals of silver from an oxygen and
nitrogen to form a coordinative complex in solution. Secondly, the enhanced
electron density that the silver atom receives from the formation of this complex
enhances nucleation, as silver now becomes more readily reduced compared to
pure silver ions in water. Finally, the steric hindrance provided by the long alkyl

chains of PVP prevents particle agglomeration.

The IR spectrum of both pure PVP and the PVP-protected silver colloids are shown
in Figure 3.2. All bands in the spectra occur at the same wavenumber except the
C=0 stretching absorption. In pure PVP this band occurs at 1663 cm! but is
red-shifted to 1656 cm-! in the silver nanoparticle PVP solution. Examples of this
shift have been documented in the literature and can be explained by the
coordination of silver or other metal ions to the carbonyl oxygen of the amide
functionality of PVP (10-12), The coordination of silver with the PVP is shown in
Figure 3.3. This coordination weakens the C=0 bond by drawing electron density

from the double bond and therefore shifting the band to a lower frequency.
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Figure 3.2: FTIR spectra of pure PVP (red trace) and PVP-protected silver colloids (blue trace).

+Ag
A, N P
¢ N 0 N
+Ag -
o N ™0 N

Figure 3.3: Silver ions coordinating to the carbonyl oxygen of PVP polymer chains.
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3.3.2 Voltammetric Characterisation of Silver-PVP Solution

The effect of PVP on the electrochemistry of silver ions was investigated. The
experimental set up is described in detail in Chapter 2, Section 2.4.1.1. Briefly, a
4 mm platinum disc electrode and a platinum wire were used as the working and
counter electrodes, respectively, and a silver wire as a pseudo-reference electrode.
The cyclic voltammograms (CVs) of solutions containing 5.0 x 10-3 mol dm-3 AgNOs3
in 0.1 mol dm-3 KNOs, with and without varying amounts of PVP, at a platinum disc
electrode were recorded and are shown in Figure 3.4 (cycle 2) and Figure 3.5
(cycle 10). At the beginning of the experiment the voltammograms for all solutions,
with and without PVP, have similar profiles as illustrated in Figure 3.4. A peak for
the oxidation of Ag to Ag* is seen at 0.1 V vs Ag/Ag* and a corresponding peak for
the reduction of Ag* to Ag is observed at-0.1 V vs Ag/Ag*.

Differences begin to become apparent in later cycles, as shown in Figure 3.5. There
is a marked difference in the reduction wave between solutions with and without
PVP. Electrodeposition of silver occurs more easily on the platinum electrode in
solutions containing no PVP as evident by the fact that reduction of the silver ions
occurs at a peak potential of -0.10 V vs Ag/Ag*, a 33 mV shift with respect to
reduction for a PVP-containing solutions, with a peak potential at -0.13 V vs
Ag/Ag*. Additionally, a much higher oxidation current is observed in the PVP free
solution. The peak current for the oxidation of silver varies with the concentration
of PVP. Higher peak currents are observed with PVP concentrations of 30 and
40 g dm-3. Visually, a layer of silver was seen on the surface of the platinum
electrodes. The shift to lower reduction potentials in the presence of PVP is
possibly due to the higher viscosity of the solution, which hinders diffusion of the
ions to the working electrode, but also by the way the chains of the PVP surround

the silvers ions further hindering electron transfer, as demonstrated in Scheme 3.2.
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Figure 3.4: Cyclic voltammograms recorded at a scan rate of 20 mV s, cycle 2, at a bare Pt electrode in 5.0 x
103 mol dm= AgNOs in 0.1 mol dm KNOs with — no PVP, — 15 g dm™ PVP, — 20 g dm= PVP, —30 g dm3
PVP, — 40 g dm? PVP.
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Figure 3.5: Cyclic voltammograms recorded at a scan rate of 20 mV s, cycle 10, at a bare Pt electrode in a
solution containing 5.0 x 10 mol dm3 AgNQOs in 0.1 mol dm= KNO3 with — no PVP, — 15 g dm™ PVP,
—20gdm?PVP, —30 g dm? PVP, — 40 g dm™ PVP.
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Scheme 3.2: Schematic diagram demonstrating the interaction between silver and PVP chains.

More notably, upon continuous cycling the oxidation peak of silver at 0.10 V vs
Ag/Ag* is dramatically affected by the presences of PVP, Figure 3.5. There is a
marked decrease in the magnitude of the current as well as the appearance of a
second peak at around 0.15 V vs Ag/Ag* in all PVP-containing solutions. According
to Yin and co-workers, the difference in peak oxidation current is attributed to PVP
causing silver to be reduced by two different mechanisms (2. The silver is
electrodeposited on the platinum electrode surface while in the second mechanism
it is reduced as silver nanoparticles protected by PVP. Therefore, upon oxidation,
only silver deposited on the electrode surface can be oxidised leading to lower
oxidation currents than that observed for PVP-free solutions. In the PVP-free
solution, all metallic silver produced during reduction is deposited on the surface
and therefore is free to become completely oxidised during the positive sweep,
giving rise to a larger oxidation current. Another notable difference is the
emergence, with cycle number, of a second oxidation peak at 0.15 V vs Ag/Ag*.
Figure 3.6 is a CV of PVP in KNOs3 containing no silver, and shows clearly that this
second peak is not due to PVP and must be associated with a silver deposit that is
more difficult to oxidise. Higher ratios of PVP to silver ion become unfavourable as
the solution tends to become very viscous and therefore diffusion of silver ions to
and from the surface becomes more difficult. The effect of this is reflected in the
oxidation waves in Figure 3.5. Higher ratios of PVP to silver result in higher
oxidation currents. Silver reduced in the negative sweep finds it more difficult to
diffuse away in the highly viscous solutions to form PVP-protected nanoparticles
and instead has a higher probability of depositing on the electrode surface.
Different amounts of PVP have little effect on the magnitude of the silver reduction

peak, as shown in Figures 3.4 and 3.5.
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Figure 3.6: Cyclic voltammogram at a bare Pt electrode in a solution containing 0.1 mol dm= KNO3 and
30 g dm3 PVP — with and — without 5.0 x 10 mol dm3 AgNOs. Scan rate of 20 mV s,

3.3.3 Electrochemical Synthesis of Silver Nanoparticles

3.3.3.1 Effect of Applied Potential

As outlined in Chapter 2, Section 2.3.1.1, the silver nanoparticles were formed
using a three electrode cell containing two 1 cm x 5 cm platinum sheets which
served as the working and counter electrodes and a silver wire as a pseudo-
reference electrode. During electrolysis, the solution was constantly stirred to
rapidly move newly formed silver clusters away from the vicinity of the cathode.
Without stirring, the concentration of nanoparticles at the cathode is very high and
the interaction with the PVP chains can lead to the formation of flocculates.
Initially, a potentiostatic mode was employed to generate the particles. The applied
potential employed by Yin and co-workers (7 was not mentioned in the paper, so
initially experiments were conducted to determine the necessary applied potential
needed to generate the nanoparticles. The electrolysis solution contained 5.0 x 10-3
mol dm-3 AgNOs3 in 0.1 mol dm-3 KNO3 with 113 g dm-3 PVP, giving a PVP to silver
ion ratio of 200:1. The applied potential was held for 300 s in each case.
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Initially, potentials were chosen close to the reduction peak potential of silver from
a PVP solution based on the voltammograms in Figure 3.5. From the
voltammograms, reduction begins at around -0.1 V vs Ag/Ag* but the expected
stream of a yellow coloured solution from the platinum electrode was not visible
even at potentials of -1.0 V vs Ag/Ag*. It was only when potentials of -1.5 V vs
Ag/Ag* were applied that this stream of yellow particles was observed and the
current increased significantly. Figure 3.7 shows a typical current transient for
particles generated at a potential of -1.7 V vs Ag/Ag* from a silver-PVP solution
over 300 s. Double layer effects are observed in the first few seconds of reduction
before the current plateaus and remains reasonably stable. A plot of the applied
potential as a function of the current plateau is shown in Figure 3.8. The current
remains low until potentials exceeding -1.5 V vs Ag/Ag* are applied after which
point the current increases rapidly. The current increase with applied potential
and then becomes limited by mass transport effects as the potential is varied from

-2.0Vto-4.0Vvs Ag/Ag*.

The amount of nanoparticles generated was monitored using UV-Vis spectroscopy.
UV-Vis spectroscopy is an effective and easy way to analyse all nanoparticles. Not
only can information regarding the concentration of the particles be obtained but it
also provides information on the size and size distribution of the particles (13). In
conjunction with monitoring the current generated at each applied potential, the
absorption spectrum for the sample was recorded. In some cases, the absorbance
was too high and the solutions were diluted. This is indicated in the figure

captions.
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Figure 3.7: Current transients for nanoparticles generated at an applied potential of -1.7 V vs Ag/Ag* from a
solution of 5.0 x 10 mol dm3 AgNOs, 0.1 mol dm= KNO3z and 113 g dm™ PVP (silver to PVP ratio 200:1).
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Figure 3.8: Plateau current as a function of applied potential for nanoparticles generated from a solution of
5.0 x 10-® mol dm™ AgNOs, 0.1 mol dm™ KNOs and 113 g dm3 PVP (silver to PVP ratio 200:1).
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Figure 3.9 shows the absorption spectra of the silver nanoparticle solution
(undiluted) generated at applied potentials of -1.6 V to -1.8 V vs Ag/Ag* for 600 s.
An absorption band centred on 407 nm is observed and it can be seen that the
absorption increases with increasing applied potential. Figure 3.10 is the
absorption spectra, 6 times diluted, of particles generated at -4.0 V vs Ag/Ag* for
600 s. Comparing the absorption intensity and taking into account the dilution
factor, over 7.5 times more particles are produced at -4.0 V vs Ag/Ag* than at-1.8V
vs Ag/Ag*. Clearly, the applied potential is the critical factor in determining the
amount of particles formed. Additionally, the band width is narrower for the
particles generated at -4.0 V vs Ag/Ag*, indicating a smaller size distribution. It is
well known that the narrower the peak the more uniform the size distribution of
the particles (1415), Larger sized particles give rise to broader peaks and a shift in
peak absorbance to longer wavelength, and this can be an indication of particle

aggregation if peak broadening is observed over time (16),
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Figure 3.9: UV-Vis spectra of a solution of PVP-protected silver nanoparticles generated from a solution
containing 5.0 x 10~ mol dm3 AgNOs, 0.1 mol dm KNOs and 113 g dm3 PVP (silver to PVP ratio 200:1) after
600 s at different applied potentials, —-1.6 V, —-1.7 V and — -1.8 V vs Ag/Ag*.
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Figure 3.10: UV-Vis spectra of a solution of PVP-protected silver nanoparticles generated from a solution
containing 5.0 x 10-* mol dm3 AgNOs, 0.1 mol dm® KNOs and 113 g dm3 PVP (silver to PVP ratio 200:1) after
600 s at -4.0 V vs Ag/Ag*. Solution diluted by a factor of 30.

Although at the very high applied potentials of -4.0 V vs Ag/Ag* many more
nanoparticles are formed, and reproducibility over fixed pulse durations became
an issue. Due to the large amount of hydrogen production at these potentials,
coupled with the viscosity of the PVP in solution, bubbling of the solution tended to
occur and the current or total amount of charge passed tended to vary between
experiments. The experimental approach to generating the particles was explored
further by employing other electrochemical techniques. A galvanostatic pulse
of -0.3 A, for a fixed amount of time, was investigated as a potentially viable
method of reproducibly generating nanoparticle solutions with reasonable success.
However, the potential recorded at this fixed current still varied between -5.0 V
and -7.0 V vs Ag/Ag* giving rise to different amounts of hydrogen production. A
fixed potential approach was revisited in an attempt to control hydrogen
production, and reproducibility was achieved by ceasing reduction once a fixed
charge had passed rather than limiting reduction to a fixed time. Figure 3.11 is a
typical example of the current transient generated by employing such a technique.

Reproducibility was achieved by applying -6.0 V vs Ag/Ag* until a total charge of
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180 C was reached from a solution comprising 0.05 mol dm-3 AgNOs, 0.1 mol dm-3
KNOs and 423.75 g dm-3 PVP. (As shown in later sections, this corresponds to the

optimum solution composition).
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Figure 3.11: Current transients for nanoparticles generated at an applied potential of -6.0 V vs Ag/Ag* from a
solution containing 0.05 mol dm AgNOs, 0.1 mol dm KNOs and 423.75 g dm® PVP (75:1) until a total
charge of 180 C was passed.

3.3.3.2 Effect of Silver Concentration

The effects of varying the silver to PVP ratios were investigated in order to
maximise silver nanoparticle formation. These experiments were carried out using
a galvanostatic method of -0.3 A for a set amount of time of 600 s. Employing a
potentiostatic pulse to a set charge made it difficult to compare experiments as the
rates of the reaction changed with the silver concentration. In order to more
accurately compare nanoparticle production at different AgNO3 concentrations
reduction was limited to a fixed time. The resulting UV-Vis spectra are presented
in Figure 3.12. The maximum absorbance was achieved when the electrolyte
solution contained 282.5 g dm-3 PVP and 0.05 mol dm-3 AgNOs, at a molar ratio of
50:1 PVP:Ag. Beyond this concentration of silver, 0.1 mol dm-3, a molar ratio of
25:1, the absorbance decreases and the band broadens as insufficient PVP is
present to protect the newly formed nanoparticles. Lowering the silver
concentration to 0.005 mol dm-3 increases the ratio to 500:1 but since less silver is
present the absorbance remains low, indicating a lower concentration of silver

nanoparticles.

82



Results Chapter 3

2.8 -

24 -

2.0 -

1.6 -

1.2 -

Absorbance

0.8 -

0.4 -

0-0 T T T T T T T 1
200 250 300 350 400 450 500 550 600

Wavelength / nm

Figure 3.12: UV-Vis absorption spectra of a solution of silver nanoparticles generated at a constant current of
-0.3 A for 600 s from a solution of different concentrations of AgNO3z in 0.1 mol dm KNOsz and 282.5 g dm-?
PVP, — 0.005 mol dm-3, — 0.05 mol dm-® and — 0.1 mol dm=® AgNOs. Solution diluted by factor of 30.

3.3.3.3 Effect of PVP Concentration

A silver concentration of 0.05 mol dm-3 AgNOs yielded the highest absorbance as
shown in Figure 3.12. This concentration was employed and the PVP concentration
was then altered to see if changes in its quantity would further benefit the
nanoparticle yield. The same experimental approach was used and the spectra of
the resulting solutions are shown in Figure 3.13. A PVP to silver ratio of 75:1
results in the highest absorbance. Increasing the ratio to 100:1 decreases the silver
nanoparticle production, which may be due to hindered diffusion of silver ions to

the electrode surface as the solution becomes increasingly more viscous.
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Figure 3.13: UV-Vis absorption spectra of a solution of silver nanoparticles generated at a constant current of

-0.3 A for 600 s from a solution of different amounts of PVP in 0.05 mol dm3 AgNOsz and 0.1 mol dm KNOs,

—423.75 g dm3 (75:1), — 282.5 g dm= (50:1) and — 565 g dm PVP (100:1). Solution diluted by a factor of
120.

3.3.3.4 Length of Potentiostatic Pulse

Figure 3.14 represents an example of the influence of a potential pulse when it is
applied for extended periods of time to a silver solution. Interestingly, more
particles are not formed as the electrolysis time is increased. More particles are
produced after 1200 s compared to 600 s but beyond this, 2400 s, the absorption
spectra show a decrease in intensity coupled with a broadening of the peak. Upon
visual inspection agglomerates are visible at the bottom of the electrochemical cell
and plating occurs on the glass cell wall. At longer electrolysis times, 6000 s,
virtually no nanoparticles are present in the solution as the reduced silver has now
almost completely agglomerated and settled out as large particles. Clearly, long
periods of applied potential force the nanoparticles to agglomerate. The
mechanism by which this occurs can be explained by Ostwald ripening of the

nanoparticles (17).
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Ostwald ripening is a phenomenon in which smaller particles in solution dissolve
and deposit on larger particles in order to reach a more thermodynamically stable
state wherein the surface to area ratio is minimised. It happens because molecules
or atoms on the surface of particles are more energetically unstable. Therefore, the
unstable surface species often dissolve into the solution shrinking the particles
over time and increasing the number of free species in solution. When the solution
is supersaturated with these species they will redeposit on larger particles. This
gives rise to a higher concentration of larger particles and this is consistent with

the broadening of the absorbance peak in Figure 3.14.
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Figure 3.14: UV-Vis absorption spectra of a solution of silver nanoparticles generated at a constant current of
-0.3 A from a solution containing 0.05 mol dm- AgNOs, 0.1 mol dm KNOsand 282.5 g dm= PVP (50:1) for
various pulse durations, —600 s, — 1200 s, — 2400 s and — 6000 s. Solution diluted by a factor of 120.

It is well known that the surface energies of larger particles are lower than those of
smaller sizes. When a solution of nanoparticles is continuously heated at high
temperatures it drives the dissolution of small nanoparticles to the benefit of
larger ones (18), Electrochemical Ostwald ripening also occurs under open-circuit

potential conditions or when energy is put into the system in the form of an
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applied potential. Schroder and co-workers discussed how ions are exchanged
laterally between the particles via the electrolyte (19). Their analysis was based on
nanocrystalline deposits on a conducting substrate but could equally be applied to
colloidal particles as they come in contact with the platinum electrode to undergo
reduction. Redmond and co-workers also discussed electrochemical Ostwald
ripening of thermally evaporated silver nanoparticles on conducting substrates,
and described how the mechanism is driven by the size dependence of the work
function and the standard electrode potential (17). Plieth predicted that small
metallic particles will show a negative shift in the standard electrode potential and
a decrease in the work function. The difference in the standard electrode potentials
causes differences in the equilibrium of Ag* ion concentration around each particle
(20), The Ag* ions move from small to large particles through the water/electrolyte,
while electrons travel through the substrate. Due to the greater work function of
the larger particles, the smaller particles will have a partial positive charge while
the larger particles will have a partial negative charge. Consequently, in
background electrolyte there is an electric field drawing positive ions towards the
larger particles. Furthermore, due to the standard electrode potential difference,
the equilibrium concentration of Ag* ions near the larger particles is lower than
near the smaller particles. Redmond describes the process in terms of plating and
dissolution. An aqueous Ag* ion plates out onto the larger nanoparticle by
accepting an electron from a neighbouring smaller particle through the conducting
substrate. The smaller, and now even more positively charged nanoparticle,
re-establishes equilibrium by dissolving Ag* into solution. In this way, silver can
act as a reaction initiator. They found that adding further amounts of silver nitrate

increases the rate of agglomeration.

The formation of large clusters at long deposition times can also be explained using
a theory put forward by Socol and co-workers, called the theory of a suspended
electrode (21), Suspended particles near the cathode collide with the cathode
surface and become charged, before moving back into the bulk solution.
Socal and co-workers described these charged particles as behaving as part of the
cathode and they can facilitate the electrodeposition of silver ions, and as a result

the particles become larger. At very long electrolysis times, the ratio of silver
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clusters to free silver ions increases and therefore the charge available from the
reduction potential has a higher probability of being transferred to already formed
silver clusters. Particle growth ceases when all the dissolved silver ions are
depleted. Socal describes how a second stage of particle agglomeration now begins
but only in the presence of an electric pulse. This agglomeration mechanism is
related to the charging of the suspended particles by the electrode. This
agglomeration process can take place at the beginning of the reaction but the rate

of this reaction is slow when the concentration of free silver ions is high.

3.3.3.5 Optimum Condition for Electrochemical Synthesis of PVP-Protected
Silver Nanoparticles

Table 3.1 outlines the final reaction conditions used to synthesise the
PVP-protected silver nanoparticles that gave rise to the highest degree of
reproducibility. This involved a solution of 0.1 mol dm-3 KNOs, 0.05 mol dm-3
AgNOs solution and 423.75 g dm3 PVP, to give a ratio of Ag*:PVP of 75:1. An
electrochemical pulse of -6.0 V vs Ag/Ag* was applied until a charge of 180 C was
reached. The UV-Vis spectra of four separate solutions of PVP-protected silver
nanoparticles generated by applying -6.0 V vs Ag/Ag* until a total charge of 180 C
was reached from a solution comprising the optimum solution composition is
shown in Figure 3.15. The reproducibility is excellent, given the high potentials
used to generate the particles. In addition, the bandwidth is narrow (Amax of

405 nm) meaning a small size distribution.

Table 3.1: Optimum Conditions for the electrochemical synthesis of PVP-protected

nanoparticles.

AgNOs3 Concentration / mol dm-3 0.05
KNOs Concentration / mol dm-3 0.1
PVP Concentration / g dm-3 423.75
Electrochemical Pulse -6.0 Vvs Ag/Ag* for 180 C
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Figure 3.15: UV-Vis spectra of four separate solutions of PVP-protected silver nanoparticles generated by
applying -6.0 V vs Ag/Ag* until a total charge of 180 C was passed in a solution containing 0.05 mol dm
AgNO3, 0.1 mol dm3 KNOs and 423.75 g dm™ PVP (75:1). Solution diluted by factor of 120.

3.3.3.6 Size of PVP-Protected Silver Nanoparticles

UV-Vis spectroscopy is by far one of the most popular characterisation techniques
to describe colloidal particles. It is well known that the surface plasmon resonance
of nanoparticles is influenced by the size, shape, interparticle interaction, free
electron density and surrounding media (14). More spherical particles shift Amax to
lower wavelength (22) and characteristically a Amax of approximately 400 nm is
indicative of spherical particles. For example, Njoki and co-workers found that the
Amax shifted 0.7 nm per 1 nm increase in gold nanoparticle size for particles over
25 nm, but found Amax to be almost independent of the particle size for sizes

smaller than 25 nm (23),

In accordance with the quantum size theories, the plasmon resonance bandwidth
has been found to increase with decreasing particle size, up to 25 nm diameter,
and increase with increasing size for particles over 25 nm (24). For particles less

than 25 nm, the bandwidth is inversely proportional to the radius of the particles,

88



Results Chapter 3

w ~ 1/R. This theoretical approach can only be applied when particle size is less
than or equal to the mean free path of the electrons. Chakraborty described the
relationship between the bandwidth and the radius of the particles using Equation

3.1. 22)

_ (g0 + 2n3)cmug 3.1
B 2N, e2R

In this equation, w is the full width at half maxima (FWHM) of the absorption peak,
€0 is the frequency independent part of em, the dielectric constant of the metal
(4.9), nd is the refractive index of the medium, in this case water (1.333), c is the
velocity of light (3.0 x 108 m s1), m is the mass of an electron, ur is the electron
velocity at the Fermi energy (1.4 x 106 m s'1), Ne is the number of electrons per unit
volume, e is the charge of an electron and R is the particle radius. A value for
Nee?/m is given as 1.7 x 1031 from data given by Otter (25, The FWHM of the
absorption spectra in Figure 3.14 is an average of 72.88 nm and on substituting the
respective values into Equation 3.1 this yields a radius, R, value of 2.87 nm and

therefore a diameter of 5.73 nm.

3.3.3.7 Stability of PVP-Protected Silver Nanoparticle Solution

As discussed in the Introduction, PVP sterically hinders nanoparticle interactions
and thus prevents aggregation. The stability of the particles in solution was
monitored over a period of time, using UV-Vis spectroscopy. Figure 3.16 illustrates
how the UV-Vis spectra of particles grown at -1.6 V vs Ag/Ag* with a relatively low
concentration of AgNOs3, 5.0 x 10-3 mol dm-3, change as a function of time. The
absorption drops by 84% of its initial value in the first 24 hours, which signifies a
decrease in the number of nanoparticles present in the solution, while the shift in
the peak wavelength from 407 nm to 440 nm indicates an increase in particle size,
as mentioned earlier (13). Since the area under the absorption band is proportional
to the total concentration of silver particles, these changes suggest that the
nanoparticles are agglomerating. In fact, some agglomerates were seen at the

bottom of the sample tubes. This decrease in the absorbance is illustrated more
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clearly in Figure 3.17, where the peak absorbance is plotted as a function of time.
There is a large decrease in the absorbance from 0.93 to 0.16 over a 24-hour

period.

However, particles generated using the optimum conditions, Table 3.1, with a high
reduction potential of -6.0 V vs Ag/Ag* and a higher concentration of AgNOs3,
appear to be considerably more stable than particles formed at the lower
potentials. Figure 3.17 shows the initial UV-Vis spectrum and the spectrum of the
same solution a month later, when the particles are generated at -6.0 V vs Ag/Ag*.
The absorbance has only decreased slightly, and with a minimal change in Amax. A
comparison of Figures 3.16 and 3.18 illustrate the significant variation in the

stability of the silver nanoparticles.
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Figure 3.16: UV-Vis spectra of solutions of PVVP-protected silver nanoparticles generated from a solution
containing 5.0 x 10-® mol dm AgNOs, 0.1 mol dm KNOs and 113 g dm-® PVP (silver to PVP ratio 200:1) after
600 s at an applied potential of -1.6 V vs Ag/Ag* over a number of days. — 0, —1,— 3, —6,—9and —

14 days.
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Figure 3.17: Plot of the absorbance at Amax as a function of time for the UV-Vis spectra shown in Figure 3.16.
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Figure 3.18: UV-Vis spectra of solutions of PVP-protected silver nanoparticle generated by applying -6.0 V vs
Ag/Ag* until a total charge of 180 C was passed to a solution containing 0.05 mol dm-= AgNOs, 0.1 mol dm3
KNOs and 423.75 g dm™ PVP (75:1) — initially and — after one month. Solution diluted by a factor of 120.
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The nature of the media in which the particles are suspended is continuously
acting on the particles, even in the absence of an externally applied potential.
Nanoparticles, like any compound in solution, are in a constant state of flux driven
to find the lowest energy state. Furthermore, the potentials for smaller particles is
negatively shifted compared to larger particles, which sets up an electrical
equilibrium where larger particles have a slightly negative charge and smaller
particles have a slightly positive charge (17). For this reason, nanoparticles
suspended in a high ionic strength media require the presence of a protecting
agent to stabilise the charged particles. The following section examines what
effects changes in the surrounding media have on the stability of the nanoparticles

in solution.

3.3.3.8 Stability of PVP-Protected Nanoparticles in the Presence of Added
Ions

The effect of added electrolytes on the stability of colloidal nanoparticles is
reasonably well documented in the literature (6-31), As outlined in the
Introduction, ions, for example borohydride, adsorb on the surface of the particles
forming a double layer, creating repulsive forces between the particles and
preventing aggregation. Addition of excess ions screen and effectively negate the

repulsive charge between the particles in solution.

The reduction of all the silver ions in solution is likely to be incomplete at lower
reduction potentials since the UV-Vis absorption intensity is low compared to
particles generated at the higher potentials, Figures 3.9 and 3.10. The particles
may therefore be more unstable due to larger concentrations of unreduced silver
ions. This theory is addressed in the following section where aliquots of 0.1 M
AgNOs are added to a diluted solution of PVP-protected nanoparticles. To a diluted
solution of PVP-protected silver nanoparticles (2.85 mL), generated at -6.0 V vs
Ag/Ag* to a total charge of 180 C, an aliquot of 0.1 M AgNO3 (150 pL) was added to
give a final concentration of 5.0 x 10-3 M AgNOs. As a control, the same volume of
water was added to another sample of PVP-protected nanoparticles. The UV-Vis

absorbance spectrum of each of these samples was monitored over time to see if
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the size or stability of the nanoparticles changed. As discussed in the Introduction,
changes in the Amax value and the intensity of the absorption band is indicative of
changes in the morphology and concentration of the nanoparticles. The UV-Vis
spectra recorded after for the addition of water are shown in Figure 3.19. A small
decrease in the absorbance of approximately 11% is seen over a month. Also, there

is a small change in the Amax. This indicates reasonably good stability.

The effect of added silver salt on the previously stable nanoparticles is shown in
Figure 3.20. A more significant decrease in the peak absorbance is seen with the
addition of AgNOs. The peak absorbance decreases by over 64% over a one month
period, while the band widens significantly with the emergence of a second peak at
486 nm. Clearly, the addition of AgNOs3 gives rise to changes in the concentration

and size of the silver nanoparticles.
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Figure 3.19: UV-Vis spectra recorded over a month after the addition of a water aliquot to a solution of
PVP-protected silver nanoparticles generated by applying -6.0 V vs Ag/Ag* until a total charge of 180 C was
passed in a solution containing 0.05 mol dm3 AgNOs, 0.1 mol dm KNOz and 423.75 g dm™ PVP (75:1).
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Figure 3.20: UV-Vis spectra recorded over a month after the addition of a AgNOs aliquot (150 pL of
0.1 mol dm AgNQO3) to 2.85 mL of the PVP-protected nanoparticles solution) to a solution of PVP-protected
silver nanoparticles generated by applying -6.0 V vs Ag/Ag* until a total charge of 180 C was passed in a
solution containing 0.05 mol dm-3 AgNOs, 0.1 mol dm= KNOs and 423.75 g dm3 PVP (75:1).

A similar trend in the UV-Vis spectra was observed by Liu and co-workers when
metal cations such as Cu?*, Zn?*, Cd?*, Cr3* and Pb?2* were added to a silver sol
prepared by the reduction of AgNO3 with NaBHa4 (32). These workers postulated
that the cations entered the diffuse double layer and subsequently neutralised the
electrostatic forces that prevent aggregation. It could also be argued that the
additional free Ag* cations are now available for reduction. PVP is a reducing agent
as well as a protecting agent, and although the reduction process is slow at
ambient temperature and in the absence of an externally applied potential,
reduction of silver can still occur. The lack of energy in the system would favour
deposition on the lower energy surface of the already preformed particles, to give
larger nanoparticles, which is consistent with the broadening of the absorbance

band in Figure 3.20.

It is possible that the nitrate counter anion is the cause of this change in the
nanoparticles and not the free Ag* cations. Canamares and co-workers looked

specifically at the effect of KNO3 additions to solutions of silver nanoparticles
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prepared by the chemical reduction of AgNOs3 using citrate and hydroxylamine (29).
They reported a decrease of 0.05 and 0.20 absorbance units for the citrate and
hydroxylamine protected particles, respectively. However, no time scale was
mentioned, so it is presumed to be an immediate effect. Therefore, the influence of
nitrate anions on the stability of the PVP-protected silver nanoparticles was
studied. The UV-Vis spectra were recorded over a period of one month on addition
of KNOs. The UV-Vis spectra recorded as a function of time are shown in Figure
3.21. In this case, the absorbance also decreases by 46% over the month and with a

slight shift to a longer wavelength.

For clarity, the changes in the Amax and the intensity of the absorption band for
each of the experiments described in this section are summarised in Table 3.2. The
addition of KNO3 and AgNOs gives rise to similar changes in the Amax value and the

intensity of the absorption band.
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Figure 3.21: UV-Vis spectra recorded over a month after the addition of a KNOs aliquot (150 pL of
0.1 mol dm3 KNOsto 2.85 mL of the PVP-protected nanoparticle solution) to PVP-protected silver
nanoparticle generated by applying -6.0 VV vs Ag/Ag* until a total charge of 180 C was passed in a solution
containing 0.05 mol dm AgNOs, 0.1 mol dm KNOs and 423.75 g dm PVP (75:1).
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Table 3.2: Summary of the change in Amax and the absorbance intensity with the addition of

water or salts.

Added Water Added AgNO;3 Added KNO3
Amax change 407 > 414 407 > 414,486 408 > 418
Abs change 0.663 > 0.590 0.648 > 0.231,0.183 | 0.653 > 0.350

Espinoza and co-workers studied the effects of added halides on the stability of
nanoparticles 33). Within only a few minutes, the absorbance spectra decreased
significantly, which is considerably more rapid than that observed on the addition
of AgNO3 or KNOs, Figures 3.20 and 3.21. PVP acts as a steric protector for
nanoparticles rather than an electrostatic one, and as such, it has been reported as
an effective protector against aggregation of nanoparticles (39). Although PVP acts
sterically to prevent aggregation, the particles are affected by changes in the ionic
strength of the solution. Zhang and Zhang (27 showed how PVP- and
citrate-protected silver nanoparticles both suffered from particle aggregation at
high ionic strength, although the citrate protected particles were more susceptible

to aggregation.

Greulich and co-workers found that PVP-protected silver nanoparticles
agglomerated in different biological media with a high electrolyte content such as
phosphate buffered saline (34). However, no explanation was given for how the
electrolytes disrupt the protecting ability of PVP. Other studies that demonstrate
the stability of PVP-protected nanoparticles rarely mention a long term stability
study (3%). From the results obtained in this study, the instability is only observed
after 1 day. Therefore, it is possible that this effect was not seen in other studies.
While it is understandable why extra salts interfere with the protecting ability of
electrostatic protectors like citrate, by disrupting the charged layer around the
particles as described above, it is more difficult to understand how they affect the
sterically protected PVP nanoparticles. It is generally understood that PVP is a
steric capping agent with no charge. Other polymers, such as a branched

polyethyleneimine, are electrosteric stabilisers, that is, a polymer whose repeating
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unit bears an electrolyte group that dissociates in aqueous solution making the
polymer charged (3%). The protection mechanism of PVP has been studied and it is
understood, by examining IR spectra, that silver interacts with the lone pairs of
electrons on the oxygen and the nitrogen on the pyrrolidone rings along the
backbone chain (936). Although the interaction between PVP and silver is not purely
electrostaticc PVP does act as an electron-donating polymeric ligand. While
PVP-protected particles are known to be stable to high ionic strength media it is

still possible that extra ions in solution could affect this interaction.

Some insight may be gained from examining how PVP acts during the generation of
the nanoparticles. In general, when PVP is used in the chemical synthesis of silver
nanoparticles it is in conjunction with a reductant, such as sodium borohydride,
and a silver salt (3637), However, PVP is a mild reducing agent, and heating a
solution of PVP and the silver salt is sufficient to generated silver nanoparticles
(38.39), In fact in this study when PVP was added to the silver nitrate solution heat
was generated indicating an exothermic reaction. Washio and co-workers
suggested that the reducing power of PVP comes from the hydroxyl end groups of
the PVP chains. This functionality is due to the involvement of water and hydrogen
peroxide in the synthesis of the PVP polymer (9. Solutions of PVP and silver
nitrate were heated in a vial at 60°C for varies lengths of time. Washio and
co-workers found that by varying the time and the molar ratio of PVP to AgNOs3
different sized particles could be generated. Longer reaction times led to the
formation of larger triangular, nanoplates that absorbed higher wavelengths of
light in the UV-Vis spectrum. Also, different molecular weight PVP chains were
used to see how this affected the shape of the particles. Different molecular
weights will have different amounts of hydroxyl end groups when the same molar
ratios to silver nitrate are used. In other words, shorter chains will have more
hydroxyl groups per weight and this should lead to faster reduction rates. Washio
and co-workers explained that faster rates lead to the formation of the
thermodynamically favoured shapes and when slowed down the growth changed

to kinetic control.
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As the silver nanoparticles were not cleaned in this study, the reducing action of
PVP may still occur even when the electrochemistry is complete. This can explain
the slight red shift in the Amax and the decrease in absorbance for the nanoparticle
solution with the added water, Figure 3.19. The emergence of the second peak at
486 nm and a decrease in the absorbance at 407 nm when AgNOs is added is
indicative of the formation of larger particles either from aggregation of existing
particles or newly formed particles from the fresh silver ions. This may occur by a
different pathway, i.e., from the chemical reducing power of PVP to give either the

thermodynamically or kinetically favoured shapes.

While Greulich and co-workers 390 show that PVP particles are susceptible to
aggregation by the addition of electrolytes, the nitrate anion may have a more
specific effect. Since PVP is a reducing agent it is susceptible to attack by oxidants,
such as the nitrate anion. When Hoppe and co-workers studied the synthesis of
gold and silver hydrosols, using PVP as the reducing agent, they investigated
possible reaction mechanisms for the synthesis (38). They postulated that the
presence of low amounts of peroxides that remain in the polymer after synthesis
could be thermally decomposed and produce extremely reactive radical species
that would react with the polymer to form new macro-radicals. This results in PVP
degradation in the form of main chain scission, hydrogen atom abstraction or side
ring abstraction. They concluded that transition metal salts, such as those of silver
and gold, could accelerate this decomposition and as a consequence the metal ions
become reduced. They drew on other literature reports that discussed similar
observation of metal-catalysed degradation of polymers, including PVP (4041), [n
summary, a possible explanation for the formation of nanoparticles is that the
reduction of metals occurs by action of organic radicals formed during the metal-
accelerated degradation of PVP. It is possible that nitrate, as an oxidising agent,
may act in the same was as peroxide and instead of acting to generate new
particles could be actively degrading PVP through main chain scission, hydrogen
atom abstraction or side ring abstraction and disrupting the protecting ability of
the PVP. To support this argument a solution of the PVP-protected nanoparticles
was heated and the absorbance was recorded. The solution was heated at 60 °C

over a period of time and the UV-Vis spectra were recorded as shown in Figure
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3.22. The plots show a rapid decrease in the absorbance of the particles over time
and eventually the absorbance decays to zero. Upon visual inspection the stirrer
bead was covered in a layer of silver giving another indication the silver had
agglomerated out of solution. Additionally, there is an increase in the absorption
bands in the 250 to 350 nm range after 2 hours which has been attributed to the
presence of oxidation products of PVP degradation (3840). Therefore, it can be
concluded that while heating a silver salt in PVP can generate nanoparticles,
according to Hoppe and co-workers further heating leads to degradation of the
PVP chains and a total loss of its effectiveness to protect the nanoparticles. The
nitrate anion is quite likely acting in a similar manner but at a much slower rate

than heating of the solution.
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Figure 3.22: UV-Vis absorption spectra of PVP-protected silver nanoparticles heated at 60 °C and monitored

overnight.
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3.3.4 Immobilisation of the PVP-Protected Nanoparticles onto a Glassy
Carbon Electrode for the Electrochemical Detection of Nitrate

In the following sections, the possibility of immobilising the PVP-protected
nanoparticles on the surface of a GC electrode was investigated. The potential of
the immobilised particles to act as a catalyst for the electrochemical detection of
nitrate was then explored. A simple approach, similar to that used by Wang and co-
workers, was adopted, which involved immersing a polished GC electrode in the
solution of nanoparticles for a period of time (#2). Wang and co-workers immersed
a GC electrode in a hydrosol of oleate-stabilised silver nanoparticles, which had

been synthesised using a NaBH4 reduction, to electrochemically detect thiocyanate.

A GC electrode was immersed in the solution of silver nanoparticles for 12 hours
and then allowed to air dry until all the solvent evaporated. This modified
electrode was then placed in a solution containing 0.05 mol dm-3 KNO3 and 0.1 mol
dm=3 Na2S0s4 and the voltammograms were recorded at 20 mV s-1. Typical
voltammograms are presented in Figure 3.23. Only the forward sweep is shown.
Initially, the signal is poor for the nitrate reduction, but as the cycles progress the
current increases. Visually, the evaporated layer on the GC electrode is seen to
dissolve away as the PVP is a water soluble polymer. However, from the
voltammograms in Figure 3.23 it is clear that this outer layer needs to be removed
before the particles adhered to the GC electrode can catalyse the reduction
reaction. The nitrate reduction currents remain fairly stable from cycles 10 to 30
which suggest that the particles involved in this reduction reaction do adhere well

to the GC surface.
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Figure 3.23: Cyclic voltammograms, forward cycle only, recorded at 20 mV s in a solution of 0.05 mol dm
KNO3z and 0.1 mol dm Naz2SOs4 at a glassy carbon electrode which was immersed in a solution of silver
nanoparticles for 12 hours, — cycle 2, — cycle 5, — cycle 10, — cycle 20, — cycle 30 and — bare GC.

However, when this process was repeated there was poor reproducibility in the
magnitude of the current that was generated for the same concentration of nitrate,
as can be seen in Figure 3.24. In this figure, two voltammograms are shown, and it
is clear that there is a considerable variation in the nitrate reduction currents.
Therefore, an alternative method to immobilise the silver nanoparticles was
explored. This involved using hydrogels, and in particular a polyacrylamide gel.
The following sections outline the immobilising of the PVP-protected silver
nanoparticles in a polyacrylamide hydrogel matrix. This composite was then tested

for its ability to perform as an electrochemical sensor.
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Figure 3.24: Cyclic voltammograms recorded at 20 mV s, for two separate electrodes made in the same way,
in a solution of 0.05 mol dm= KNOz and 0.1 mol dm Na>SO4 at a glassy carbon electrode which was

immersed in a solution of silver nanoparticles for 12 hours.

3.3.5 Synthesis of a Polyacrylamide-PVP-Protected Silver Nanoparticle
Composite

The polyacrylamide-PVP (PAAm-PVP) and the polyacrylamide-PVP silver
nanoparticle (PAAm-PVP-Ag-np) composites were prepared as outlined in
Chapter 2, Section 2.4.1.4.1. Polyacrylamide (PAAm) gels are formed by
copolymerisation of acrylamide (AAm) and N,N'-methylenebisacrylamide (MBA)
from an aqueous solution. This is a free radical polymerisation initiated by
ammonium persulfate (AP) and tetramethylethylenediamine (TEMED). TEMED
accelerates the rate of formation of free radicals from AP and acts as a catalyst for
the reaction. The persulfate free radicals generate AAm monomer radicals which
react with unactivated monomers to begin the polymerisation chain reaction (3.
The elongating polymer chains are randomly crosslinked by MBA, resulting in a gel
with a characteristic porosity which depends on the polymerisation conditions and
monomer concentrations. More detail on the reaction mechanism is given in the

Introduction, Chapter 1, Section 1.2.1.
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The amounts of initiator and activator, AP and TEMED, were varied for the
different gels. Typically, gelation times for standard PAAm gels are 15 to 20 min,
however, it was found that the amount of AP and TEMED had to be reduced when
silver, in either the in the Ag* oxidation state or as silver nanoparticles, was
present in the polymerisation solution. Indeed, like TEMED, silver is known to act
as a catalyst for the dissociation of persulfate (44). The decomposition of persulfate,
as described by Equation 3.2, is slow. Bawn and Margerison proposed the
mechanisms in Equation 3.3 and 3.4 to describe how the silver ion can be used to
generate radicals from persulfate at a much faster rate (45). Similarly, Singh

synthesised PAAm in a reaction which was catalysed by silver nitrate (46),

S208% — 2504 3.2
Ag* + 52082 — Ag?* + S04 + SO4% 3.3
AgZ + OH-— Ag* + OH* 3.4

As a control, PAAm-PVP hydrogels were also synthesised without silver for
comparison with hydrogels containing silver nanoparticles. The amount of each

reagent is listed in Table 3.3.

Table 3.3: Reagents for the synthesis of PAAm-PVP and the PAAmM-PVP-Ag-np composites. In
each case, AAm and MBA were dissolved in 10 mL of deionised water before combining with

the PVP solutions. All solutions were purged with N, for 10 min prior to polymerisation.

Hydrogel AAm MBA /g PVP solution AP TEMED/
/8 pL
PAAm-PVP 4.0 0.175 10 mL of 423.75g dm=3 | 400 pL of a 10
PVP in water 1% solution
PAAm-PVP-Ag-np 4.0 0.175 10 mL of 423.75g dm=3 | 300 pL of a 5
PVP with Ag-np 1% solution
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3.3.6 Application of Polyacrylamide-PVP-Protected Silver Nanoparticle
Composite

Once the hydrogel composites were synthesised the possible applications of these
materials were explored. In order to investigate if the silver nanoparticles
imparted conductivity to an otherwise non-conductive hydrogel material, the
electrochemical properties of the materials was studied. The well characterised
ferrocyanide/ferricyanide redox couple was used as an electrochemical probe and
then the electrochemical detection of nitrates at the composites was investigated,
Section 3.3.6.1. In Section 3.3.6.2 the efficiency of PAAm-PVP-Ag-np composites as
heterogeneous catalysts for the reduction of 4-nitrophenol is explored. The
reduction of 4-nitrophenol to 4-aminophenol with an excess amount of NaBH4 has
often been used as a model reaction to examine the catalytic performance of metal
nanoparticles (4748), Encapsulation of the nanoparticles in the hydrogel matrix
permits a convenient removal of the particles once reduction is complete, but
consequently, access to the nanoparticle surface can be hindered. The antibacterial
properties of silver have received increased attention recently as bacterial
resistance to antibiotics becomes a major health concern. The potential of the
PAAm-PVP-Ag-np composite for use as an antibacterial material in, for example,
wound dressing was investigated using plate assay experiment on five different

strains of bacteria in Section 3.3.6.3.

3.3.6.1 Polyacrylamide-PVP-Protected Silver Nanoparticle composite as an
Electrode

The hydrogel silver nanoparticle composite for use as an electrode was prepared
as described in Chapter 2, Section 2.4.1.4.2 Firstly, the composites were placed in a
solution containing ferrocyanide/ferricyanide to investigate the potential of these
hydrogels as suitable electrodes. Figure 3.25 shows the response of the PAAM-
PVP-Ag-np composite, the PAAM-PVP composite and a platinum (Pt) wire with no
hydrogel cycled in a solution of potassium ferricyanide, K3Fe(CN)s. The redox
equations are shown in Equations 3.5 and 3.6, with an oxidation wave observed as
the Fe(CN)s* is oxidised and a reduction wave for the conversion of Fe(CN)e>" to the
Fe (CN)s* species. It is evident from the voltammograms that lower currents and a

greater peak separation are observed for the hydrogel composites with and
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without the silver. Higher peak currents are observed for the Pt wire. These finding
are not surprising as diffusion limitations arise with the hydrogels. Loading the
hydrogel composite with metallic silver particles has little effect on the
conductivity and the peak currents are somewhat lower than that observed for the
composites without the silver particles. It is likely that connections between the
particles are disrupted by the hydrogel matrix and that the current response is
simply originating from the underlying Pt wire. As the Pt is coated with the
hydrogel composite diffusion of the ferrocyanide or ferricyanide ions is slow giving

rise to a considerable reduction in the peak currents compared to the uncoated Pt

wire.
Fe(CN)s> + e — Fe(CN)s* 35
Fe(CN)s* — Fe(CN)e> + € 3.6
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Figure 3.25: Cyclic voltammograms recorded at 20 mV s in a solution of 0.01 mol dm KsFe(CN)s and
0.1 mol dm Na2SOs at a — PAAmM-PVP-Ag-np composite, — PAAM-PVP composite and — 1 mm diameter

Pt wire.
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Similarly, when the hydrogel-coated electrodes were placed in a solution containing
nitrate no improvement in the nitrate reduction signal was observed. Figure 3.26
compares the voltammograms recorded for the PAAm-PVP-Ag-np composite and a
Pt wire. It is clear that the magnitude of the current at the Pt wire is superior and
continues to increase as the potential is lowered. Much lower nitrate reduction
currents are observed with the composite. Reduction of the nitrate begins at -0.70
V vs SCE at the Pt wire and at -0.89 V SCE at the PAAm-PVP-Ag-np composite. It
appears that the nanoparticles within the hydrogel matrix are not electrically
connected and that any observed faradaic current is simply generated at the
underlying Pt wire. Furthermore, the hydrogel matrix only serves to hinder

diffusion of any analytes, leading to a lower current response.
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Figure 3.26: Cyclic voltammograms recorded at a scan rate of 20 mV s in a solution of 0.05 mol dm3 KNO3
and 0.1 mol dm™ Na SO, at a — PAAmM-PVP-Ag-np composite and — 1 mm diameter Pt wire.
It is clear from these experiments that the PAAm-PVP-Ag-np composite is not
suitable for use as an electrochemical sensor. However, many groups report the
use of similar materials as catalysts. The catalytic activity of the composite for the
reduction of 4-nitrophenol to 4-aminophenol using NaBHs was studied and these

results are presented and discussed in Section 3.3.6.2.
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3.3.6.2 Polyacrylamide-PVP-Protected Silver Nanoparticle Composite for Use

as a Heterogeneous Catalyst in the Reduction of 4-Nitrophenol

3.3.6.2.1 General Overview of Heterogeneous Catalysis of 4-Nitrophenol Reduction

As discussed in the Introduction, nanoparticles are often used as catalysts for
reactions due to their high surface area and special properties compared to their
bulk metal counterparts. The nanoparticles become even more useful when they
can be immobilised in a matrix which provides stability as well as an easy method
to remove the nanoparticle catalyst once the reaction is complete. The reduction of
4-nitrophenol to 4-aminophenol with an excess amount of NaBH4 has often been
used as a model reaction to examine the catalytic performance of metal
nanoparticles. This reaction was first identified by Pradhan and co-workers as a
good candidate for the model reaction to quantify and compare the catalytic
activity of many types of nanoparticle systems in the literature 9. As a model
reaction, it offers many advantages. The reaction is well defined, with no
by-products formed, the conversion can be monitored easily and quickly using
UV-Vis spectroscopy and the reaction is catalysed by free or immobilised
nanoparticles in aqueous solution at ambient temperatures. The reducing agent,
NaBHg, is ineffective at causing this reaction unless provided with some catalyst to

remove the kinetic barrier of the reaction to support electron relay for the reaction

(47),

Hydrogel silver nanoparticle discs were prepared as outlined in Chapter 2 Section
2.4.1.4.3. The performance of the PAAm-PVP-Ag-np composite was evaluated by
monitoring changes in the UV-Vis spectrum of 4-nitrophenol over time. Figure 3.27
shows the UV-Vis spectra of 4-nitrophenol dissolved in water with and without
added NaBHa4. In water the Amax for 4-nitrophenol is 318 nm. Immediately, upon the
addition of NaBH4 the peak is red shifted to 401 nm. This is due to the formation of
the conjugate base, the 4-nitrophenolate ion, in alkaline condition caused by

NaBH4 (48),
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Figure 3.27: UV-Vis spectra of 2.0 x 10> mol dm 4-nitrophenol — with and — without 2.0 x 102 mol dm-3
NaBHa.

Various studies on the catalysed 4-nitrophenol reduction reaction have been
carried out (4850), From these studies, it has been deduced that the borohydride
ions react with the surface of the nanoparticle and transfer a hydrogen atom to the
surface of the particle 1. The 4-nitrophenol molecule diffuses to the surface and
adsorbs to it. This is followed by its reduction by the surface-adsorbed hydrogen
atom. The diffusion and adsorption/desorption steps are thought to be reversible
and fast, and that it is the reduction step that is the rate-determining step. Once
reduction is complete, the product, 4-aminophenol, detaches and the surface is free
again to begin the catalytic cycle. The hydrolysis of the borohydride on the metal
catalyst has been extensively studied, and although it is not completely understood
it is believed that the main product is a tetrahydroxyborate anion, as shown in
Equation 3.7 (5253), A schematic representation of the mechanism of the catalysed
reduction of 4-nitrophenol to 4-aminophenol at silver nanoparticles is shown in

Scheme 3.3.
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BHs + 4H,O — B(OH)s + 4H:2 3.7

NH,

Scheme 3.3: Mechanistic model of the reduction of 4-nitrophenol by NaBHya in the presence of silver

nanoparticles (yellow spheres). The particles are contained in a polyacrylamide/PVP matrix.
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3.3.6.2.2 4-Nitrophenol Reduction at PAAm-PVP and PAAm-PVP -Ag-np Composites

As reported in the literature, this reduction reaction does not take place without
the presence of a catalyst (4754, To eliminate any catalytic contribution to the
reduction reaction from the matrix, discs of the PAAm-PVP composite containing
no silver were placed in a solution of 4-nitrophenol and NaBH4 and the absorbance
was monitored every 8 min over a 30-min period. As shown in Figure 3.28, there is
little or no change in the absorbance and this shows that the hydrogel matrix does

not have the ability to catalyse the reduction of 4-nitrophenol.
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Figure 3.28: UV-Vis spectra of a 9 mL solution containing 4.0 x 10> mol dm® 4-nitrophenol and
6.7 x 102 mol dm™ NaBH4 with three PAAmM-PVP discs added.
As outlined in the Experimental chapter, the reduction of 4-nitrophenol was
studied by immersing three fully swollen PAAm-PVP-Ag-np discs in a solution
containing 3 mL of 1.2 x 104 mol dm-3 4-nitrophenol and 6 mL of 0.1 mol dm-3
NaBHa4 to give a final solution concentration of 4.0 x 10-> mol dm-3 4-nitrophenol
and 6.7 x 10-2 mol dm-3 NaBH4. An initial UV-Vis spectrum of the solution was
taken before the discs were added and this is labelled as time zero. The UV-Vis
spectra were then recorded as a function of time, and the spectra recorded over a

60 min period are shown in Figure 3.29. A decrease in the absorbance at 400 nm is
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observed once the hydrogel discs are added. This decrease coincides with the
appearance of a new band at 300 nm. This peak is attributed to the product of the

reduction reaction, 4-aminophenol (55,
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Figure 3.29: UV-Vis spectra of a 9 mL solution containing 4.0 x 10-5 mol dm 4-nitrophenol and
6.7 x 102 mol dm3 NaBH4 with three PAAM-PVP-Ag-np discs added.

3.3.6.2.3 Rate Constant for the Reduction of 4-Nitrophenol at PAAm-PVP-Ag-np

Composite

Once it was established that the composite served as a catalyst for the reduction of
4-nitrophenol, the rate constant for the reaction was ascertained. The reaction
conditions used ensured that the concentration of NaBHa4 largely exceeded the
concentration of 4-nitrophenol. Therefore, the reaction rates can be assumed to be
independent of the NaBH4 concentration and first-order kinetics with respect to

the 4-nitrophenol concentration can be used to evaluate the catalytic rate (5657),

Hence, the apparent rate constant (kapp) can be defined using Equation 3.8 where ct
is the concentration of 4-nitrophenol at time t and k: is the rate constant

normalised to the surface area, S.
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dc .
_d_t = kappct = klsct 3 8
t

The absorbance recorded at 400 nm is shown as a function of time in Figure 3.30.
Discs of the PAAm-PVP-Ag-np composite were immersed in a continuously stirred
solution of 4.0 x 10-5> mol dm-3 4-nitrophenol with 6.7 x 10-2 mol dm-3 NaBH4 and
the absorbance was recorded as a function of time. The experiments were repeated
five times and the average absorbance is plotted in Figure 3.30. It is clear that the
absorbance decays indicating the reduction of 4-nitrophenol. The absorbance
decreases to values of approximately 0.06 after 3600 s, corresponding to the near
complete reduction of the 4-nitrophenol solution. A linear correlation between the
logarithm of the absorbance (absorbance at Amax of 400 nm for the
4-nitrophenolate ion) and time was obtained and a typical plot is shown in Figure
3.31. This linear relationship is consistent with first-order kinetics. Using the slope

of the linear graph in Figure 3.31 a rate constant of 7.4 x 104 s'1 was obtained.
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Figure 3.30: Plot of the absorbance at Amax as a function of time for the catalytic reduction of 4-nitrophenol
(n=5) in a 9 mL aqueous solution containing 4.0 x 10-> mol dm 4-nitrophenol and 6.7 x 102 mol dm NaBH.
with three PAAmM-PVP-Ag-np discs added.
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Figure 3.31: Plot of the logarithm of absorbance at Amax as a function of time for the catalytic reduction of
4-nitrophenol (n=5) in a 9 mL aqueous solution containing 4.0 x 10> mol dm 4-nitrophenol and
6.7 x 102 mol dm3 NaBH4 with three PAAM-PVP-Ag-np discs added.

Comparing rate constants for different nanoparticle systems is often attempted in
the literature (5158). Many reports show how the rate is very often dependent on
the amount of catalyst or the surface area (5659). Others have shown that the
surface area is less important and that the nature of the material or its crystallinity
governs the catalytic activity (57.60), Since the reduction of 4-nitrophenol involves
adsorption of the molecules prior to reduction, attempts were made to calculated
the rate constant per unit surface area. A few different techniques have been
employed to ascertain the surface area of nanoparticles. Ballauff and co-workers
used a combination of thermogravimetric analysis and transmission electron
microscopy to calculate the theoretical specific surface area (485661), These
calculations involve many assumptions and estimations including choosing the
density of bulk silver as a substitute for the density of the silver nanoparticles.
Alternatively, Zhang and co-workers used BET to determine the surface area of
silver nanodendrites 57). Others simply express the rate constant normalised to the

silver concentration used in the synthesis of the nanoparticles in order to compare
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to other literature values (51). The usefulness of these comparisons is questionable
since many assumptions are made in the calculations and many other factors come
into play once the nanoparticles are immobilised on a surface or in a matrix such
as a hydrogel. Diffusion of the reactants and products through the matrix now
becomes important in the evaluation of the rate constant. Since the hydrogel
nanoparticle composite is a very porous material and has swelling properties, the
surface area is very difficult to determine and, additionally, is related to the bulk

material rather than the active catalytic surface only.

In this study, the rate of the reaction was monitored as a function of the number of
discs used. This is probably a more useful expression of the catalytic activity of the
composite and the data may be used to show if the rate of the reaction is indeed
dependent on the surface area. Different numbers of discs, ranging from one to six,
were immersed in the 4-nitrophenol solution and the absorbance of the solution
was measured and the data were fitted to first-order kinetics to obtain the rate
constant. Figure 3.32 shows how the rate constant changes with different numbers
of discs. It shows that the rate changes linearly with disc number, indicating that
the rate is dependent on the surface area. From the slope of the graph, the rate
constant per disc for this set of reaction conditions can be expressed as
2.3 x 104 s1 per disc. While this is difficult to compare to other literature values for
the reasons mentioned above, the time for the complete reduction of the
4-nitrophenol with the conditions used in this study is comparable to other studies
in the literature. Similar studies were reported by Lu and co-workers on a
composite hydrogel made from a poly(vinyl alcohol) matrix containing silver
nanoparticles (62). Similarly, the hydrogels were cut into discs of a diameter of 1 cm
and a length of 5 mm. When the reaction conditions in the present experiment
were scaled to closely match the conditions used by Lu and co-workers the rates
are very comparable. Lu and co-workers reported a rate constant of 7.0 x 10-* s-1
for one disc in a solution containing 1.0 x 10-* mol dm-3 4-nitrophenol, while in this
study the rate constant was calculated as 2.3 x 10-4s1 for a solution containing
4.0 x 10-> mol dm-3 4-nitrophenol. Literature reports quoting the time required to

complete the reduction can vary from 10 min to 60 min. The PAAm-PVP-Ag-np
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composite falls within this time range and so is deemed to be an adequate

heterogeneous material for this reduction reaction.

Faster reduction rates may be obtained if the surface area of the catalyst is
increased and this is possible by making the discs smaller. While the PAAM-PVP-
Ag-np composite may not be the fastest catalyst for this reaction it does offer
advantages over other materials described in the literature. The use of silver
nanoparticles embedded in a matrix or on a solid support facilitates catalyst
retrieval. Catalysts in the form of powders are easily lost during filtration or
magnetic separation and washing. Efficient retrieval and recycling of the catalyst
may be more important than speed of reaction from a cost perspective. Another
important parameter is the reusability of the catalyst. In the next section, the
performance of the hydrogel nanoparticle composite is studied as a function of the

number of repeated uses, i.e., the reusability of the catalyst.
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Figure 3.32: Plot of the rate constant as a function of time for the catalytic reduction of a 4-nitrophenol
solution with different numbers of PAAM-PVP-Ag-np discs. Solution is a 9 mL aqueous solution containing
4.0 x 10°° mol dm-3 4-nitrophenol and 6.7 x 10 mol dm NaBHa.
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3.3.6.2.4 Reusability of the PAAm-PVP-Ag-np Composite as a Catalyst

The repeated use of the same catalyst sample or the recycling of the catalyst is
often investigated in the literature and the outcomes are varied. Narayanan and
El-Sayed discussed now the surface atoms of a nanoparticle may be so active that
the size and shape of nanoparticle could change over the course of the catalytic
reaction and affect their recycling potential (6¢3). Many authors report excellent
reproducibility (69 and others show a rapid decline in the performance over
successive runs, as reflected in a decrease in the rate constant (65, The
performance of the PAAm-PVP-Ag-np composite was studied by exposing three
discs to a solution containing 4.0 x 10-> mol dm-3 4-nitrophenol and 6.7 x 10-2 mol
dm-3 NaBHa4. The reduction of 4-nitrophenol was monitored over a period of 60
min and then the discs were exposed to a fresh solution of 4-nitrophenol. This was
repeated five times and the results are shown in Figure 3.33. Clearly, the same
batch of discs can be used five times with little change in their effectiveness as
catalysts for the reduction reaction, as indicated by the small error bars. A plot of
the logarithm of the absorbance as a function of time is shown in Figure 3.34.
Excellent linearity is maintained upon repeated uses. The rate constants were
calculated for each use and these are presented in Figure 3.35. Only a small
decrease in the rate constant is observed with successive runs. This decrease in
rate can be explained by an accumulation of 4-aminophenol within the discs.
Diffusion of the 4-nitrophenol from the matrix is not sufficient to remove the
molecule and this could potentially block the way for 4-nitrophenol molecules to
come close enough to the surface of the nanoparticles for the reduction reaction. It
is possible that more washing may be required to remove the entire
4-aminophenol product effectively. Indeed, it was found that when the discs were
washed for 1 day (run 5, Figure 3.36), as opposed to 20 min, the slope returned
closer to the original value, indicating a near constant rate constant value. The rate

constant was only 8% lower compared to the first use of the discs.
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Figure 3.33: Plot of the absorbance at Amax as a function of time for the catalytic reduction of 4-nitrophenol
using the same set of discs 5 times. Solution is a 9 mL aqueous solution containing 4.0 x 105 mol dm3
4-nitrophenol and 6.7 x 102 mol dm® NaBH4 with three PAAM-PVP-Ag-np discs added.
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Figure 3.34: Plot of logarithm of the absorbance at Amax as a function of time for the catalytic reduction of
4-nitrophenol using the same set of discs 5 times. Solution is a 9 mL aqueous solution containing

4.0 x 105 mol dm3 4-nitrophenol and 6.7 x 102 mol dm 3 NaBH4 with three PAAM-PVP-Ag-np discs added.
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Figure 3.35: Rate constant values for the catalytic reduction of 4-nitrophenol using the same set of discs 5
times. Solution is a 9 mL aqueous solution containing 4.0 x 10-5 mol dm 4-nitrophenol and 6.7 x 102 mol dm3
NaBH4 with three PAAM-PVP-Ag-np discs added.

There are mixed reports in the literature about the reusability of silver
nanoparticle-based catalysts. Some report excellent reproducibility and conclude
that the catalysts can be reused many times with little or no decrease in the rate,
whereas for other materials the performance decreases with consecutive runs (51),
While the rate constant obtained in this work may not be as fast as some of the
reported systems in the literature, these hydrogel composites offer other benefits
including simple synthesis, easy removal from the reaction media and good

reusability.
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3.3.6.2.5 Reduction of 4-Nitrophenol at Rehydrated PAAm-PVP-Ag-np Composite Discs

From a practical point of view, the storage of the discs in a dried form is more
useful. In this section, results are presented and discussed on the performance of
the PAAm-PVP-Ag-np composite discs to catalyse the 4-nitrophenol reduction
reaction once dried and subsequently rehydrated. In this study, five sets of discs
were dried and then rehydrated and the catalytic activity of these discs was
compared to freshly prepared discs. The absorbance at 400 nm was monitored as a
function of time and the logarithm of the absorbance is shown plotted as a function
of time in Figure 3.36 for the fresh and rehydrated discs. Excellent linearity is
obtained for both the rehydrated and freshly prepared discs. Furthermore, the
slopes are very similar and this shows that it is possible to store the dehydrated
discs for long periods of time with the discs remaining effective catalysts for the

reduction of 4-nitrophenol.
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Figure 3.36: Plot of logarithm of absorbance at Amax as a function of time for the catalytic reduction of
4-nitrophenol. Blue trace is freshly prepared discs and red trace is rehydrated discs. Solution isa 9 mL
aqueous solution containing 4.0 x 10-* mol dm- 4-nitrophenol and 6.7 x 102 mol dm NaBHa with three

PAAM-PVP-Ag-np discs added.
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3.3.6.3 Anti-Bacterial Activity of Polyacrylamide-PVP-Protected Silver

Nanoparticle Composite

3.3.6.3.1 Introduction

Bacteria are simple unicellular organisms which can be divided into two main
classes based on differences in the structure of their cell wall. These are
Gram-positive and Gram-negative bacteria. The names originate from a staining
technique developed by Hans Christian Gram which can differentiate between the
two types of cell wall. Cells with a thick cell wall containing up to forty layers of
peptidoglycan stain dark purple when exposed to the primary dye, crystal violet,
and are referred to as gram-positive bacteria. Gram-negative bacteria, with walls
consisting of only a few layers of peptidoglycan, stain pink as they retain the
counter staining dye called safranin. In general, Gram-negative bacteria are more
pathogenic than gram-positive bacteria. This is due to a number of factors.
Gram-negative bacteria have an additional outer layer coated with hydrophilic
lipopolysaccharides which prevent many lipophilic antibiotics from entering the
cell. Additionally, many antibiotics act to interrupt mechanisms which form
crosslinks in the cell wall and are therefore more effective on Gram-positive
bacteria. Here, silver has a distinct advantage over traditional antibiotics in the
fight against Gram-negative bacteria such as E. coli. The hydrophilic nature of
silver ions means they can effectively enter Gram-negative bacteria through the
outer membrane pores. However, it also means that entry into Gram-positive
bacteria is more difficult due to the presence of the thick hydrophobic

peptidoglycan layer and lack of membrane pores (66).
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There is a constant demand for new, cost effective antimicrobial agents as the
emergence of multi-drug resistant bacterial strains is a constant threat to public
health. Silver-based materials have shown great promise as they exhibit
broad-spectrum antibacterial activity (67). Silver immobilised in polymers is of
particular interest as it offers a means to deliver slow release biocidal activity over
long periods (¢8). In addition, it offers a chemically stable environment for the silver

compound and the polymers are relatively low in cost.

In this study, plate assays were used to assess whether the PAAm-PVP-Ag-np
composite exhibited any antibacterial activity. All the materials tested were
evaluated against five different strains of bacteria. Gram-positive bacteria,
S. aureus and MRSA, and Gram-negative bacteria, P. aeruginosa (ATCC 27853),
P. aeruginosa (ATCC 10145) and E.coli were the five strains used in this study. The
experimental procedure used to carry out the plate assay is described in Chapter 2,
Section 2.4.1.5. Four hydrogels were tested in the plate assay study and
descriptions of the hydrogel composition are outlined in Table 3.4. As a control,
PAAm-PVP gels containing no silver were tested alongside gels containing silver.
PAAm hydrogels containing two different amounts of PVP-protected silver
nanoparticles were tested as well as a PAAm-PVP gel that contained non-reduced
silver as AgNOs. Figure 3.37 shows a typical plate assay. Each material was tested

five times, n = 5.
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Table 3.4: Composition of hydrogels used in the antibacterial study.

Hydrogel AAm/g MBA/g PVP solution AP TEMED/
uL
PAAm-PVP 4.0 0.175 10 mL of 423.75 gdm=3 PVP | 400 pL ofa 1% 10
in water solution
PAAm-PVP- 4.0 0.175 10 mL 0f 423.75 gdm=3 PVP | 300 puL ofa 1% 5
Ag-np-10mL with silver-np solution
PAAm-PVP- 4.0 0.175 5 mL of 423.75 g dm3 PVP | 300 uL ofa 1% 5
Ag-np-5mL with silver-np and 5 mL of solution
423.75 g dm=3 PVP in water
PAAm-PVP- 4.0 0.175 10 mL 0f 423.75 gdm=3 PVP | 300 pL ofa 1% 5
Ag-ions in 50 x 10-3mol dm-3 AgNO3 solution
@) (b)

Figure 3.37: Photograph of a typical P. aeruginosa (ATCC 10145) plate assay for (1) PAAm-PVP-Ag-np-10
mL, (2) PAAmM-PVP-Ag*-ions discs, (3) PAAmM-PVP-Ag-np-5 mL and (4) PAAmM-PVP-Ag*-ions discs.
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3.3.6.3.1 Plate Assay on S. aureus

S. aureus is a Gram-positive bacterium. The colonies of these Gram-positive
bacteria grow in a cluster of yellow-white spheres, as shown in Figure 3.38. This
species is non-motile and non-spore forming and can undergo respiration in the
presence of air and change to fermentation in its absence. S. aureus is the most
common strain of the Staphylococci bacteria. In general, it only results in disease
when the bacteria penetrate the bodies protective mechanisms where there is skin
damage. Common infections caused by S. aureus are bacteraemia, endocarditis and

pneumonia.

Figure 3.38: Electron micrograph of artificially stained S. aureus. 9

The anti-bacterial results for the different hydrogel composites are collated in
Figure 3.39 and Table 3.5. The composite containing no silver has only a minor
degree of inhibition against S. aureus. The largest zone of inhibition (ZOI) was
observed for the composite containing AgNO3 where the silver was not reduced.
Hydrogel composites containing silver nanoparticles, where silver is maintained in
the zero oxidation state, display a smaller zone than that observed for composites
containing the silver ion, Ag*. This indicates that silver in the zero oxidation state,
Ag, is not as effective at inhibiting the growth of S. aureus as the Ag* ion. This
substantiates what has already been discussed in the Introduction chapter, where
metallic silver is known to be inert to both human and bacterial cells and that it is
the silver (I) ion, Ag*, which has the capability to bind to cell surface receptors and
interrupt cell metabolism. The protective environment afforded by the hydrogel

composite to the silver nanoparticles may slow down the release of silver ions to
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the surrounding area. While in the short term it may appear that the
electrochemical reduction of silver is an unnecessary step to inhibit bacterial
growth, the nanoparticles-hydrogel composites could be viewed as a means of

achieving long term antibacterial action.

Table 3.5: Results for the plate assay on S. aureus for the different hydrogel composites. ZOls

were recorded after 24 hours incubation at 37 +1° C.

Hydrogel Zone of Inhibition (mm?2) Description
PAAm-PVP 1.6 +0.5 Zone of inhibition
PAAmM-PVP-Ag-np-10 mL 10.7 £ 0.8 Zone of inhibition
PAAm-PVP-Ag-np-5 mL 58+0.9 Zone of inhibition
PAAm-PVP-Ag-ions 18.1+1.8 Zone of inhibition
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Figure 3.39: ZOl for the growth of S. aureus measured for the plate assay. ZOls were recorded after 24 hours

incubation at 37 +1° C.
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3.3.6.3.2 Plate Assay on Methicillin-Resistant S. aureus (MRSA)

MRSA is any strain of S. aureus that has developed a resistance to [-lactam
antibiotics and, like S. aureus, is a Gram-positive, facultative, anaerobic, coccus
bacterium, Figure 3.40. This resistance makes an infection by MRSA particularly
difficult to treat and the increasing incidence of infections in hospitals means

MRSA is now considered a global health concern.

Figure 3.40: Electron micrograph of artificially stained methicillin-resistant S. aureus 9,

The results for the different hydrogel composites are compared in Figure 3.41 and
Table 3.6. A similar trend to that observed for S. aureus is seen for the plate assays
against MRSA, although the overall ZOIs are somewhat smaller. Again, minimal
inhibition is observed for the hydrogels containing no silver, and silver in the +1
oxidation state, Ag*, is the most effective at inhibiting growth of MRSA around the
disc. It is surprising that there is not a more significant difference between the
hydrogels with different amounts of PVP-protected nanoparticles. Composites
containing 5 mL of PVP-protected Ag nanoparticles have zones of approximately
6.4 mm? in diameter whereas zones of about 7.9 mm?2 are observed for hydrogels

containing 10 mL.
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Table 3.6: Results for the plate assay on MRSA for the different hydrogel composites. ZOls

were recorded after 24 hours incubation at 37 +1° C.

Hydrogel Zone of Inhibition (mm?2) Description
PAAm-PVP 2.8+0.6 Zone of inhibition
PAAmM-PVP-Ag-np-10mL 79+0.7 Zone of inhibition
PAAm-PVP-Ag-np-5mL 6.4 +0.5 Zone of inhibition
PAAm-PVP-Ag-ions 120+ 1.0 Zone of inhibition
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Figure 3.41: ZOI for the growth of MRSA measured for the plate assay. ZOls were recorded after 24 hours

incubation at 37 + 1° C.

126




Results Chapter 3

3.3.6.3.3 Plate Assay on Escherichia coli (E. coli)

E. coli are a Gram-negative, rod shaped bacteria, typically 2.0 pm in length, as
shown in Figure 3.42. These bacteria have the ability to grow hair-like structures
called flagella which confer mobility to the bacteria and allow it to attach to human
cells. Most E. coli strains are harmless and are part of the normal flora of the lower
intestine and are in fact beneficial. It is only when these bacteria move outside of
the intestine that infection can set in. For example, bladder and kidney infections
are as a result of bacteria moving to the urinary tract. The pathogenic E. coli strains
found on contaminated foods produce toxins that can result in symptoms including

diarrhoea and intestinal inflammation.

Figure 3.42: Electron micrograph of artificially stained Escherichia coli "V,

The results for the different hydrogel composites are collated in Figure 3.43 and
Table 3.7. It was expected that the results of the plate assays for E. coli would
support other studies which show Gram-negative bacteria to be more susceptible
to the effect of silver than Gram-positive strains such as S. aureus. However, as the
data in Table 3.7 and Figure 3.43 show, these results are quite similar to those
recorded for the MRSA bacteria. This is consistent with the findings of Ma and
co-workers, where chitosan-nylon-6 membranes impregnated with silver(I) show
no difference in the bacteriostatic effect against both E. coli and S. aureus. Again,
Ag* has the largest inhibitory effect on E. coli growth and the size of the ZOI does
not increase significantly upon doubling the concentration of silver nanoparticles

within the composite.
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Table 3.7: Results for the plate assay on E. coli for the different hydrogel composites. ZOls

were recorded after 24 hours incubation at 37 +1° C.

Hydrogel Zone of Inhibition (mm?2) Description
PAAm-PVP 04+0.2 Zone of inhibition
PAAmM-PVP-Ag-np-10 mL 54+1.3 Zone of inhibition
PAAm-PVP-Ag-np-5 mL 4.0+09 Zone of inhibition
PAAm-PVP-Ag-ions 13.0+1.8 Zone of inhibition
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Figure 3.43: ZOI for the growth of E. coli measured for the plate assay. ZOls were recorded after 24 hours

incubation at 37 + 1° C.
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3.3.6.3.4 Plate Assay on Pseudomonas aeruginosa (27853 and 10145)

P. aeruginosa is also a Gram-negative, rod shaped bacterium measuring 1.5 to 3 pm
in length, as shown in Figure 3.44. Although it is classified as an aerobic organism,
it can survive in environments with little or no oxygen. Often found in water and
soil, it achieves mobility through a flagellum or attaches to surfaces as a biofilm. It
is a resilient species which can survive in a wide variety of physical conditions
including very high temperatures and where the availability of nutrition is low. It
displays a high tolerance to antiseptics, heavy metals and high salt concentrations.
Like S. aureus and E. coli, it is an opportunistic bacterium and only poses a
potential health risk if the barrier to infection is broken or if the immune system is
compromised. Cystic fibrosis patients are at particular risk since P. aeruginosa
typically infects the pulmonary tract but can also infect the urinary tract and the

blood system.

Figure 3.44: Electron micrograph of artificially stained P. aeruginosa. (/2

Plate assays on two strains of P. aeruginosa were performed to test the bactericidal
effect of the hydrogel composites. The plate assay results for the different hydrogel
composites on the 27853 strain of P. aeruginosa are collated in Figure 3.45 and
Table 3.8 while in Figure 3.46 and Table 3.9 the measured zones found for the

plate assays on strain 10145 are shown.
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There are very clear differences in the measured ZOI for the two strains of
P. aeruginosa. In the case of P. aeruginosa 27853, a measurable ZOI (5 mm?) was
only visible for hydrogel composites containing silver in the +1 oxidation state.
This is the smallest recorded zone for composites containing non-reduced silver of
all the bacteria tested. Contrastingly, the largest recorded zones in this study were
found on the P. aeruginosa 10145 plate assays. These were again seen for
hydrogels containing Ag*. Increasing the concentration of silver nanoparticles did

not proportionally increase the size of the inhibition zones.

Table 3.8: Results for the plate assay on P. aeruginosa (ATCC 27853) for the different hydrogel

composites. ZOls were recorded after 24 hours incubation at 37 £ 1° C.

Hydrogel Zone of Inhibition (mm?2) Description
PAAm-PVP - Direct inhibition
PAAmM-PVP-Ag-np-10 mL - Direct inhibition
PAAm-PVP-Ag-np-5 mL - Direct inhibition
PAAm-PVP-Ag-ions 51+04 Zone of inhibition

Table 3.9: Results for the plate assay on P. aeruginosa (ATCC 10145) for the different hydrogel

composites.

Hydrogel Zone of Inhibition (mm?) Description
PAAm-PVP - Direct inhibition
PAAmM-PVP-Ag-np-10 mL 19.1+0.5 Zone of inhibition
PAAm-PVP-Ag-np-5 mL 17.5+0.3 Zone of inhibition
PAAm-PVP-Ag-ions 324+1.0 Zone of inhibition
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Figure 3.45: ZOI for the growth of P. aeruginosa (ATCC 27853) measured for the plate assay. ZOls were

recorded after 24 hours incubation at 37 +1° C.
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Figure 3.46: ZOI for the growth of P. aeruginosa (ATCC 10145) measured for the plate assay. ZOls were

recorded after 24 hours incubation at 37 +1° C.
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3.3.7 Characterisation of the Polyacrylamide-PVP-Protected Silver

Nanoparticle Composite

3.3.7.1 Physical Appearance of Polyacrylamide-PVP-Protected Silver
Nanoparticle Composite

The swollen and dried forms of the hydrogel composite discs are shown in Figure
3.47. The gel discs double in diameter, from 0.5 cm in the dried state to 1.0 cm in
the fully swollen state. This illustrates the extent to which these gels absorb water
and expand. The colour changes from dark brown to yellow upon uptake of water.
The texture is also completely different between the two states. In the dried state,
the composite is extremely hard and difficult to crush in a pestle and mortar,
whereas in the swollen state the composite is gel-like and spongy and is easily cut

with a knife.

Figure 3.47: Photograph of the fully swollen (left hand side) and the fully dried (right hand side)
PAAM-PVP-Ag-np discs.
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3.3.7.2 SEM and EDX Analysis of the Polyacrylamide-PVP-Protected Silver
Nanoparticle Composite

The surface morphology of the dried PAAm-PVP-protected silver nanoparticles
was studied using SEM. The composites were dried and the SEM micrographs are
shown in Figure 3.48 at two different magnifications. The surfaces show an almost
cauliflower morphology, which is more evident at the higher magnification. The
corresponding EDX spectrum is shown in Figure 3.49. This confirms the presence
of silver and although its abundance is quite low this is not surprising considering
the higher amount of polymer. The carbon and oxygen signals arise from the

PAAm-PVP polymer and as these dried discs were sputter coated with a thin layer

of gold, a gold signal is also evident.

Figure 3.48: SEM micrograph of the surface of the dried PAAmM-PVP-Ag-np discs at two different
magnifications.

Spl_image_pvpn

Figure 3.49: EDX spectrum of a fully dried PAAM-PVP-Ag-np disc.
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3.3.7.3 Leaching of Silver Nanoparticles from the Hydrogel Matrix

Leaching of nanoparticles from the hydrogel matrix was monitored by placing one
disc in 10 mL of water and monitoring the UV-Vis spectra over the course of a
month. The absorption band at 425 nm is due to silver nanoparticles. Figure 3.50
illustrates the very slow release of particles from the hydrogel matrix. There is no
evidence of leaching after one day immersion and after 4 weeks the absorbance
only reached 0.085. This is low considering leaching was monitored into a very

small volume, 10 mL.
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Figure 3.50: The UV-Vis spectra over a month monitoring leaching of silver nanoparticles from one
PAAmM-PVP-Ag-np disc into 10 mL of H-O.
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3.4 Summary of Results

In this chapter, the synthesis and applications of PVP-protected silver
nanoparticles were described and discussed. The effect of PVP on the
electrochemistry of the silver ions was first investigated. On addition of PVP to the
silver-containing solution, the reduction of the silver ion was inhibited. This was
attributed to an increase in the viscosity of the solution, which hinders diffusion of
the silver ions to the electrode surface. Furthermore, the PVP chains surround the

silver ions, making the electron-transfer step difficult.

The silver nanoparticles were synthesised in a solution containing AgNO3, KNO3
and PVP. The optimum concentrations were 0.05 mol dm-3 AgNOs3, 0.1 mol dm-3
KNO3, 423.75 g dm3 PVP with an electrochemical pulse of -6.0 V vs Ag*/Ag. The
concentration of silver nanoparticles was monitored using UV-Vis spectroscopy.
The silver particles generated at low potentials (from -1.6 V to -1.8 V vs Ag*/Ag)
gave rise to a low concentration of silver particles. Increasing the potential to
values of -4.0 V and -6.0 V vs Ag/Ag* resulted in a significant increase in the
concentration of the nanoparticles. The AgNOs3 and PVP concentrations were
varied. At high AgNOs3 concentrations (0.1 mol dm-3), low absorbance values were
obtained and a broader absorption band was observed, as insufficient PVP was
present to protect the newly formed nanoparticles. A silver ion to PVP ratio of
75:1 gave the highest absorbance, while increasing the PVP concentrations gave
rise to a decrease in the silver nanoparticle production due to the viscous nature of
the solution at high PVP concentrations. Increasing the period of the potential
pulse gave rise to an increase in the concentration of the silver nanoparticles for
pulse periods lower than 1200 s. At longer times, agglomeration of the silver
nanoparticles was observed. This was explained in terms of an Ostwald ripening
phenomenon in which smaller particles dissolve in solution and the silver ions
were then deposited on larger particles in order to reach a more
thermodynamically stable state. The diameter of the silver nanoparticles
generated using the optimum conditions was calculated to be as 5.73 nm by
relating the radius of the nanoparticles with the bandwidth of the absorbance

band. These nanoparticles showed very good stability and there was only a slight
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change in the absorbance band on monitoring the absorbance of the nanoparticles
over a 30 day period. However, the addition of AgNO3 and KNO3 gave rise to
significant changes in the absorbance band. The intensity of the band decreased by
64% and a wider band with an emerging second peak at 486 nm was observed.
This was attributed to the additional cations, which enter the diffuse double layer
and neutralise the electrostatic forces that prevent aggregation. The additional free
Ag* ions may be reduced in the presence of PVP which acts as a reducing agent in
addition to a protecting agent. Furthermore, the nitrate anion is a potential
oxidant and this may lead to the degradation of the PVP chains and the loss of its

effectiveness to protect the nanoparticles.

The PVP-protected nanoparticles were immobilised onto a GC electrode and used
in the electrochemical detection of nitrates. Poor reproducibility was observed.
The silver nanoparticles were then immobilised in a polyacrylamide hydrogel and
employed in the electrochemical detection of nitrates and for the reduction of
4-nitrophenol. The presence of the silver was confirmed using energy dispersive
X-Ray analysis (EDX). Using the ferrocyanide/ferricyanide electrochemical probe,
low peak currents and high peak separations were observed for the
polyacrylamide-PVP-protected silver nanoparticles. These findings were explained
in terms of diffusion limitations within the hydrogel. Similarly, the composite
showed poor detection of nitrates, indicating that the polyacrylamide-PVP-
protected silver nanoparticles are not suitable for use as an electrochemical
sensor. The polyacrylamide-PVP-protected silver nanoparticles composite was
then investigated as a catalyst for the reduction of 4-nitrophenol. The rate of the
catalytic reaction was studied using UV-Vis spectroscopy by monitoring the
4-nitrophenol absorbance at 400 nm. In the presence of NaBH4, the 4-nitrophenol
was nearly completely reduced within a 60 min period. The reduction reaction was
modelled using first-order kinetics and a rate constant of 7.4 x 104 s1 was
obtained. The rate of the reduction reaction was further improved by increasing
the number of hydrogel discs, giving a higher surface area for the reduction of the
4-nitrophenol. The reusability of the composite was excellent showing similar rate
constants for five repeated reactions. Furthermore, the activity of the composites

was maintained on dehydrating and rehydrating. The surface morphology of the
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dehydrated composite was rough with cauliflower-like structures. A smooth gel

was obtained upon rehydration.

The anti-bacterial activity of the polyacrylamide-PVP-protected silver
nanoparticles was tested using Staphylococus aureus, MRSA, Escherichia coli and
P. aeruginosa. Plate assays were performed on two strains of P. aeruginosa (ATCC
27853 and ATCC 10145). The hydrogel was loaded with two different volumes of
the silver nanoparticles and a solution of AgNOs to give Ag* ions. The greatest
zones of inhibition were observed for the composites containing the Ag* ions. The
smallest zone of inhibition was observed with the P. aeruginosa (ATCC 27853). In
contrast, the largest recorded zones were found with the P. aeruginosa 10145 plate
assays, with the zones of inhibition reaching values of 19.1 mm? for the
polyacrylamide-PVP-protected silver nanoparticles with 10 mL of particles; 17.5
mm? for the polyacrylamide-PVP-protected silver nanoparticles with 5 mL of
particles; and 32.4 mm? for the polyacrylamide PVP composite with incorporated

Ag*ions.
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4.1 Introduction

This chapter discusses the preparation of silver nanoclusters deposited on a glassy
carbon (GC) electrode and investigates the potential of this probe as an
electrochemical sensor for nitrates. In Chapter 3, the potential for colloidal silver
particles to sense nitrates was explored, however, it was found that although
dispersing the particles on a GC electrode did result in an observed current for the
reduction of nitrate, its magnitude was erratic and resulted in unacceptable errors
in terms of reproducibility. Therefore, it was decided to look at techniques that
directly deposit metallic particles onto bare substrates in the hope that this would
result in a sensor capable of monitoring nitrates with a greater degree of

reproducibility.

The most reported technique in the literature to deposit metallic particles on an
electrode surface is a potentiostatic pulse method, where parameters such as
overpotential, time and concentration are varied (1-5). There are many benefits
associated with direct electrochemical deposition on a conducting surface but,
equally, several challenges are faced. Namely, it is often much more difficult to
control the size and uniformity of the electrodeposited particles when compared to
other techniques such as chemical and laser synthesis that generated colloidal or
powder forms of metal particles (6). This work aims to investigate the features that
influence the electrodeposition process and consequently how the electrochemical
detection of nitrate is affected. GC was chosen as the substrate so as any current
generated for the reduction of nitrate could be attributed to the deposited particles
and not to the underlying electrode material, since GC has been shown to have no
catalytic ability to reduce nitrates (7). The concept of electrochemical deposition of
silver on GC is not a new one and the literature offers a variety of ways by which
metallic particles can be electrodeposited (15810), [n this study, different
techniques to deposit silver particles on GC are explored and the resulting
relationship between the size and surface area of these silver particles and the
reduction of nitrate are investigated. The sensitivity of this modified electrode at
detecting low levels of nitrate is explored, how the surface area of silver on GC can

be accurately determined and the kinetics and mechanism of nitrate reduction at
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this modified electrode are examined. Differences between silver deposited in this
manner and a bulk crystalline silver electrode, in terms of the nitrate reduction

electrochemistry, is also discussed.

4.2 Experimental

The instrumentation, apparatus and software employed are described in Section

2.2. The experimental parameters are outline in Chapter 2 Section 2.4.2.

4.3 Results and Discussion

4.3.1 Electrodeposition of Silver on Glassy Carbon

While electrochemistry is an extremely versatile and powerful tool to deposit
virtually any metal from an ionic solution onto a conductive surface at a precise
coverage, the ability to disperse the metal in a dimensionally uniform way is still a
major challenge faced by electrochemists. In the following sections, different
methods of depositing particles by varying the magnitude and duration of the
pulse are presented. The influence of these parameters on the morphology of the
particles and, importantly, the ability of these particles to electrochemically detect

nitrate are then discussed.

4.3.1.1 Double Pulse Method

The potentiostatic double pulse method was introduced by Sheludko and
co-workers (11) as a means of controlling particle size. A schematic representation
of the potentiostatic double pulse method is shown in Figure 4.1. It works on the
principle of separating the nucleation and growth modes into two separate steps.
The first step is to apply a short pulse of very high overpotential (E1 for a time t1)
to instantaneously seed all available sites. The second pulse, of much lower
overpotential, causes these sites to grow but avoids the formation of new sites (E2
for a time t2). In this way, progressive nucleation, which leads to polydispersity of

particle size, is avoided.
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Figure 4.1: Schematic representation of the potentiostatic double pulse method.

Penner also utilized this method and discussed in detail why progressive
nucleation leads to polydispersity of particle size by introducing the idea of
diffusion zone coupling (1213). He noticed that particles that were close in proximity
to each other tended to be smaller than particles that were more isolated. Around
each growing nucleus the supply of metal ions in the electrolyte is different from
the bulk solution as the ions are deposited as metal on the electrode surface. This
creates a depletion layer around the metal particle. These depletion layers extend
as the ions are used up and the concentration is lowered. If the depletion zones of
two nearby nuclei overlap, the rate of growth of these nuclei will be lower
compared to nuclei that grow in relative isolation because the nuclei grown in
isolation will have a larger share of metal ions surrounding it. This overlap of

depletion layer is referred to as diffusion zone coupling.
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Figure 4.2: Cyclic voltammogram of 1 x 10-3 mol dm AgClO4 in 0.1 mol dm LiClO4 at a GC electrode at a
scan rate of 20 mV s%. Black trace is cycle 1 and red trace is cycle 2.

In practice the two potential pulses, E1 and E2, are determined by examining the CV
of silver deposition and subsequent stripping from the surface of a GC electrode,
Figure 4.2. The first and second scans of the CV are shown and the cathodic and
anodic waves for the deposition and stripping of silver are clearly visible. The
reduction wave for the second scan is positively shifted with respect to the first
scan. If the nucleation overpotential, pdep, is defined as the difference between the
potential corresponding to the foot of the reduction wave and the equilibrium
potential, i.e., E = 0.0 V vs Ag|Ag*, the udep for the first and second scans are -236
and -48 mV, respectively. This indicates a considerable difference in the deposition
of silver from the first to the second cycle. Similar behaviour for metal deposition
and stripping at carbon-based electrodes has been reported (1415 and this has
been explained by only partial stripping of silver in the first anodic wave. The
presence of this residual silver, which is intercalated in the carbon matrix,
facilitates the deposition of silver in the second and subsequent cycles. In fact, the
same behaviour was observed in Chapter 3 of this work when cycling a Pt
electrode in a solution containing 5.0 x 10-3 mol dm-3 AgNO3 with 0.1 mol dm3
KNOs3 when examining the effect of the presence of PVP on the redox properties of

silver.
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Upon inspection of the CV in Figure 4.2 it was established that a growth pulse of
-0.06 V vs Ag/Ag* was suitable since it was sufficiently reductive to allow
deposition of silver on already formed silver particles but anodic enough that, in
theory, no new nucleation sites should be formed. To demonstrate this, the
deposition of silver was performed with no nucleation pulse and only a growth
pulse of -0.06 V vs Ag/Ag* for 50 s. Figure 4.3 shows the SEM micrograph of this
electrode and it is evident that only a small quantity of silver, the bright spots in

Figure 4.3, is deposited under these conditions.

6um

Figure 4.3: SEM images for silver deposited at -0.06 V for 50 s on a GC electrode from a solution of
1.0 x 10" mol dm3 AgClO4 in 0.1 mol dm® LiClOa.
The effect of the magnitude of the nucleation pulse on the morphology of the silver
deposits was then investigated while the growth pulse of -0.06 V vs Ag/Ag* was
kept constant and held for 50 sec. An oxidation pulse of 1.0 V was applied for 15
min prior to the deposition pulse as part of electrode preparation and cleaning.
This was done to ensure complete removal of any intercalated silver that may
persist on the electrode surface. Isse and co-workers found that a pulse of 0.5V vs
Ag/Ag* applied for 15 min was sufficient to remove any silver (5). As well as visual
inspection of the silver deposits by employing SEM, the main objective, the
electrochemical detection of nitrate, was used as a benchmark for the effectiveness
or lack thereof with which the electrodeposits detected nitrates, with the greatest
sensitivity being the desirable outcome. Figure 4.4 shows a series of SEM
micrographs along with a histogram generated using the Image] program and a

table of percentage size distributions of the silver deposits generated using the
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double pulse technique on a GC electrode from a solution of 1.0 x 10-3 mol dm-3
AgClO4 in 0.1 mol dm-3 LiClO4. Details on the generation of the histograms through
Image] and Microsoft Excel are outlined in Chapter 2, Section 2.3.7. The
overpotential of the first nucleation pulse, E1, was varied and held for 1 s (t1). The
growth pulse, E2, was kept constant for each nucleation pulse at a potential of -0.06

V for 50 s (t2).

For each Ej, the size distribution of particles is less than ideal but some trends can
be identified. The lower the potential of E1 the fewer total amount of particles are
deposited. This is unsurprising as a greater number of sites are generated when
the energy barrier to nucleation is overcome by a higher overpotential (16). Apart
from less particles nucleated at lower E1 overpotentials (-0.25 V, Figure 4.4(a)), the
particles are also larger. An overpotential of -0.06 V vs Ag/Ag* is not energetic
enough to nucleate fresh sites on the GC so all silver ions in the diffusional layer
deposit on the already formed silver metal from the E1 pulse, resulting in a higher

number of particles that have diameters greater than 200 nm.

As E1 is increased to more reductive potentials more nucleation sites are formed,
but polydispersity becomes apparent. Even though the growth pulse, E2, is not low
enough to nucleate fresh sites, according to the CV’s in Figure 4.2, it is still not clear
whether within the already formed sites there are sites where silver deposition
will be more favourable to give rise to polydispersity. It is well documented that
nucleation of any metal will preferentially occur at low energy defected sites and
edges (17), However, it is unclear and rarely discussed whether, within the array of
sites formed during the nucleation pulse, there are sites of variable energy where
silver may also prefer to grow, i.e., all silver deposited in the nucleation pulse may

not be equivalent.
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Figure 4.4: SEM images and size distribution histogram and tables for silver particles deposited on GC by the
double pulse method. E1 varied (a) -0.25 (b) -0.50 and (c) -1.00 V vs Ag/Ag* for 1 s. E2 constant -0.06 V for 50 s.
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It has been shown is that not all particles that are nucleated go on to form mature
particles. Liu and Penner stated that the probability of whether a nucleated
particle survives and grows to maturity depends largely on the growth pulses,
overpotential and time. Particles subjected to longer pulse durations become
larger as they grow but the density decreases showing that many of the clusters
are not stable. Even at large growth potentials, only 1 in 10 of the 1 nm clusters
initially deposited matured into particles of 10 nm or more, and at lower growth

overpotentials the survival rate is even lower, just 1 in 1000 (12),

The influence of increasing the duration of the E2 pulse at -0.06 V vs Ag/Ag* is
shown in Figure 4.5. In this case, E2 was increased from 50 s to 100 s. It is clear
from these data that the number density of particles decreases with longer growth
times. The number of particles for the 50 s deposition period is approximately
1336, while at 100 s, the number decreases to approximately 806. Furthermore,
the number of larger particles increases while the percentage of smaller particles
slightly decreases as the pulse period is increased from 50 to 100 s. Liu and Penner
also found that particles that did not mature also didn’t persist on the surface.
Although a mechanism for the disappearance of smaller particles is not
understood, a possible explanation put forward by Sandmann and co-workers is
that a larger particle has the capacity to draw a disproportionate fraction of the
metal ion electrolyte towards it at the expense of the smaller particles, extending
its diffusion zone until it overlaps with the smaller particles (18(8), This lack of
electrolyte destabilises smaller particles, causing them to dissolve and redeposit

on the larger particles in an Ostwald ripening type fashion.

These data were compared with the results obtained after the nucleation pulse, but
before the application of a growth pulse. In this case, the silver was deposited
at -0.50 V vs Ag/Ag*, E1, for 1 s and the corresponding micrograph and histogram
are shown in Figure 4.6. It can be seen that the number density is higher in the
absence of the growth pulse and the application of the growth pulse leads to a

reduction in the number of particles, with a more significant reduction at 100 s.
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Figure 4.5: SEM images and size distribution histogram and tables for silver particles deposited on GC by the
double pulse method. Es, t1 and E2 constant, -0.50 V, 1 s and -0.06 V vs Ag/Ag* respectively. t2 varied (a) 50 s
and (b) 100 s.
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Figure 4.6: SEM images and size distribution histogram and tables for silver particles deposited on GC when
only an E1 pulse is applied for t1 of 1 s.
The electrochemical detection of nitrates at the silver particles deposited on the GC
electrode was studied in a solution of 5.0 x 10-3 mol dm-3 KNO3 and 0.1 mol dm-3
LiClO4. The CV’s were recorded at 50 mV s and the potential was scanned from
0.0 V to -1.40 V vs SCE. Figure 4.7 shows the first example in this work of the
current response of silver particles deposited on GC corresponding to the SEM
micrographs in Figure 4.4 to a solution containing nitrate. Figure 4.8 shows the
response of the particles formed for different t2 values from Figure 4.5. A peak
current is observed at approximately -0.90 V vs SCE, which is typically ascribed to
the reduction of nitrate to nitrite. The onset of the nitrate reduction begins at
approximately -0.60 V vs SCE and this continues until potentials in the vicinity
of -1.20 V vs SCE are reached. At lower potentials, the water reduction reaction
occurs rapidly, beginning at potentials negative to -1.25 V vs SCE. There is also a
reduction current response at -0.38 V vs SCE, which is found in the CV of the
background electrolyte, 0.1 mol dm-3 LiClOs, Figure 4.9. This is shown more clearly
in the inset. This peak may be related to the reduction of surface oxides on the

silver electrode.
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Figure 4.7: Cyclic voltammograms at a scan rate 50 mVs in a solution of 5.0 x 10 mol dm= KNOs and
0.1 mol dm LiClO4 at a GC electrode with silver particles deposited by the double pulse method.
E1 varied -0.25 V —, -0.50 V —, -1.00 V — for 1 s. E2 constant -0.06 V vs Ag/Ag* for 50 s.
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Figure 4.8: Cyclic voltammograms at a scan rate 50 mVs in a solution of 5.0 x 10 mol dm= KNO3 and
0.1 mol dm= LiClO4 at a GC electrode with silver particles deposited by the double pulse method. t2 varied
50 s— and 100 s — . All other parameters the same for both traces, E1-0.50 V, E2 -0.06 V and t1 for 1 s.
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Figure 4.9: Cyclic voltammograms at a GC electrode with silver particles deposited by the double pulse
method. Ea varied -0.25 V vs Ag/Ag* for 1 s and Ez constant -0.06 V vs Ag/Ag* for 50 s. — in a solution of
5.0 x 10-® mol dm™ KNOz and 0.1 mol dm LiClO4 and — background electrolyte 0.1 mol dm-3 LiClO4only.
Scan rate 50 mVs. Inset: Close-up of silver oxide reduction.

The influence of the value of E1 on the detection of nitrates at the silver particles is
evident in Figure 4.7, where the silver was deposited with Ez at -0.06 V vs Ag/Ag*
for 50 s and E1 at -0.25 'V, -0.50 V and -1.00 V vs Ag/Ag* for 1 s. The profile of the
nitrate peak is very similar for each value of E1, except that the magnitude of the
current depends on the value of E1, with slightly larger peak currents as Ei is
varied from -0.25 Vto -1.00 V vs Ag/Ag*. This may be connected to a higher density
of silver particles as E1 is varied to -1.00 V vs Ag/Ag*, as shown in Figure 4.4. It is
also evident from Figure 4.8 that the peak current for the reduction of the nitrate
depends on the duration of the t2 pulse. The peak current is higher for the silver
particles deposited with a t2 value of 50 s, while the longer t2 period of 100 s gives
rise to a lower peak current. This is consistent with the SEM micrographs
presented in Figure 4.5, where the longer deposition time gives a lower density of

the particles.
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Figure 4.10 shows the response of a bare GC electrode to a solution with and
without nitrate and illustrates that GC does not have the ability to reduce nitrate
unless potentials of over -1.75 V vs SCE are applied, and even then the current
magnitude is low for such a high concentration of nitrate (7). It is clear from a
comparison of the data in Figures 4.7, 4.8, 4.9 and 4.10 that the GC substrate
supporting the silver particles does not contribute to the reduction of nitrate. A

more detailed analysis of the CV profile is discussed later in Section 4.3.8.
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Figure 4.10: Cyclic voltammograms at a bare GC electrode in a solution of 0.1 mol dm LiClOs — with
and — without of 0.05 mol dm-3 KNOs. Scan rate 50 mV s

In order to determine if the detection of nitrate was connected with variations in
the amount of silver at the GC electrodes, stripping voltammograms were
recorded for the silver-modified electrodes formed at -0.25 V, -0.50 V and -1.00 V
vs Ag/Ag*. Representative stripping voltammograms are shown in Figure 4.11.
Stripping the silver from the GC surface reveals that the amount of silver on the
electrodes is similar. This is in good agreement with the charge data, shown in
Figure 4.12, where the charge recorded during the deposition is similar, as the
duration of the growth pulse is the same for each electrode. This shows that the

growth pulse dictates the amount of silver deposited.
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Figure 4.11: Stripping voltammograms in 0.1 mol dm LiClO4 of GC electrode with silver particles deposited
by the double pulse method. E1 varied -0.25V —, -0.50 V —, -1.00 V vs Ag/Ag* — for 1 s. Ez constant
at -0.06 V vs Ag/Ag* for 50 s.
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Figure 4.12: Charge-time transients for silver particles deposited on a GC electrode by the double pulse
method. E1 varied -0.25 V —, -0.50 V —, -1.00 V vs Ag/Ag* — for 1 s. E; constant at -0.06 V vs Ag/Ag* for
50 s.
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It is clear from the voltammograms shown in Figure 4.8 that a longer growth pulse
of 100 s does not enhance, but actually diminishes, the magnitude of the nitrate
reduction current. The corresponding stripping voltammogram is shown in Figure
4.13, where it is evident that a greater amount of silver is deposited at the longer
100 s period. Clearly, the higher amount of silver deposited at the GC electrode
does not give rise to better detection of nitrates. It appears that the number or
density of the silver particles is important in the detection of the nitrates rather
than the overall amount of silver. The higher peak currents observed for the silver
particles deposited with E1 at -1.00 V vs Ag/Ag* for 1 s, Figure 4.7, may be
connected to the higher number of particles, as shown in Figure 4.4, while a higher
number of silver particles are also obtained at E2 for 50 s compared to E2 for 100 s,
as shown in the SEM micrographs in Figure 4.5. Having a higher percentage of
smaller particles may be conducive to better nitrate detection rather than larger

quantities of silver.
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Figure 4.13: Stripping voltammograms in 0.1 mol dm= LiClO4 of GC electrode with silver particles deposited
by the double pulse method. t2 varied 50 s — and 100 s — . All other parameters the same for both traces,
E:1-050V,E2-0.06 Vandtils.
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To test this theory the silver-modified GC electrode from Figure 4.6, which had
only undergone an E1 pulse of -0.50 V vs Ag/Ag* for 1 s and no growth pulse, was
placed in a nitrate solution. The electrochemical response to the nitrate is shown
as the red trace in Figure 4.14. Despite having small particles of high density, the
nitrate reduction peak did not have as large a nitrate current when compared to
particles subjected to a growth pulse (blue trace). When the stripping
voltammogram is examined, Figure 4.15, it is clear that the quantity of silver was

not sufficient to generate a good signal despite the presence of small sized

particles.
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Figure 4.14: Cyclic voltammograms at a scan rate 50 mVs in a solution of 5.0 x 10-* mol dm KNOs and
0.1 mol dm3 LiClOs at a GC electrode with silver particles deposited by the double pulse method. Exs, t1, E>
and tz are -0.50 V, 15, -0.06 V and 50 s respectively for — and an Ei1 and t1 pulse only of -0.50 V 1 s for —
(no growth pulse).
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Figure 4.15: Stripping voltammograms at a scan rate of 20 mV s in 0.1 mol dm= LiClO4 of GC electrode with
silver particles deposited by the double pulse method. Es, t1, E2 and t2 are -0.50 V, 1 s, -0.06 VV and 50 s
respectively for — and an E1 and t1 pulse only of -0.50 V 1 s for — (no growth pulse).

Although the double pulse method did result in a well-defined nitrate reduction
peak, the particles had a wide distribution of sizes, which was an undesired
outcome. It is possible, as mentioned previously, that all particles formed during
the nucleation pulse are not necessarily equal and some sites still remain more
favourable to silver deposition. The next section continues to explore the ways in

which the homogeneity of particle sizes can be achieved by using a single pulse.

4.3.1.2 Single Pulse Method

The single pulse method involves the application of one pulse at high overpotential
for extended periods. In this way, surface energies may be negated as the potential
is so reductive that silver should nucleate at all sites and now diffusion of silver

ions become the limiting factor of deposition.

In the single pulse method, potentials of -0.25 V, -0.50 V, -0.75 V and -1.0 V vs
Ag/Ag* were applied to the GC electrode in the silver-containing solution. A
cleaning pulse of 1.0 V vs SCE applied for 15 mins was also used. However, before
the potential was applied, the electrode was immersed under open-circuit

conditions, in the silver-containing solution for a period of time. The particles
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deposited more evenly and the reproducibility was considerably improved with
this immersion period. At the open-circuit potential (OCP) there is enough energy
to seed silver at suitable sites, and once an external potential is applied silver ions
in the solution will preferentially deposit at these sites. On application of the
deposition potential, silver may be nucleated at fresh GC sites, but the seeding
gives rise to more stable nucleation sites and the growth of these already

established sites is more likely than the formation of new ones.

The OCP plot of the GC electrode in the silver-containing solution is shown in
Figure 4.16. After the cleaning pulse of 1.0 V was applied, the potential decays
towards lower values. After about an hour, potentials of approximately -0.05 V
Ag/Ag* are recorded and these are sufficient to deposit silver from the solution.
The presence of deposited silver was confirmed using stripping voltammograms. A
typical voltammogram is shown in Figure 4.17. The stripping peak at 0.20 V vs SCE
shows that indeed a very small amount of silver was deposited under open-circuit
conditions on the GC electrode. As there was clear evidence for the deposition of
silver on immersion of the GC electrode, this step was incorporated after the
oxidative cleaning step at 1.0 V of 15 min. The GC electrode was immersed in the
silver-containing solution at OPC for 60 min and then the reduction potentials

were applied.

The current and charge transients for the single deposition pulse at potentials of
-0.25V,-0.50V,-0.75 V and -1.00 V vs Ag/Ag* for 50 s are shown in Figure 4.18. A
reduction current is obtained on application of the potential and this current
decays as the deposition period is increased. The charge increases with the
deposition period with near linear responses for periods from 20 to 50 s. Higher
currents and charges are obtained on deposition at -1.00 V vs Ag/Ag*, indicating a
higher rate of silver deposition. There is a three-fold decrease in the charge on

varying the deposition potential from -1.00 V to -0.25 V vs Ag/Ag*.
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Figure 4.16: Open circuit potential transient for a GC electrode immersed in a solution of 1 x 10~ mol dm®
AgClO4in 0.1 mol dm= LiClOa.
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Figure 4.17: Stripping voltammograms at a scan rate of 20 mV s in 0.1 mol dm LiCIOs of GC electrode that

has been immersed in a solution of 1.0 x 10 mol dm- AgCIO4 in 0.1 mol dm LiCIO4 at OCP for 1 h.
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Figure 4.18: Current and charge (insert) transients for silver particles deposited on a GC electrode by single
pulse method. Potential set at -0.25 V —, -0.50 V —, -0.75 V —and -1.00 V vs Ag/Ag* — for 50 s.

Figure 4.19 (a) shows the SEM micrograph of the resulting GC surface when a
potential of -0.50 V vs Ag/Ag* is applied for 50 s in the silver-containing solution.
The morphology of the deposited silver on the surface is very different when this
method is employed compared to that obtained using the double pulse method,
Figure 4.19 (b). There is a higher density of silver particles deposited on the
surface as the potential is reductive enough to allow nucleation to occur during the
entire pulse (progressive nucleation). Furthermore, fewer large particles are
evident on the surface, with most of the particles adopting sizes of 100 nm in
diameter or less. Indeed, 94% of the particles have diameters equal to or below

100 nm, compared to 85% for the double pulse method.

The SEM micrographs obtained for the deposition of silver at -1.00 V, -0.75 V
and -0.50 V vs Ag/Ag* applied for 50 s are presented in Figure 4.20. While the
number of particles is little changed at the deposition potentials, the particles
generated at -0.50 V vs Ag/Ag* have the narrowest size distribution and a lower

number of particles have diameters greater than 75 nm.
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If the potential is maintained at -0.25 V vs Ag/Ag* the morphology is completely

different, as shown in Figure 4.21. Flower-like deposits are seen, varying from 1 to

2 um in size and there is no evidence of any smaller silver deposits on the surface.

As can be seen from the CV in Figure 4.2, the overpotential for silver reduction on a

clean GC electrode is -0.236 V, which is close to the reduction potential used in

Figure 4.21. Under these conditions, where the deposition potential is close to the

onset of silver deposition, the silver ions will preferentially deposit on the most

stable sites rather than nucleate on new sites, giving rise to a few large deposits.
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Figure 4.19: SEM micrographs, size distribution histograms and tables for silver particles deposited on GC by
(a) the single pulse method using an applied potential of -0.50 V vs Ag/Ag* for 50 s, (b) double pulse method
E1=-0.50 V vs Ag/Ag*, ti=1s, E2=-0.06 V vs Ag/Ag* and t2 =50 s.
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Figure 4.20: SEM micrographs, size distribution histograms and tables for silver particles deposited on GC by
the single pulse method. (a) -0.50 V (b) -0.75 V and (c) -1.00 V vs Ag/Ag* for 50 s.
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6um

Figure 4.21: SEM image for silver particles deposited on GC by the single pulse method using an applied
potential of -0.25 V vs Ag/Ag* for 50 s.
The electrochemical detection of nitrates at these silver particles was studied in a
solution of 5.0 x 10-3 mol dm-3 KNO3 and 0.1 mol dm-3 LiClO4 and compared with
the data obtained using the double pulse method. Figure 4.22 shows the response
of the silver-modified GC electrode generated by various single pulses and also an
electrode generated by a double pulse for comparison to a nitrate containing
solution. It is clear that the voltammograms are similar for the single and double
pulse deposition at -0.50 V vs Ag/Ag*. There is little difference in the peak currents
and the peak potentials, suggesting that the morphology of the silver deposited on
the surface has little influence on the catalytic ability of silver to reduce nitrate.
However, the flower-like deposits obtained at -0.25 V vs Ag/Ag* give a very low
peak current, at approximately 68 pA, and this is probably connected to the low

number of deposits.
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The corresponding stripping voltammograms, presented in Figure 4.23, although
not an accurate measure of the amount of silver deposited on the surface, do give
an indication of the quantity of silver. The stripping peaks are similar for the single
and double pulse methods at -0.50 V vs Ag/Ag*, however, the quantity of silver
deposited is much lower at -0.25 V vs Ag/Ag*, which is reflected in the lower
nitrate reduction current, Figure 4.22. The stripping peak is also slightly lower for
the silver deposited at -1.00 V vs Ag/Ag*, which may be as a consequence of
competitive reactions occurring at the surface at this high overpotential (water

reduction reaction).
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Figure 4.22: Cyclic voltammograms at a scan rate 50 mVs in a solution of 5.0 x 10-* mol dm™ KNOs and
0.1 mol dm3 LiClO4 at a GC electrode with silver particles deposited by the — double pulse method E:x
at -0.50 V vs Ag/Ag* , tiat 1s, E> at -0.06 V vs Ag/Ag* and t2 at 50 s, — single pulse at -0.25 V vs Ag/Ag* for
50 s, — single pulse at -0.50 V vs Ag/Ag* for 50 s, — single pulse at -0.75 V vs Ag/Ag* for 50 s and — -1.00 V vs
Ag/Ag* for 50 s.
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Figure 4.23: Stripping voltammogram at a scan rate 50 mVs in a solution of 0.1 mol dm= LiClO4 at a GC
electrode with silver particles deposited by — single pulse -0.25 V for 50 s, — single pulse -0.50 V 50 s, —
single pulse -0.75 V 50 s and — -1.00 V for 50 s.

Because of the more homogenous deposition of silver particles, in conjunction with
a higher nitrate reduction current, much of the rest of this chapter will investigate
the nitrate reduction reaction at a GC electrode modified with silver using a single
pulse of -0.50 V vs Ag/Ag* of 50 s. However, modelling of the nanoparticle growth
is first examined. The current transients recorded during deposition were
examined to determine if any insight into the mechanism of silver deposition on
the GC surface could be obtained. The current transients were analysed by fitting

the data to the commonly employed Scharifker and Hills models.
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4.3.2 Modelling of Nanoparticle Growth

It is well known that the shape of the current transients during the first few
seconds can give an insight into the mechanism by which a metal is deposited. The
study of the nucleation and growth of electrodeposits has been extensively studied,
both experimentally and theoretically, by many groups (219-23). A commonly
referred to model for the potentiostatic current-time transient with diffusion
controlled growth of two and three dimensional nucleation is the Scharifker and
Hills model (23), The model outlines two scenarios that were described earlier in
Section 4.3.1.1, one for instantaneous nucleation, where all nuclei are formed
during the initial electrodeposition pulse at the same time, and the other for
progressive nucleation, where new nuclei sites are formed throughout the entire
period of growth. Proceeding nucleation is a growth phase, and this can occur by
two different mechanisms. Two-dimensional (2D) growth proceeds via adatoms
attaching to the edge of existing nuclei and eventually coalescing to form a
complete layer on the electrode. Nucleation can then occur on this first layer,
where the process can be repeated indefinitely. Three-dimensional (3D) growth
occurs when adatoms attach to nuclei at any point, resulting in upward and lateral

growth at similar rates.
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Combining these processes of instantaneous and progressive nucleation and 2D
and 3D growth yield the following four equations which describe the early stages

of deposition and growth.

Progressive nucleation and 2D growth (PN2D)

I ( t )2 { 2<t3 - tmax3>} 4.1
Imax tmax 3 tmax3

Instantaneous nucleation and 2D growth (IN2D)

I ( t ) { 1<1:2 — tmax2>} 4.2
Imax tmax 2 tmaxz

Progressive nucleation and 3D growth (PN3D)

( I )2 1.2254{1 [ 23367< t >T}2 4.3
= —exp |—2.
Imax ( t ) tmax

max

Instantaneous nucleation and 3D growth (IN3D)

( I )2 1.9542{1 [ 12564( t >T}2 4.4
= —exp|—1. —
Imax ( t ) tmax

max

In Figure 4.24, the current-time transients for the single pulse deposition during
the early stages of growth are presented, and exhibit the typical shape for a
nucleation process with 3D growth of nuclei under diffusion control. It should be

noted that the reduction current is presented as a positive current in this figure.
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Figure 4.24: Current transients for silver deposition on a GC electrode from a solution of 1.0 x 10-® mol dm3

AgCIOs in 0.1 mol dm3 LiClO4 at various applied potentials.
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Figure 4.25: Current transients for silver deposition on a GC electrode from a solution of 1.0 x 10 mol dm3
AgClO4in 0.1 mol dm2 LiClO4 at -0.25 V vs Ag/Ag*.
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Initially, there is a decreasing current corresponding to the charging of the double
layer. This is followed by a rising current as the energy barrier to nucleation is
overcome; nuclei expand which provide additional sites for further reduction of
silver to occur and therefore more current to flow. Up to this point, the process is
kinetically controlled. A maximum current, Imax, is reached at time, tmax, when the
diffusion zones around the nuclei begin to overlap. The process now comes under
diffusion control and nucleation exclusion zones develop around the nuclei. This is
seen experimentally as a drop in the current. The shape of the current-time
transients is similar for each of the applied potentials, except at -0.25 V vs Ag/Ag*
where the current decays to low values during the first few seconds. However, the
magnitude of the Imax and the time, tmax, at which it occurs are altered with a shift to
longer tmax and lower Imax as the potential is lowered. This is in agreement with
previous studies (23). In Figure 4.25, the current-time transient recorded at -0.25 V
vs Ag/Ag* is shown over a longer period, and the current maxima is now reached
at much later times (2.178 s) compared to the other potentials (23). The current at
Imax is also considerably lower. This is consistent with the morphology of the
particles deposited at this potential, Figure 4.21, which are very different to the

particles deposited at the other potentials.

A comparison between the experimental data and a theoretical plot derived from
the appropriate equations, Equations 4.1 to 4.4, is shown in Figures 4.26, 4.27 and
4.28 for the applied potentials of -0.75, -0.50 and -0.25 V vs Ag|Ag*, respectively.
The data are presented as non-dimensional plots of (I/Imax) or (I/Imax)? for 2D and
3D growth, respectively, as a function of t/tmax. It is clear from the plots that the
experimental data resembles the modelled PN3D model. However, the trend is
towards instantaneous nucleation up to t/tmax of 1 as the potential is increased to
higher reduction potentials. This is unsurprising as a greater number of sites are
generated when the energy barrier to nucleation is overcome by higher
overpotentials (8). However, progressive nucleation is not the ideal behaviour as it

can lead to increased polydispersity.
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Figure 4.26: Dimensionless theoretical and experimental plots for silver deposited at -0.75 V vs Ag/Ag* for

(a) 2-D and (b) 3-D instantaneous and progressive nucleation.
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Figure 4.27: Dimensionless theoretical and experimental plots for silver deposited at -0.5 V vs Ag/Ag* for
(a) 2-D and (b) 3-D instantaneous and progressive nucleation.
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Figure 4.28: Dimensionless theoretical and experimental plots for silver deposited at -0.25 V vs Ag/Ag* for

(a) 2-D and (b) 3-D instantaneous and progressive nucleation.
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Because of the more homogenous deposition of silver in conjunction with a strong
nitrate reduction current, particles grown using a single deposition pulse of -0.50 V
vs Ag/Ag* were the focus of the rest of this chapter in terms of maximising the
nitrate current and determination of the associated kinetic terms. Figure 4.29
examines the nitrate current and how it is affected when the length of the -0.50 V
vs Ag/Ag* pulse is varied. The peak current obtained for the 25 s pulse period is
considerably lower and this may be connected to the amount of silver deposited.
The highest peak currents are obtained for pulse periods of 50 s and 75 s and
extending the duration of the pulse to 75 s, does little to enhance the signal. It
appears that a single pulse of 50 s at a potential of -0.50 V leads to the optimal
nitrate signal. As with most sensors, it is preferential to express the signal as a
current density. This makes comparisons to other sensors more sensible and
reveals a truer understanding of the sensors catalytic ability. To achieve this, the

surface area must be known.
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Figure 4.29: Cyclic voltammograms at a scan rate 50 mV st in a solution of 5.0 x 10 mol dm-3 KNO3z and
0.1 mol dm LiClO4 at a GC electrode with silver particles deposited by the single pulse method
of -0.50 V vs Ag/Ag* for — 25s,—50s, — 75sand — 100 s.
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While SEM is important in order to show the morphology of the deposit it does not
allow for an accurate way to determine the surface area. There is some evidence,
particularly in Figure 4.29, that the amount of silver on the electrode is not directly
proportional to the magnitude of the nitrate signal. For example, a 75 s or 100 s
period of deposition at -0.50 V vs Ag/Ag* does not give rise to an increase in the
nitrate reduction current compared to a period of 50 s, Figure 4.29. It was thought
that increased deposition time would lead to higher surface area and hence more
sites for nitrate adsorption and subsequent reduction to occur. To understand why
this appeared not to be the case, more accurate data on the actual surface area
obtained at different deposition times were required. In this next section, some
electrochemical means of determining the surface area and how it can be related to

the nitrate signal are presented and discussed.
4.3.3 Size and Surface Area of the Electrodeposited Nanoparticles

4.3.3.1 Introduction

When studying electrochemical processes at an electrode, knowledge of the real
surface area of the electrode is vital as many reaction rates and important
relationships studied in electrochemistry, such as the Levich and Randles-Sevcik
relationships, are defined per unit area of the interface (24). Comparisons between
experimental data for different materials and/or from different laboratories are
essentially meaningless without normalisation to unit real surface area. Geometric
surface area, except at liquid electrodes, often grossly underestimates the actual
surface area by not accounting for microscopic surface roughness. The roughness
factor, i.e. the ratio between the real and geometric area of the electrode, is far
more accurate for evaluating basic parameters such as the current density. Yet
there are plenty of examples across the literature with regard to sensors where
geometric area is used to normalize current and this can lead to inconsistency
when comparing the sensitivities of materials (25-27), In particular, the large surface
area of nanoparticles is often quoted as one of the major advantages of these
materials so accurate quantification of the real surface area is important to assess
if their size contributes to their catalytic behaviour. Accurate knowledge of the real

surface area allows comparisons to be made between electrodeposited particles
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and bulk electrodes of the same material. A comprehensive discussion on real area
determination is given by Trasatti and Petrii (28). They scrutinised various in-situ
and ex-situ methods and approaches used to determine real surface area and the
suitability to the specific experimental situation. Cyclic voltammetry featured in a
number of different ways in the review and two of them were utilized in this

report to elucidate the real surface area.

Firstly, the charge involved in the reduction of surface oxides generated during
consecutive potential cycling can be used to determine surface areas. The sweep
begins at the same potential but the anodic inversion potential is incrementally
increased. A plot of the inversion potential and reduction charge of the oxide
results in multiple linear regions associated with different numbers of electrons
transferred. The first linear region is attributed to the reduction of the first metal
hydroxide monolayer. The inversion potential at which this region losses linearity
and the charge increases exponentially corresponds to metal dissolution. The
charge associated with this inversion potential can be related to the electroactive

surface area (29.30),

The other method utilized in this report also involved cyclic voltammetry. It is an
extremely useful and convenient technique to determine the active surface of the
electrode. The underpotential deposition (UPD) of lead is one of the most studied
methods to determine the surface area of silver. The process is well known to be
highly sensitive to the surface structure of the electrode. In general, the Pb UPD
stripping peak is not observed at a bare GC electrode (83132), which makes the
technique ideal for selectively determining the area of the deposited silver. Indeed,
this was observed in the present study, where there was no evidence of UPD Pb

stripping currents on a bare GC electrode.

The phenomenon of UPD refers to the deposition of a monolayer or sub-monolayer
of metal on a foreign substrate at potentials more positive than that predicted by
the Nernst equation for bulk deposition (33-35). This occurs because the depositing
atoms have a higher affinity for the substrate than they do for each other. Using the
ratio of the charge associated with the anodic dissolution of a monolayer of the

foreign metal atoms and a literature known charge density for a monolayer of
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deposition of that metal, allows the surface area to be evaluated, as shown in

Equation 4.5 (36),

_ Qupa — Qi 4.5
dm

A

In this equation, Qups corresponds to the charge of the UPD stripping peak, Qu is the
charge of the double layer capacitance and gm is the charge of a complete
monolayer of metal. Streltsov and co-workers estimated that the theoretical charge
associated with a monolayer of Pb is 302 uC cm2 (7). This is assuming that the
surface atomic density of closely packed Pb atoms, of 0.175 nm in radius, is
9.4x 10 cm? and two electrons are needed to discharge a Pb atom. This,
however, is lower than that observed experimentally, which is typically 380 * 40
uC cm2. To arrive at this charge density Streltsov used AFM and computer analysis
to determine the roughness factor. Across the literature, many groups arrived at
similar values (37-43). In general, the comparison is made with the charge associated
with a monolayer of the adatoms on a substrate whose surface area can be
calculated by another means, such as the reduction of surface oxides of gold or by

comparison to a homogeneous, atomically flat single-crystal electrode(3).

The discrepancy between the theoretical and estimated experimental observations
can be explained. Staitkov and co-workers have shown that the interaction
between Pb and substrates, such as Ag and Au, results in the formation of a
compressed 2D hexagonal close packed (hcp) Pb monolayer (4445, The charge
density corresponding to this highly compressed layer exceeds that of an
uncompressed layer. Additionally, the ionic radius may be more appropriate to use
since the nature of the bond with silver is essentially ionic/covalent. Also, the sizes
of silver and Pb atoms are different, therefore, a commensurate layer of Pb on
silver cannot be formed®®). This technique suffers from other limitations, in
particular corrections for background charging are arbitrary and it can be difficult
to identify the end points of the UPD oxidation peak leading to further error. In this
work, every attempt was made to be consistent in choosing the potential limits of
the oxidation wave. A monolayer can be formed using constant potential

amperometry or cyclic voltammetry (3942), There is only one set of UPD peaks for
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Pb on silver, compared to two sets observed on gold. They are also considerably
sharper and more defined (47). The characteristic shape of the CV is strongly
dependent on the composition of the solution, with the presence of halides giving

rise to sharp and well defined peaks(46),

Preparing a monolayer or sub-monolayers of Pb on an electrode can be achieved in
a number of different ways. Hupp and co-workers used a rotating silver disc
electrode held at a constant potential rotating at 600 RPM and immersed in a
solution containing uM concentrations of Pb*2 (48), The electrode potential was set
so that it was negative with respect to the UPD peak but positive with respect to
bulk deposition. The time required to reach a full monolayer was reached when
longer deposition times no longer increased the size of the UPD anodic stripping
peak. Hupp and co-workers, by controlling deposition times, used this technique to
deposit percentages of monolayer to see how underpotentially deposited Pb
affected the capacitance at the interface. When only full monolayers are required,
as is the case in this study, cyclic voltammetry in a mM Pb+2 solution is sufficient to
reach full coverage (93842), The procedure to form a monolayer is outlined in

Chapter 2, Section 2.4.2.2.

For metals that show a well-defined double layer potential region where no
faradaic process occurs in a CV, the pseudo-capacitance from the slope of a plot of
the change in capacitance current as a function of scan rate, Equation 4.6, can be

used to determine the real surface area (49).

Ai
- 4.6
AE/t

The real surface area (4s) can be ascertained by comparison of C to a known value
of the capacity per unit area (Cs), determined from an independent experiment
using an electrode with a defined surface area (e.g., 16 uF cm2 for mercury 69 and

25 puF cm2 for silver (51)), Equation 4.7.

A = C/Cq 4.7
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4.3.3.2 Pb Underpotential Deposition on a Bulk Silver Electrode

As described in the Introduction, UPD refers to the process where a monolayer is
formed on a foreign metal substrate at potentials more positive than the Nernst
equilibrium potential. UPD is one of the most used methods to determine the
surface area of silver and the following sections utilise the technique to determine
the real surface area of the deposited particles and of a bulk silver electrode so that

accurate comparisons can be made between the systems.

The response of a bulk silver electrode, when cycled in a solution containing
lead(II) chloride, is shown in Figure 4.30. Two sets of redox peaks are observed.
The first set of peaks corresponds to the UPD of Pb at silver. The peak potentials
for the reduction and oxidation are approximately -0.41 V and -0.39 V vs SCE,
respectively, and this corresponds to a reversible process. Scanning further in the
negative direction reveals another set of peaks corresponding to bulk or
multilayered deposition of Pb at -0.53 V and -0.48 V vs SCE for reduction and
oxidation, respectively. Although the overall charge for stripping of the UPD
monolayer is similar if the electrode is scanned into the region of bulk deposition
for the first cycle, successive cycling presents challenges as the larger redox peaks
for the multilayers of Pb shift the UPD stripping peak. This makes it more difficult
to identify the potential limits under which to measure the charge and subtract the
background currents. Surface roughening of the electrode also occurs when the
electrode is cycled into the bulk Pb redox window. For this reason, all Pb UPD
experiments were carried out in a potential window where bulk deposition was

avoided.
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Figure 4.30: Cyclic voltammograms recorded at 20 mV s at a silver electrode in 1.0 x 10-® mol dm PbCl. and
0.1 mol dm HCI between -0.20 V and -0.80 V vs SCE -0.20 V — and -0.50 V vs SCE —.

4.3.3.2.1 Surface Roughening

One of the limitations of this technique is its destructive nature. Depositing Pb
atoms and subsequently stripping them may cause surface reconstruction of silver
atoms 3052), The voltammograms of multiple cycling of a bulk silver electrode in a
Pb solution are shown in Figure 4.31 and Figure 4.32. In Figure 4.31, the negative
sweep is reversed at -0.50 V vs SCE before bulk Pb deposition occurs, whereas in
Figure 4.32 the potential is scanned into the bulk region to -0.80 V vs SCE. Figure
4.33 illustrates how scanning into the bulk deposition region has affected the
anodic stripping charge of the UPD peak. After 10 cycles, up to -0.80 V vs SCE, the
surface has roughened by 15%, as the charge has become larger, while cycling
to -0.50 V vs SCE, as shown in Figure 4.31, very little change in the charge over
cycle number is observed with less than 6% variation from the initial cycle. This
indicates that little surface roughening occurs if the bulk deposition region is

avoided.
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Figure 4.31: Cyclic voltammograms at a bulk silver electrode from -0.20 V to -0.50 VV vs SCE in
10.0 x 103 mol dm PbClzand 0.1 mol dm HCI. Cycle 1 to 10 at a scan rate of 20 mV s
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Figure 4.32: Cyclic voltammograms at a bulk silver electrode from -0.20 Vt0-0.80 V vs SCE in
10.0 x 10° mol dm- PbClzand 0.1 mol dm™ HCI. Cycle 1 to 10 at a scan rate of 20 mV s™. Inset: Close-up of Pb
UPD peaks.
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Figure 4.33: Anodic stripping charge % change from cycles 1 to 10 for two different potential windows
corresponding to CVs in Figure 4.31 and 4.32.

Another feature of the profile of the CV is the presence of a side peak at -0.38 V vs
SCE, as indicated by the arrow in Figure 4.34. It can be seen more clearly when the
sweep rate is slow. The cycle shown in Figure 4.34 was recorded at 10 mV s-1. It
occurs at the same potential as the anodic stripping, at -0.38 V vs SCE, and,
therefore, is indicative of an absorption process. If not, then it certainly points to
two processes taking place simultaneously. Jovic and Jovic found a similar cathodic

side peak during the UPD of Cd on Cu (33).
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Figure 4.34: Cyclic voltammograms at a bulk silver electrode in 10.0 x 10-* mol dm PbCl2and 0.1 mol dm-3
HCI. Scan rate set at 10 mV s,

4.3.3.2.2 Effect of Pb Concentration

In order to confirm complete monolayer coverage the bulk silver electrode was
cycled in two solutions containing different concentration of Pb+*2. Figure 4.35
shows the voltammograms recorded in 1.0 x 10-3 mol dm-3 and 10.0 x 10-3 mol
dm-3 PbClz in aqueous 0.1 mol dm-3 HCl solution at a bulk silver electrode. The
charge associated with the UPD anodic stripping peak for 1.0 and 10.0 x 10-3 mol
dm-3 Pb*Z solution is closely matched with values of 2.22 x 10-> and 2.16 x 10-> C,
respectively. This shows that potential scans in Pb*2 concentration above 1.0 x 10-3
mol dm-3 are sufficient to form a full monolayer. Indeed, Bonfil and co-workers
found that cycling in a 0.5 x 10-3 mol dm3 Pb*2 solution produced close to full
monolayer coverage (7). However, all further experiments were carried out using

10.0 x 10-3 mol dm=3 PbClzin 0.1 mol dm-3 HCI.
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Figure 4.35: Cyclic voltammograms at a bulk silver electrode in — 1.0 x 10 mol dm= and —
10.0 x 10° mol dm3 PbCl with 0.1 mol dm HCI as background electrolyte. Scan rate of 20 mV s

It is evident from Figure 4.35 that there is a shift to more positive peak potentials
with increasing Pb+*2 concentration for both the anodic and cathodic peaks which is
consistent with Nernstian behaviour . This was also found to be the case in a study
by Ragoisha and co-workers. (40). The shift is 17 mV/decade for the anodic peak
and 9 mV/decade for the cathodic peak. The height and charge associated with the
oxidation and reduction waves are also not equal. There is little discussion on this
in the literature. Osipovich and Poznyak observed a greater charge passed on the
cathodic deposition scan for Cd on a Te electrode compared to the subsequent
anodic stripping scan. This was explained by the fact that only Cd atoms on the
CdTe surface are dissolved, while deeper ones are not oxidized in the potential
region under investigation (>4). Chloride absorption could also be playing a role.
Jovic and co-workers discussed how chloride adatoms on silver are not desorbed
when Cd is underpotentially deposited, but rather are replaced by Cd atoms and
displaced on top of the layer of Cd (5. This chloride displacement contributes an
additional cathodic charge of 74 to 149 uC cm2. This same process may be

occurring between Pb and silver, as evident in Figure 4.35.
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4.3.3.2.3 Effect of Potential Window

To ensure that a full monolayer of Pb was deposited within the potential window
of the cyclic voltammogram, the reduction limit was varied while the oxidation
limit was fixed. Typical CV’s are shown in Figure 4.36, where the potential was
cycled to -0.47 V, -0.48 V, -0.49 V, -0.50 V and -0.51 V vs SCE. As can be seen from
the CV’s, there is very little difference in the cycles as the window is extended in
the negative direction. However, interference from the current related to the
anodic stripping of bulk deposited Pb makes it difficult to identify the potential
limits with which to measure the charge related to the UPD stripping current. For
this reason, the chosen reduction limit was set at -0.49 V vs SCE, the maximum
potential beyond which bulk deposition occurred. In this way, sufficient time was
given to allow full surface coverage of a monolayer of Pb to be deposited but
avoided the deposition of subsequent layers. Bonfil and co-workers also scanned a
silver electrode in a Pb*2 containing solution to different negative potential limits

and observed similar results (47,
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Figure 4.36: Cyclic voltammograms at a bulk silver electrode in 10.0 x 10-* mol dm- PbCl>and 0.1 mol dm-?
HCI. Negative potential limit varied from -0.47 V, 0.48 V, -0.49 V, -0.50 V and -0.51 V vs SCE. Positive
potential limit was constant at -0.20 V vs SCE in all cases. Scan rate of 50 mV s™.
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4.3.3.2.4 Effect of Scan Rate on Stripping Charge

Using the optimum potential window identified in Section 4.3.3.2.3 a number of
different scan rates were investigated. The scan rate was varied from 10 to
100 mV s1 and the corresponding CV’s are shown in Figure 4.37. The charge
associated with the anodic stripping peak at each scan rate is presented in
Table 4.1. The consistency observed for the anodic charge with respect to scan rate
is an indication that indeed the monolayer is complete (39). The anodic charge
remains essentially constant at 20.5 pC. Also, the peak potential does not change
with scan rate and occurs at -0.38 V vs SCE. A plot of the logarithm of the scan rate
as a function of the logarithm of the peak current is shown in Figure 4.38. The plot
is linear with a slope of 0.95, up to 100 mV s-1, indicating an adsorption-controlled

process.
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Figure 4.37: Cyclic voltammograms at a bulk silver electrode in 10.0 x 10-* mol dm- PbCl>and 0.1 mol dm-?
HCI. Scan rate set at 10, 15, 20, 35, 50, 75 and 100 mV s
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Table 4.1: Anodic stripping charge associated with a monolayer of Pb on a bulk silver electrode

at various scan rates.

Scan Rate / mV s-1 Stripping Charge / pC
10 20.49
15 20.66
20 20.50
35 20.69
50 20.74
75 20.40
100 20.63

4.4 y = 0.9452x - 3.3935
R? =0.9968
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Figure 4.38: Plot of the logarithm of anodic stripping charge against the logarithm of scan rate at a bulk silver
electrode in 10.0 x 10-® mol dm™ PbClz2and 0.1 mol dm3 HCI. Voltammograms cycled from -0.20 V to -0.49 V
vs SCE.
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4.3.3.2.5 Real Surface Area as Determined by Pb UPD of Bulk Silver Electrode

Once the optimum conditions for Pb UPD were established, namely by cycling a
silver electrode, 0.2 cm in diameter, between -0.20 and -0.49 V vs SCE at a scan
rate of 20 mV s-1in a solution of 10.0 x 10-3 mol dm-3 PbClz and 0.1 mol dm-3 HCl, an
average value for the anodic stripping charge was obtained by repeating the
experiment to give an average value with n = 6. The average value for the charge,
after background subtraction, was found to be 20.65 puC with a standard error of
+ 2%. To transform this value into an expression of real surface area, Equation 4.5,
as described in Section 4.3.3.1, was utilized. In this equation, Qupq is the total charge
under the UPD anodic stripping peak, Qa is the charge contributed by the
background double layer capacitance current and gm is the charge for a complete
monolayer of Pb as taken from various literature sources. This estimated value of
the anodic charge spent on the oxidation of a monolayer of Pb adatoms is typically
380 + 40 uC cm-2 (37-43), Applying Equation 4.5, the real surface area for a 2 mm
bulk silver electrode becomes 0.0543 cm?. Expressing this value as a fraction of the
geometric surface area (0.0314 cm?), yields a value of 1.73 for the roughness

factor. This highlights how inaccurate geometric surface area can be.

4.3.3.3 Pb Underpotential Deposition on a Silver-Modified Glassy Carbon
Electrode

The same principle of Pb UPD at a bulk silver electrode, as mentioned above, was
then applied to the silver particles on the GC electrode. This technique is often
used in the literature to determine the surface coverage of metallic particles on GC
and specifically silver on GC (389314256-58) While bulk deposition of Pb occurs at
GC, the UPD of Pb does not occur, making this an attractive method to determine

the surface area of silver particles on the GC substrates (3:831),
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4.3.3.3.1 Comparison of Pb UPD at Bare Glassy Carbon Electrode and Silver-Modified
Glassy Carbon Electrode

The electrochemical response of a 4 mm GC electrode to a 0.1 mol dm-3 HCI
solution, with and without 10.0 x 10-3 mol dm-3 PbClz, is shown in Figure 4.39.
While a reduction peak is apparent at -0.41 V vs SCE, no anodic stripping peak is
observed. During the reverse cycle, the currents are similar in the presence and
absence of the PbClz indicating no evidence for the anodic stripping of Pb.
However, the voltammogram is very different when silver particles are deposited
on the GC electrode as depicted in Figure 4.40. In this figure voltammograms
recorded for the GC and silver-modified GC electrode are presented. The reduction
peak is shifted positively and is much larger for the silver-modified GC electrode,
but more significantly, an anodic stripping current is now present. Again, the
anodic peak is centred at -0.38 V vs SCE, which is similar to that obtained with the
bulk silver electrode. The charge under this anodic peak can be used, in

conjunction with Equation 4.5, to determine a value for the surface area.
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Figure 4.39: Cyclic voltammograms at a bare GC electrode in 0.1 mol dm™= HCl — with and — without
10.0 x 10" mol dm PbCl,. Scan rate 20 mV s™%.
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Figure 4.40: Cyclic voltammograms at a bare GC electrode in 0.1 mol dm HCl — with and — without
10.0 x 10° mol dm® PbCl, and — GC electrode with silver particles deposited at -0.50 V for 50 s. Scan rate of
20mv st

4.3.3.3.2 Comparison of Pb UPD at a Bulk Silver and a Silver-Modified Glassy Carbon
Electrode

The profile of Pb UPD at both a bulk silver electrode and a silver-modified
electrode are displayed in Figure 4.41. The reduction waves at both electrodes are
very similar in profile although the magnitudes differ. However, the major
differences can be seen in the oxidation wave. While the peak potentials are similar
at -0.38 V vs SCE, the shape of the peaks are very different. The peak for the bulk
silver electrode is much broader than the distinctly narrow Pb UPD anodic peak at
the silver-modified electrode. This narrower Pb UPD anodic peak observed at the
silver-modified GC electrode is indicative of surface sites on the silver of similar
energy. The bulk electrode has many different sites where the Pb atom can bind

with a different energy and so can be removed at different potentials.
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Figure 4.41: Cyclic voltammograms at — silver-modified GC electrode (particles deposited at -0.50 V vs
Ag/Ag* for 50 s) and — a bulk silver electrode from -0.20 to -0.50 V in 10.0 x 10-* mol dm PbClz and
0.1 mol dm= HCl at a scan rate 20 mV s,

4.3.3.3.3 Surface Roughening

As in section 4.3.3.2.1, the effect of repeated cycling on the amount of charge under
the Pb UPD anodic stripping peak was examined. As detailed earlier, the silver-
modified GC electrode was cycled between -0.20 and -0.50 V vs SCE in 0.1 mol dm-3
HCI with 10.0 x 10-3 mol dm?3 PbClz. Representative cycles are shown in Figure 4.42
and it is evident that the voltammograms are similar for cycles 1 to 10. The
percentage change in the stripping charge was computed and this is shown plotted
as a function of the cycle number in Figure 4.43. While the surface of a bulk silver
electrode becomes slightly rougher with cycling, as suggested by the increasing
charge with cycle number, Figure 4.33, the charge at the silver-modified GC
electrode becomes slightly smaller and stabilises from cycle 7, at around 3.5% as
shown in Figure 4.43. This indicates that small amounts of loosely bound particles
are removed during the repetitive cycling. This decrease, however, is small and

within experimental error and does not detract from the validity of this technique.
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Figure 4.42: Cyclic voltammograms at silver-modified GC electrode (particles deposited at -0.50 V vs Ag/Ag*
for 50 s) from -0.20 V to -0.50 V in 10.0 x 10 mol dm PbClzand 0.1 mol dm HCI. Cycle 1 to 10 recorded at
a scan rate of 20 mv s,
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Figure 4.43: Anodic stripping charge % change from cycles 1 to 10, cycled at a scan rate of 20 mV s in
10.0 x 10 mol dm PbClzand 0.1 mol dm HCI for a silver-modified GC electrode (particles deposited
at -0.50 V vs Ag/Ag* for 50 s).
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4.3.3.3.4 Effect of Potential Window on UPD of Pb on a Silver-Modified Glassy Carbon
Electrode

The effect of the potential window on the measured charge under the anodic
stripping peak at a silver particle modified GC electrode was determined in the
same manner as the bulk silver electrode, Section 4.3.3.2.3. The oxidation potential
limit was fixed at -0.20 V vs SCE and the reduction potential limit was varied
from -0.47 V to -0.51 V vs SCE. The resulting voltammograms and charge plot are
presented in Figures 4.44 and 4.45, respectively. As with the bulk silver electrode,
there is very little difference between the magnitudes of the peak currents with
different reduction potential limits. However, the charges decrease as the potential
limit is lowered to -0.50 V vs SCE, Figure 4.45. This difference in charge is mainly
due to the difficulty in accurately subtracting the background currents caused by
the bulk Pb stripping current as the potential limit becomes more negative. There
is a more significant decrease in the total charge of the UPD stripping peak
compared to the bulk electrode when scanned into the bulk deposition region as
illustrated in Figure 4.45. This may be due to the destructive nature of stripping
layers of Pb from the silver particles which may remove some of the silver, as

mentioned in Section 4.3.3.2.1.
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Figure 4.44: Cyclic voltammograms at a silver-modified GC electrode (silver deposited at -0.50 V vs Ag/Ag*
for 50 s) in 10.0 x 10- mol dm PbCl.and 0.1 mol dm- HCI. Negative potential limit varied
from -0.47, -0.48, -0.49, -0.50 and -0.51 V vs SCE. Positive potential limit was constant at -0.20 VV vs SCE in all
cases. Scan rate of 50 mV s,
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Figure 4.45: Effect of negative potential limit on the integrated charge of the UPD anodic stripping charge
corresponding to the CVs in Figure 4.44.
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4.3.3.3.5 Effect of Scan Rate on the UPD of Pb on Silver-Modified Glassy Carbon
Electrode

As with the bulk silver electrode in Section 4.3.3.2.4, the effect of scan rate was
investigated at the silver-modified GC electrode. The scan rate was varied from 10
to 100 mV s'1 and the resulting voltammograms are shown in Figure 4.46. The
charge associated with the anodic stripping of a monolayer of Pb on the GC
electrode modified with silver particles that were deposited at -0.50 V vs Ag/Ag*
for 50 s at various scan rates are outlined in Table 4.2. The charge remains
relatively constant and independent of the scan rate, at 26 pC. Again, the
consistency of the charge indicates that a full monolayer was successfully
deposited. Also, the peak potential does not change with the scan rate and remains
constant at -0.38 V vs SCE. A plot of the logarithm of the peak current as a function
of the logarithm of the scan rate is shown in Figure 4.47. A linear plot was obtained
with a R? value of 0.97, indicating good linearity. The slope of the plot was
calculated as 1.04, which is close to 1.0, indicating an adsorption-controlled

process.
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Figure 4.46: Cyclic voltammograms at a silver-modified GC electrode (silver deposited at -0.50 V vs Ag/Ag*
for 50 s) in 10.0 x 10-® mol dm™ PbCl2 and 0.1 mol dm- HCI. Scan rate set at 10, 15, 20, 35, 50, 75 and
100 mV s,
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Table 4.2: Anodic stripping charge associated with a monolayer of Pb on silver-modified GC

electrode (silver deposited at -0.50 V vs Ag/Ag* for 50 s) at various scan rates.

Scan Rate / mV s1 UPD Stripping Charge / puC
20 26.79
50 26.87
75 26.73
100 26.42
150 26.31
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Figure 4.47: Plot of the logarithm of anodic stripping charge as a function of the logarithm of scan rate at a
silver-modified GC electrode (silver deposited at -0.50 V vs Ag/Ag* for 50 s) in 10.0 x 10" mol dm PbCl. and
0.1 mol dm HCI). Voltammograms cycled from -0.20 V to -0.47 V vs SCE.
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4.3.3.3.6 Real Surface Area as Determined by Pb UPD at a Silver-Modified Glassy

Carbon Electrode

The optimum conditions for Pb underpotential deposition were as follows: a
solution of 10.0 x 10-3 mol dm3 PbClz and 0.1 mol dm-3 HCI and cycling the
electrode between -0.20 V and -0.49 V vs SCE at a scan rate of 20 mV s-1. These
conditions were used to obtain the surface area of the silver particles on the GC
electrode. The charges for the various silver particles formed at different
deposition times in the silver-containing solution were measured and used with
Equation 4.5 to generate quantitative surface area values. Again, an average value
for the anodic stripping charge was obtained by repeating the experiments to give
an n value of 6. The silver-modified GC electrodes were prepared by depositing
silver at -0.50 V vs Ag/Ag* for 25, 50, 75 and 100 s and then cycled in the
Pb*2-containing solution. The resulting voltammograms are presented in Figure
4.48. It can be seen at the lowest deposition time of 25 s, that the Pb deposition at
the bare GC dominates the reduction wave. The anodic peak is small, with a charge
that is considerably lower than the reduction peak. The peak current and the
charge of the anodic Pb UPD peak increases as the particles are deposited for
longer times from the silver-containing solution. The highest peak currents are
obtained with a deposition period of 100 s from the silver-containing solution. The
results are tabulated in Table 4.3 and the trend is illustrated more clearly in Figure
4.49, where the calculated surface area is plotted as a function of the deposition
time in the silver-containing solution. There is a near linear increase in the surface
area as the deposition period is increased. The highest surface area of 0.10 cm?
was obtained when the silver was deposited at -0.50 V vs Ag/Ag* for 100 s. Indeed,
the surface area of this silver-modified GC electrode is higher than the bulk silver
electrode, Table 4.3. The surface areas following 75 and 50 s were calculated as
0.0873 and 0.0692 cm?, respectively, which are somewhat higher than the surface

area of the bulk silver electrode.
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As shown in Figures 4.19 and 4.20, a more homogenous deposition of silver is
obtained at -0.50 V vs Ag/Ag* for 50 s. Furthermore, this silver-modified GC
electrode gives rise to the best detection of nitrate, Figure 4.22. Although the
surface area is higher for the 75 and 100 s deposition times, the lower surface area
of 0.0692 cm? with a more homogenous deposition of the silver gives the best

detection of nitrate.
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Figure 4.48: Cyclic voltammograms of a silver-modified GC electrode (silver deposited at -0.50 V vs Ag/Ag™).
Silver deposited for different times, — 25s, —50's, — 75 s and — 100s, in 10.0 x 10 mol dm PbClz and
0.1 mol dm HCI. Scan rate of 20 mV s,

Table 4.3: Anodic stripping charge associated with a monolayer of Pb on a silver-modified GC

electrode (silver deposited at -0.50 V vs Ag/Ag"). Silver deposited for various times.

Deposition time / s UPD Stripping Charge / uC | Surface Area / cm?
25 12.95 0.0341
50 26.28 0.0692
75 33.18 0.0873
100 39.66 0.1044
Bulk 20.65 0.0543

197




Results Chapter 4

0.12 -
0.10 - ¢
E 008 -
(8]
~
o
& 0.06 -
[J]
E y = 0.0009x + 0.0165
5 004 s R? = 0.9655
(7]
0.02
0.00 T T T T T 1
0 20 40 60 80 100 120
Ag deposition time / s

Figure 4.49: Plot of surface area of a silver-modified GC electrode (silver deposited at -0.50 V vs Ag/Ag*) as a
function of silver deposition time.

4.3.3.4 Surface Area by Reduction of Surface Oxides using Cyclic Voltammetry
As was briefly introduced in Section 4.3.3.1, another technique to determine the
real surface area of a metal is to measure the charge associated with the reduction
of the surface oxides which are generated in the forward scan of the metal. The
sweep begins at the same potential but the anodic inversion potential is
incrementally increased. Multiple linear regions are obtained when the inversion
potential and reduction charge are plotted. The first linear region is attributed to
the reduction of the metal hydroxide monolayer. The inversion potential at which
this region losses linearity and the charge increases exponentially corresponds to
metal dissolution. The charge associated with this inversion potential can be
related to the electroactive surface area (29:30), This technique is commonly applied
to gold and gold particles but can also be applied to silver (359, This technique was
used here as a comparison and to corroborate the surface area values determined

by the Pb UPD technique as listed in Table 4.3.
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The CV’s for a bulk silver electrode cycled in 0.1 mol dm-3 LiClO4 to different anodic
inversion potentials is shown in Figure 4.50. The reduction peak at approximately
0.35 V vs SCE corresponds to the reduction of the silver oxides and this peak
becomes larger as the inversion potential is increased. The charge was obtained by
integration of the charge of the cathodic branch by considering a straight line from
-0.10 to 0.10 V as the baseline for the reduction of the silver oxides at the bulk
silver electrode. These charges were plotted as a function of inversion potential
and these data are presented in Figure 4.51. The two linear regions can be seen
clearly and the inversion potential at which the first region losses its linearity is
approximately 375 mV. The reduction charge associated with this inversion
potential is 1.14 x 10-> C. According to Tang and Furtak (69, a complete monolayer
of either AgOH or Ag20 consumes approximately 2.10 C m2. Therefore, the real
surface area of this 2 mm silver electrode is 0.0542 cm?, which agrees extremely
well with the surface area calculated by the UPD of Pb for the same electrode

(0.0543 cm?, Table 4.3).

Figure 4.52 shows the CV’s for the reduction of silver oxides formed at different
anodic inversion potentials for silver particles deposited on a GC electrode at -0.50
V vs Ag/Ag* for 50 s. Again, the silver oxide reduction peak is evident, but at a
slightly lower potential of 0.28 V vs SCE. As the window is extended, the oxide peak
initially increases until a maximum peak current is obtained. However, beyond this
point the current decreases as the silver begins to dissolve and diffuse away from
the surface and into the bulk solution. Again, two linear regions are evident, as
shown in Figure 4.53. The point of inflection, which represents the formation of a
complete monolayer, occurs at approximately 340 mV and with a reduction charge
of 1.53 x 10-> C, yielding a calculated real surface area of 0.0729 cm?2. This value is
quite close to the calculated surface area as determined by Pb UPD (0.0692 cm?,
Table 4.3).
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Figure 4.50: Cyclic voltammograms for a polished bulk silver electrode cycled in a solution of 0.1 mol dm-?
LiClOg4 at a scan rate of 50 mV s™ to different anodic inversion potentials.
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Figure 4.51: Reduction charge of the silver oxides formed in the anodic scan as a function of inversion

potential from the CV in Figure 4.50.

200



Results Chapter 4

0.00030

0.00025 -

0.00020

0.00015

0.00010

Current/ A

0.00005

-0.00005

-0.00010
Potential / V vs SCE
Figure 4.52: Cyclic voltammograms for a silver-modified GC electrode (silver deposited at -0.50 V vs Ag/Ag*

for 50 s), cycled in a solution of 0.1 mol dm LiClOs at a scan rate of 50 mV s to different anodic inversion
potentials.
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Figure 4.53: Reduction charge of the silver oxides formed in the anodic scan as a function of inversion
potential from the CV in Figure 4.52.
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4.3.3.5 Size of the Electrodeposited Nanoparticles as Determined by SEM and

Image]

The sizes of the electrodeposited nanoparticles were measured using the image
analysis tool, Image], as described in Chapter 2, Section 2.3.7. The histograms
generated using Image] give information on the size distribution of the silver
deposits but also generate data on the percentage area covered with silver. In
order to check the accuracy of the Image] data and indeed how it compares to the
other methods outlined above to determine the surface area, the average
percentage area, as given by Image], for six random sites on a silver-modified GC
electrode were analysed. The particles were deposited by applying -0.50 V vs
Ag/Ag* for 50 s. Data are presented in Table 4.4, where the count, total area of the
image, total area occupied by the particles, average area of a particle and
percentage area occupied, are shown for the six random sites selected. The average
percentage area was calculated as 18.49 * 1.61%. The SEM images and hence
Image] view only the topography of the particles, and therefore the particles are
viewed as 2D circles rather than being hemispherical in shape. It is reasonable to
assume that the surface area is given as 2mr? rather than mr?, giving a percentage
area coverage of 36.98 + 3.22%. The GC electrode used for these experiments was
5 mm in diameter and therefore has a geometric surface area of 0.1963 cm?2.
Therefore, an average percentage area of 18.49 + 1.61% yields the silver particle
coverage of 0.0725 + 0.006 cm2. This compares very well with the surface area
measurements generated by Pb UPD, which was 0.0692 cm?, and the reduction of

surface oxide which gave an area of 0.0729 cm?.

Based on all the data collected to ascertain the surface area, values of 0.0543 cm?
and 0.0692 cm? for the bulk silver electrode and the silver-modified GC electrode,
respectively, were used to normalise the currents recorded in all background

electrolytes and in the nitrate-containing solutions.
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Table 4.4: Area and count data as determined from Image J analysis of six random sites on a

silver-modified GC electrode (silver deposited at -0.50 V vs Ag/Ag* for 50 s).

Total area Total area | Average area % of
Slice Count | ofimage/ | occupiedby | per particle/ surface
nm? particles / nm? occupied by
nm? particles
deposit_60_SOI1x10000 | 8282 | 1.157x10® | 2.119x 10’ 2558 18.31
deposit_60_SOI2x10000 | 8660 | 1.157 x10® | 1.985x 10’ 2291 17.15
deposit_60_SOI3x10000 | 8213 | 1.157 x10® | 1.892x 10’ 2303 16.35
deposit_60_SOI2x25000 | 1908 | 1.844x 10" | 3.319x 10° 1739 18.05
deposit_60_SOI3x25000 | 1626 1.844 x 107 3.872 x 10° 2381 20.99
deposit_60_SOI14x25000 | 1828 1.844 x 107 3.712 x 108 2030 20.14
Average 18.49 £ 1.61

4.3.4 Nitrate Calibration Curves

In order to obtain detailed information on the sensitivity of the sensor, cyclic
voltammetry and constant potential amperometry experiments were carried out
using the optimum conditions for the formation of the silver particles on a GC
electrode. As outlined earlier, this involved the deposition of silver at -0.50 V vs
Ag/Ag* for 50 s. Also, calibration curves were performed at a bulk silver electrode
as a comparison to investigate any differences in the sensitivity of the bulk silver
electrode and the silver-modified GC electrode and to determine if the

silver-modified electrode exhibited any catalytic ability.
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4.3.4.1 Nitrate Detection at a Silver-Modified Glassy Carbon Electrode by
Cyclic Voltammetry

The sensitivity of the silver-modified GC electrode was investigated using cyclic
voltammetry. Figure 4.54 shows how the nitrate reduction peak becomes less
defined as the concentration of nitrate is lowered. The calibration curve obtained
on plotting the current at -1.10 V vs SCE as a function of the nitrate concentration
is shown in Figure 4.55. A linear curve is obtained over the entire concentration
range, giving a regression equation Ipc = -0.53121cnos- and a correlation coefficient
of 0.997. The lowest concentration of KNO3 that could be detected at the

silver-modified GC electrode using this technique was 2.0 x 10-> mol dm-3.
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Figure 4.54: Cyclic voltammograms at a scan rate of 50 mV s in a solution of 0.1 mol dm-® LiClIOs with — no
KNO3, —2.0x 10%, —4.0x 10% —8.0x 10, — 1.6 x 10* —3.2x 10*and — 6.4 x 10* mol dm KNOz at a
silver-modified GC electrode (silver deposited at -0.50 V vs Ag/Ag* for 50 s).
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Figure 4.55: The peak reduction currents for nitrate reduction at the silver-modified GC electrode (silver
deposited at -0.50 V vs Ag/Ag* for 50 s) as a function of KNOs concentration. A background electrolyte of
0.1 mol dm= LiClO4 was used for all solutions and CVs were recorded at 50 mV s,

The peak potential becomes less defined as the concentration of nitrate is lowered
so a calibration curve was also generated by plotting the total reduction charge
minus the background charge, as determined from integrating between the
potential limits where nitrate reduction occurs, as a function of the concentration
of KNOs. The potential limits for the reduction of each of the nitrate concentrations
are shown in Table 4.5 and the resulting calibration curve is shown in Figure 4.56.
The regression equation C= -4.2412cno3- was obtained with a correlation
coefficient of 0.999, indicating excellent linearity. The groundwater limits under
the Nitrate Directive (91/676/EEC) are set at 50 mg/1 NOs-, which is equivalent to
8.0 x 10-* mol dm-3 NOs-. While the silver-modified GC electrode can sense within
the limits set by this directive by employing CV, a much more sensitive technique,
constant potential amperometry, was employed in the Section 4.3.4.3 to determine

if lower detection limits could be reached.
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Table 4.5: Oxidative and reductive potential limits of the nitrate reduction wave for each
concentration of KNO; at the silver-modified GC electrode. A background electrolyte of

0.1 mol dm LiClO4 was used for all solutions and CVs were recorded at 50 mV s™.

Conc. of KNO3 / mol dm- | Reductive potential limit Oxidative potential
3 / Vvs SCE limit / V vs SCE
2.50x 1073 -1.31 -0.63
1.25x 1073 -1.27 -0.67
6.25x 10 -1.23 -0.73
3.13x 10+ -1.21 -0.74
1.56 x 104 -1.19 -0.74
7.81x10° -1.18 -0.74
391x10° -1.17 -0.73
1.95x 105 -1.16 -0.73
-0.0120 -
-0.0100 -
-0.0080 -
g
O -0.0060 -
S~
&
g -0.0040 - y = -4.2412x - 0.0003
R? =0.9997
-0.0020 -
0.0000 T T T T T T 1
0.0000  0.0005  0.0010  0.0015  0.0020  0.0025  0.0030
KNO, Concentration / mol dm-3

Figure 4.56: Plot of reduction charge against KNOs concentration at the silver-modified GC electrode (silver

deposited at -0.50 V vs Ag/Ag* for 50 s). A background electrolyte of 0.1 mol dm LiClO4 was used for all

solutions and CVs were recorded at 50 mV s™.
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4.3.4.2 Nitrate Detection at a Bulk Silver Electrode by Cyclic Voltammetry

To draw a comparison between the sensitivity of silver-modified GC electrode and
a bulk crystalline electrode to the nitrate reduction reaction, nitrate calibration
curves at a 2 mm silver disc electrode were also generated. Firstly, Figure 4.57
shows a comparison of the bulk silver electrode to the silver-modified GC
electrode, normalised to the surface areas, in the same concentration of nitrate
(5.0 x 10-3 mol dm-3 KNO3). The profile of the peak and the potential of the peak
current are the same at approximately -0.91 V vs SCE for both electrodes, but the
magnitude of the normalised peak current is 5.2 times larger for the
silver-modified GC electrode. This shows that the silver-modified GC electrode is

significantly more sensitive to the nitrate reduction than bulk silver.
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Figure 4.57: Cyclic voltammograms at a scan rate 50 mV s in a solution of 5.0 x 103 mol dm= KNOsz and 0.1
mol dm™ LiClO4 at — a silver-modified GC electrode (silver deposited at -0.50 V vs Ag/Ag* for 50 s) and — at

a bulk silver electrode.
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The performance of the bulk silver electrode was also examined over a range of
concentrations. The calibration curve of current at -1.10 V vs SCE plotted as a
function of the nitrate concentration is shown in Figure 4.58. The linear regression
equation was obtained as, Iyc = -0.1094cnos” with a correlation coefficient of 0.9923,
and a limit of detection of 3.9 x 10-> mol dm-3 was obtained. A limit of detection of
2.0 x 10> mol dm3 and a 5 times larger slope value of -0.5312 A mol-! dm3 shows
that the silver-modified GC electrode is more sensitive to the presence of nitrate
than bulk crystalline silver. The integrated reduction charge of the CV was also
plotted as a function of the nitrate concentration at the bulk silver electrode. The
potential limits listed in Table 4.6 become broader as the concentration of nitrate
is increased. When the total charge, minus the background charge, beneath the CV
was used to generate the calibration curve, Figure 4.59, the linear regression

equation C = -0.7855¢no0: with a correlation coefficient of 0.9982, was obtained.
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Figure 4.58: The peak reduction currents for nitrate reduction at a bulk silver electrode as a function of KNO3
concentration. A background electrolyte of 0.1 mol dm LiCIlO4 was used for all solutions and the scan rate
was 50 mV s%.
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Table 4.6: Oxidative and reductive potential limits of the nitrate reduction wave for each
concentration of KNOs at the bulk silver electrode. A background electrolyte of 0.1 mol dm?3

LiClO4 was used for all solutions and CVs were carried out at a 50 mV s scan rate.

Conc. of KNO3 / mol dm-3 | Reductive potential limit / | Oxidative potential limit
V vs. SCE / Vvs. SCE
2.50x 103 -1.19 -0.69
1.25x 1073 -1.17 -0.71
6.25x 104 -1.16 -0.74
3.13x10+4 -1.15 -0.74
1.56x 104 -1.14 -0.76
7.81x 10> -1.07 -0.77
3.91x10°> -1.00 -0.78
-0.0025 -+
-0.0020 -
E -0.0015 -
(@]
~
()]
2 .0.0010 -
B y = -0.7855x - 9E-06
© R2 = 0.9982
-0.0005 -
0.0000 T T T T T 1
0.0000 0.0005 0.0010 0.0015 0.0020 0.0025 0.0030
KNO, Concentration / mol dm-3

Figure 4.59: Plot of reduction charge against KNO3z concentration at a bulk silver electrode. A background

electrolyte of 0.1 mol dm LiCIO4 was used for all solutions and CVs were carried out at a 50 mV s scan rate.
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4.3.4.3 Nitrate Detection at a Silver-Modified Glassy Carbon Electrode by
Constant Potential Amperometry

A typical plot of the current response at a silver-modified GC electrode under a
constant rotation of 2000 rpm and at an applied potential of -1.20 V vs SCE to
aliquot additions of nitrate to a background electrolyte solution of 0.1 mol dm-3
LiClO4 is shown in Figure 4.60. The response time was reasonably quick, within 3 s.
The relationship between the measured current and the concentration of nitrate is
shown in Figure 4.61. Over a wide concentration range the plot appears to be
slightly curved but with a clear linear region at lower concentrations with a
correlation coefficient of 0.9903. Using the linear calibration curve at the lower
concentrations, the limit of detection was found to be 9.8 x 10-¢ mol dm-3 KNOas.
This was obtained using the expression in Equation 4.8, where Cn is the detection
limit, Sp is the standard deviation of the blank response and m is the slope of the

linear calibration curve (61),

35, 4.8
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Figure 4.60: Constant potential amperometry, recorded at -1.20 V vs SCE for silver-modified GC electrode
(silver deposited at -0.50 V vs Ag/Ag* for 50 s) as a function of time with successive additions of aliquots of
2 x 10-® mol dm™ KNO3z to 25 mL of 0.1 mol dm LiClOa.
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Figure 4.61: Steady-state currents from constant potential amperometry plotted as a function of KNOs
concentration recorded at a silver-modified GC electrode (silver deposited at -0.50 V vs Ag/Ag* for 50 s).

It is clear from a comparison of the amperometry and voltammetry data that the
sensitivity of the sensor is increased 10-fold using constant potential
amperometry. The limit of detection falls well below the maximum concentration
levels as set out by the EPA for groundwater limits under the Nitrate Directive
(91/676/EEC) of 50 mg/l NO3- or 8.0 x 104 mol dm-3 NOs~. The detection of
nitrates is extensive and a review by Moorcroft, Davis and Compton offers a
summary of the progress made in utilising different techniques to accurately
determine nitrate at low concentrations (62). Examples of some of these techniques
are given in Table 4.7 along with the limit of detection. As shown in Table 4.7, the

detection limit observed in this study compares well with several studies.
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Table 4.7: Limit of detection for techniques used in the determination of nitrate

concentrations.

Technique Material Detection limit Reference
/ mol dm-3
Amperometry Silver-modified GC 1.0x 10 This work
electrode
Potential-step Silver disc electrode 1.7 x 10 (26)
chronocoulometry
Cyclic voltammetry Copper modified 1.0x 10 (63)
electrode
Enzyme bio- Nitrate reductase in 41x10° (64)
electrode poly(vinyl alcohol)
UV-Vis spectroscopy Griess reagent 5.0x107 (65)
Chromatography HPLC 3.7x107 (66)
lon-selective Sulfonated poly(ether 50x 10" (67)
membrane ether ketone)
IR - 1.0x 104 (68)
Gas chromatography - 1.0x 10 (69)

4.3.5 Influence of pH on Nitrate Reduction Peak

The products of the nitrate reduction reaction, the rate of the reduction reaction
and the mechanism all depend on a number of parameters and one of these is the
initial pH of electrolyte solution. There are multiple examples of the study of
nitrate reduction in both acidic (7071 and alkaline media (7274 as well as neutral
media (7>76), mostly driven by the need to electrochemically remove nitrates from
different types of waste products. Nitrate reduction is frequently carried out in
alkaline solution to ensure good separation of the nitrate peak from the hydrogen

evolution reaction (26),

The influence of the solution pH on the nitrate reduction current was next
evaluated and the results are presented in this section. The pH of a solution

containing 5.0 x 10-3 mol dm-3 KNO3 and 0.1 mol dm-3 LiClO4 was adjusted using
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0.5 mol dm-3 H2504 and 0.5 mol dm-3 NaOH, to give pH values ranging from 2.0 to
12.0. The CV’s recorded in the various solutions are presented in Figure 4.62 and a
plot of the peak current as a function of pH is shown in Figure 4.63. There are small
changes in the magnitude of the peak current from pH 4.0 to 12.0 with a tendency
to lower currents for more alkaline solutions. At pH 2.0, the peak changes
dramatically with a shift to lower reduction potentials and an increase in the peak
current. This is in agreement with groups such as De and co-workers where little
change was seen between the various pH values but a significant change was seen
at extremely low pH (75). Wang and co-workers found that the rate of the nitrate
reduction decreased slightly with an increase of solution pH and suggested that at
different pH values different adsorbed species cover the active metal surface. At
the lower pH of around 5.0, adsorbed H* species on the surface necessary for
nitrate reduction are present, but as the pH is increased hydroxide ions occupy

active sites and hinder nitrate adsorption (7).
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Figure 4.62: Cyclic voltammograms at a scan rate of 50 mV s in a solution of 5.0 x 10-® mol dm® KNOs and
0.1 mol dm LiClOg4 at various pH values at a silver-modified GC electrode (silver deposited at -0.50 V vs
Ag/Ag* for50s) — pH 2.0, — pH 4.0, — pH 8.0, — pH 10.0, — pH 12.0 and — and unadjusted pH.
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Figure 4.63: Plot of peak current as a function of pH for the cyclic voltammograms in Figure 4.62.

4.3.6 Effect of Electrolyte on Nitrate Reduction Peak

The reduction of nitrate to nitrite is preceded by an adsorption step where the
nitrate anion adsorbs to the electrode surface. The reaction rate is therefore highly
dependent on the surface coverage of nitrate, and competitive adsorption from
competing anions in the supporting electrolyte can influence this process (78), The
effect of different electrolytes on the nitrate reduction peak at the silver-modified
GC electrode was investigated. A range of different commonly used salts were
chosen and the effect on the peak current and potential is presented in Table 4.8
with the corresponding voltammograms shown in Figures 4.64a and 4.65b (CV
shown in two plots for clarity). It is evident that the nature of the supporting
electrolyte has a significant effect on the profile of the nitrate reduction peak,

illustrating further the complexity of the nitrate reduction mechanism.

The two alkaline solutions, NaOH and Naz2CO0s3, exhibit the lowest nitrate current
and at the most negative overpotentials, with substantial broadening of the peak.
This is in good agreement with the data presented in Section 4.3.5 where, at the
high pH values, hydroxide ions may be hindering nitrate access to the surface (77).

The silver-modified GC electrode in the hydroxide solution may be a poor catalyst
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for nitrate reduction and this is supported by the fact that the nitrate signal
improves with longer cycling in a reductive potential window where these

hydroxides are less likely to be present.
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Figure 4.64a: Cyclic voltammograms at a scan rate of 50 mV s in a solution of 5.0 x 10~ mol dm KNOs with
different background electrolytes at a silver-modified GC electrode (silver deposited at -0.50 V vs Ag/Ag* for
50 ), 0.1 mol dm?® — LiClOs4, — KCI, — Na2SO4 and — Naz2COs.
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Figure 4.64b: Cyclic voltammograms at a scan rate of 50 mV s in a solution of 5.0 x 10-® mol dm3 KNOs with
different background electrolytes at a silver-modified GC electrode (silver deposited at -0.50 V vs Ag/Ag* for
50 ), 0.1 mol dm™ — LiClO4, — H2S04, — NaOH and — PBS solution.
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Table 4.8: Peak reduction current (I,) and potential (E,°) at the silver-modified GC electrode
(silver deposited at -0.50 V vs Ag/Ag* for 50 s) in a solution containing 5.0 x 10 mol dm KNOs
in various supporting electrolytes (0.1 mol dm3) and the corresponding pH, background

currents have been subtracted.

Electrolyte pH 1,/ Acm? E,°/ V vs SCE

NaOH 12.6 -0.00107 -0.98
Na,COs3 114 -0.00149 -1.03
Na,S04 5.3 -0.00161 -0.96

KClI 8.7 -0.00231 -0.97

PBS 6.7 -0.00244 -0.81
LiClO4 7.8 -0.00275 -0.89
H,S04 1.5 -0.00532 -0.74

Another point to note is the positive sweep in the NaOH-containing solution gives a
similar peak current magnitude as the negative sweep. None of the other
electrolytes display this characteristic. The KCl and Na2SOs electrolytes show
smaller currents compared to LiClO4 and this is most likely due to the high
adsorption properties of chloride and sulphate anions. The PBS solution displays a
well-defined peak and the peak potential is observed at approximately -0.75 V vs
SCE. However, the early onset of hydrogen evolution is a feature in this electrolyte.
The highest current is observed in the H2SOs solution, which indicates the
importance of hydrogen ions in the reduction mechanism of nitrate. However, in
these highly acidic conditions, there is poor separation from the hydrogen
evolution reaction and the erratic nature of the peak current gives rise to poor
reproducibility. The signal generally does not reach a steady state and this is most
likely due to the evolution of hydrogen gas which disrupts the nitrate from
effectively adsorbing at the surface. Molodkina and co-workers studied the kinetics
and mechanism of nitrate and nitrite reduction at a platinum electrode with
copper adatoms and showed that slightly adsorbed perchlorate anions do not
hamper adsorption and reduction of nitrate (79), The same trend was observed in

this study. The nitrate signal in LiClO4 was well defined, stable and reproducible.
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4.3.7 Kinetics and Reaction Mechanism of Nitrate Reduction

As discussed in the Introduction, the electrochemical reduction of nitrate is a
complex reaction due to the large number of stable nitrogen oxidation states and
potential products, NO2, N204, N2, NH20H, NHs, N20, N2H4 and NO. It is well
accepted that in order for nitrate in solution to be reduced at any metal electrode
surface, there must first be an interaction with the surface metal atom via an
adsorption process. The metal atom provides the electrons for the reduction and
consequently it is converted to the incipient hydrous oxide. The hydrous metal
oxide is restored to its reduced state from the supply of electrons from the external
current (80), Cattarin has shown that nitrite is the main product for nitrate
reduction at silver, while nitrogen gas and ammonia are mainly produced from the
reduction reaction at Ni and Cu, respectively (81, In the following sections,
attempts to gain an insight into the reaction mechanism of nitrate reduction at the

silver-modified GC electrode are presented and discussed.

4.3.7.1 Influence of Scan Rate on Peak Current

The effect of scan rate was examined by cycling the silver-modified GC electrode in
a 5.0 x 10-3 mol dm-3 KNOs solution at various scan rates in the range of 5 mV s-1 to
200 mV s-1. Typical CV’s are shown in Figure 4.65 and it is clear that the scan rate
has a prominent effect on the nitrate signal. The most obvious trend from
examining the voltammograms is that the current increases with increasing scan
rate and the peak potential shifts to more negative potentials. This negative
potential shift with increasing scan rate is typical for an irreversible reaction

where electron transfer is slow.
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Figure 4.65: Cyclic voltammograms in a solution of 5.0 x 10 mol dm= KNOs and 0.1 mol dm= LiClO4 at a
silver-modified GC electrode (silver deposited at -0.50 V vs Ag/Ag* for 50 s) at a scan rate of — 5, — 10, — 25,
50, — 100 and — 200 mV s%.

A linear response of the peak current to scan rate is indicative of an
electrochemical reaction under diffusion control, as described by the
Randles-Sevcik equation, Equation 4.9 (82), In this version of the equation for an
irreversible process, ip is the peak current (A), n is the number of electrons, D is the
diffusion coefficient (cm? s-1), v is the scan rate (V s1), G, is the concentration (mol
cm3), o is the charge transfer coefficient and n’ is the number of electrons

transferred up to and including the rate determining step.

ip — _(299 X 105)n(anl)1/2D1/2v1/2AC0 4.9

This equation is useful for the determination of the diffusion coefficient for a
particular reaction. According to Equation 4.9, the current density is proportional
to the square root of the scan rate and the slope of the resulting plot can be used to
determine the diffusion coefficient provided an’is known. In Figure 4.66, the peak

current density is plotted as a function of the square root of the scan rate. A linear
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response is obtained for scan rates below 50 mV s-1, however, at higher scan rates
the relationship deviates from linearity. De and Badea also showed that the
relationship was not linear over the entire range (7>80). This, coupled with a
non-zero intercept, indicates that the process is under some kinetic control
possibly connected to the nitrate adsorption process. This adsorption process is
essential prior to the reduction reaction and it appears to be time dependent. High

sweep rates may not allow sufficient time for nitrate to adsorb.
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Figure 4.66: Peak reduction current plotted as a function of the square root of scan rate for the

voltammograms presented in Figure 4.65. Background currents have been subtracted.

4.3.7.2 Evaluation of the Charge Transfer Coefficient

In order to determine the diffusion coefficient using the Randles-Sevcik equation, a
value for an”’ must be known. The following sections describe various methods to
elucidate these parameters. The charge transfer coefficient, o, is a measure of the
symmetry of the energy barrier during the transfer of an electron (3). It lies
between 0 and 1 but in most systems falls between 0.3 and 0.7 with 0.5 chosen as
an approximation where no experimental data are available. The charge transfer
coefficient can be determined using a number of equations applied to the

appropriate data set.
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4.3.7.2.1 Shape Factor

Equation 4.10 can be applied to an irreversible process in order to determine the
value of an’ by measuring |Ep-Ep1/2|, which is also called the shape factor (24). The
potentials, Ep and Epi1/2, are indicated on the voltammogram in Figure 4.67, where
Ep is the peak potential and Epi/2 is the half-wave potential. The shape factor was
calculated at different scan rates for the silver-modified GC electrode in solutions
containing 5.0 x 10-3 mol dm-3 KNOs. As shown in Figure 4.68, the shape factor
drifts slightly with scan rate, varying from 100 mV at the lower scan rates to 125
mV at the higher scan rates. An average value of 113 mV was calculated for

|Ep-Ep1/2| and using Equation 4.10 the value of an’ was calculated as 0.422.

4.10

RT (V)
E, — Ey/| = 1857 +—
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Figure 4.67: CV’s in a solution of — 5.0 x 10" mol dm3 KNOs and 0.1 mol dm LiClO4 at a silver-modified
GC electrode (silver deposited at -0.50 V vs Ag/Ag* for 50 s) at a scan rate of 10 mV s™. — background scan in
0.1 mol dm= LiClOsa.
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Figure 4.68: Plot of average |Ep-Ep12| as a function of scan rate for 3 sets of experiments.

4.3.7.2.2 Peak Potential as a Function of log of Scan Rate

Another relationship commonly employed to determine the value of an’ is
Equation 4.11, where E) is the peak potential and log v is the logarithm of the scan
rate. As shown in Equation 4.11, the cathodic peak potential for an irreversible

process shifts by 29.6/ an’ for each decade increase in scan rate.

4

dE, |_29.6 (mV) 4.11

d logv an

In Figure 4.69, a plot of the peak potential as a function of the logarithm of the scan
rate is shown. Good linearity is obtained and the slope of the plot was used to give
a value for an’ of 0.451, which is in good agreement with the value of 0.422

obtained using the shape factor analysis. This type of plot is called a Laviron plot
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(84), In addition to the determination of an’ from the slope, the intercept can be

used to calculate the electrochemical rate constant, k9, through Equation 4.12.

RT ) a(1—a)n'FAE, 4,12

logKgr = alog(l —a) + (1—a)loga—log< > 3RT

n'Fv

This equation can be reduced by applying the constraint of AEp = 0 to give Equation
4.13, where v is the x-intercept for the cathodic branch of the Laviron plot (8586),

The kO extracted from these experimental data was 9.79 x 10-3 s-1.

_an'Fy, 4.13
RT

==
)
I

-890 T T T T !
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Figure 4.69: Dependence of the peak potential (Ep) on the logarithm of scan rate for a solution of 5.0 x 10
mol dm KNOs and 0.1 mol dm- LiClOs at a silver-modified GC electrode (silver deposited at -0.50 V vs

Ag/Ag* for 50 s).
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4.3.7.2.3 Tafel Analysis

The elucidation of the Tafel slope can be useful in differentiating between possible
reaction mechanisms. The Tafel slope, Equation 4.14, is derived from the data of
the rising portion of the plot where the logarithm of the current is plotted as a
function of the logarithm of the potential at a low scan rate, typically 5 mV s-1. The
voltammogram recorded at a scan rate of 5 mV s for the silver-modified GC
electrode in 5.0 x 103 mol dm=3 KNOs3 is shown in Figure 4.70, while the
corresponding logarithmic plot is presented in Figure 4.71. The region used to
compute the Tafel slope is shown on the plots and extends between the linear
potential region of -0.75 V and -0.80 V vs SCE. The Tafel slope was calculated as
140 mV and applying Equation 4.14 yields an an’, value of 0.423, which is in good
agreement with the values calculated in Sections 4.3.7.2.1 and 4.3.7.2.2. Using the
three techniques to determine an’ an average value of 0.444 was obtained. This

value was then used in Equation 4.9 to determine the diffusion coefficient.

2.303 RT 4.14

l =
Stope aFn'
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Figure 4.70: Tafel slope analysis, current as a function of potential for a CV at a scan rate of 5mV st ina
solution of 5.0 x 10 mol dm-3 KNO3 and 0.1 mol dm LiClO4 at a silver-modified GC electrode (silver
deposited at -0.50 V vs Ag/Ag* for 50 s).
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Figure 4.71: Tafel slope analysis with the logarithm of current plotted as a function of potential, for a CV at a
scan rate of 5 mV s in a solution of 5.0 x 10-* mol dm KNO;z and 0.1 mol dm LiClO4 at the silver-modified
GC electrode (silver deposited at -0.50 V vs Ag/Ag* for 50 s).

4.3.7.3 Diffusion Coefficient for Nitrate Reduction

With a value of an’ averaged from three different experimental approaches, the
Randles-Sevick equation, Equation 4.9, was applied to determine the diffusion
coefficient. The slope of the linear region in Figure 4.66 is given by Equation 4.15,
where n is 2 since the nitrate to nitrite reduction is a two electron process, an’ is

0.444 and Cois 5.0 x 10-¢ mol cm=3.

slope = —(2.99 x 10%)n(an’)V/2D"?C, 4.15

The diffusion coefficient, D, was calculated as 1.41 x 10> cm? s'L. This compares
well with literature values for nitrate reduction at other electrode surfaces. Aouina
obtained a value of 1.31 x 10-5 cm? s'! for nitrate reduction at a copper electrode in
neutral NaClOs solutions (87). Gartia and co-workers reported a value at a silver
microelectrode of 8.99 x 10-¢ cm? s1 (88), while other groups quote values in the

range of 1.0 x 10-> to 2.0 x 10-5 cm? s-1(73),
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4.3.7.4 Number of Electrons in Rate Determining Step of Nitrate Reduction

As discussed in the Introduction, most studies investigating the mechanism of the
nitrate reduction reaction state that the rate determining step is a 2 e- transfer
step. This yields nitrite after an initial nitrate adsorption step, Equations 4.16 and
4.17 (788990), Using the value of an’ of 0.444, obtained in Section 4.3.7.2, the number

of electrons in the rate-determining step can be obtained if the a value is known.

NO3- 2 NO3-ads 4.16

NO3 + H20 + 2e- > NO2" + 20H- 417

As mentioned in 4.3.7.2, a lies between 0 and 1 and is often approximated to 0.5 if
not known experimentally. However, in the system under investigation here, if n’ is
taken as 2, in order to satisfy the experimental results a must equal 0.222, which is
somewhat low. If n’ is 1, then o becomes 0.444, which is close to the quoted

approximate value for a of 0.5.

In the literature, where groups have tried to understand the mechanism of nitrate
reduction at various surfaces, a range of values for a and n’ have been reported.
Oznuluer and colleagues solved for an’ using the Randle-Sevcik equation with a
diffusion coefficient of 2 x 10> cm? s'1 and found an’ equal to 1.1 + 0.5 for a
graphene modified copper electrode. For two electrons in the rate-determining
step, this gives an’ equal to 0.5 ). Reyter and co-workers using Equations 4.10
and 4.11 found an’ equal to 0.98 * 0.08 thus assuming a value for « of 0.5, and two
electrons involved in the rate-determining step (73). However, there are many
examples of a values lower than 0.5. De reported a value of 0.25 for an’ from the
Tafel slope for the reduction of 5.0 x 10-3 mol dm-3 NaNOs3 in 1.0 mol dm-3 NaClO4 at
an iridium modified carbon fibre electrode (°2). The low value for the transfer
coefficient, according to De, suggests that nitrate reduction on the surface of the
modified carbon fibre is not a simple electron transfer reaction and that the

adsorption process must be closely associated with the electron transfer. They also

225



Results Chapter 4

calculated Tafel slopes using Temkin and Frumkin isotherms as a comparison and
found excellent agreement. With a value for an’ of 0.25 they suggested n’ was 1 and
proposed the following mechanism for the rate-determining step, Equation 4.18.
Additionally, this can be written as two reactions where the significance of the

adsorbed hydrogen is illustrated, Equations 4.19 and 4.20.

NO3ads + H20 + e = NOzads+ 20H- 4,18
H20 + e = Hads + OH- 4.19
NO3-ads + Hads = NO2ads+ OH" 4.20

Korgel and co- workers (93 also obtained a low value for o of 0.23 and also
suggested a one-electron transfer step involving a short-lived intermediate, NO3?,

Equation 4.21

NO3- +e — NOs32 4.21

Dima and co-workers obtained a Tafel slope of 120 mV/dec or higher (an’ ~ 0.5)
for nitrate reduction at coinage and transition metal electrodes in acidic solution
and suggested that the rate-determining step is the first electron transfer during
the overall conversion to nitrite as in Equation 4.17 (®4., Others have reported o
values larger than 0.5. Badea and co-workers obtained a value for o of 0.258 using
coulometry data and determined n as 2 for the first electron transfer for nitrate
reduction at a copper electrode in alkaline media, although the rate-determining
step was not specified (80), Gartia and co-workers determined a value for a of 0.65

for nitrate reduction at a silver micro electrode (88).
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4.3.7.5 The Current Function
The current function also gives an indication of what occurs at the electrode
surface during the reduction process. The current function is shown in Figure 4.72,

where the current function, (ip/v1/2), is plotted as a function of the scan rate.
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Figure 4.72: The current function (ip/v'?) as a function of scan rate for a solution of 5.0 x 10-® mol dm™ KNO3

and 0.1 mol dm LiClOg at the silver-modified GC electrode (silver deposited at -0.50 V vs Ag/Ag* for 50 s).

The current function decreases with increasing scan rate, decaying from 1.8 x 10-2
A cm2 V-1/2 s1/2 t0 4.0 x 103 A cm2 V-1/2 s1/2 as the scan rate is increased. This
indicates the presences of a chemical reaction coupled to the electron transfer (EC
mechanism) (2. Fedurco and co-workers, with the aid of voltammogram
simulations generated using a computer program, found an ECE mechanism
(electron-transfer, chemical, electron-transfer) for nitrate reduction with a slow
first charge-transfer step, followed by the resulting intermediate being consumed
in a fast homogeneous reaction with water molecules. The final nitrite product was
assumed to form in a second electron-transfer step (°3). This simulated linear
sweep voltammogram was in excellent agreement with the voltammogram
observed for nitrate reduction at a silver electrode in neutral NaClO4 solution. They

suggested that this likely reaction pathway could be analogous to what occurs
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under conditions of photoemission experiments when nitrate anions react with
hydrated electrons to form (NOs°)2- species, Equation 4.22. The (NO3*)% species

combine with H20 to form NOze radicals, Equation 4.23

NO3- + e-— (NO3*)# 4,22

(NO3°)? + H20 - NO2z* + 20H- 4.23

This sequence of a slow electron-transfer step and a fast chemical step is
consistent with the generated simulation. However, distinguishing between the
two steps is difficult experimentally. Finally, the nitrite radical species is expected
to reduce according to Equation 4.24. Reaction 4.24 is fast compared to the
reaction in Equation 4.22, and its redox potential is quite positive, E® = 0.895 V vs

NHE.

NO2z* + e —> NOz 4.24

For silver nanoparticles deposited on a gold electrode, Fajerwerg and co-workers
kinetic analysis also supported this mechanism. A shape factor for cyclic
voltammograms in a saline nitrate solution yielded an an’ of 0.57 and a
monotonous decrease in ip/v1/2 with v1/2 indicating a chemical reaction coupled
with electron transfer (¢). Clearly, the mechanism is very complex and there are
many conflicting theories in the literature. In this work, the data are consistent
with a one-electron transfer step being a slow step followed by a fast second

one-electron transfer step or a chemical reaction.
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4.3.7.6 Standard Rate Constant for Nitrate Reduction

The standard rate constant, ko, is a measure of the kinetics of an electrochemical
system, Equation 4.25. Large and small values of ko indicate fast and slow kinetics,
respectively, and the type and complexity of the molecule undergoing the electron
transfer influences the magnitude of ko. The standard rate constant was computed
for the nitrate reduction reaction at the silver-modified GC electrode using the
peak potentials and Equation 4.26. This theoretical treatment predicts that the

peak potential for an irreversible reaction will vary with the scan rate.

ko 4.25
0O+ ne” > R
RT D1/2 an'F \? 4.26
E, =E'—— 0780 +1 1
p an'F +n< ks>+n<RT v)

As shown in Equation 4.26, the formal potential, E°, for a redox couple, which is a
thermodynamic parameter, is required to compute the rate constant. However,
Velasco eliminated the E° term to yield Equation 4.27 (97.98), In this equation, ko is
expressed in cm s'1, where D is the diffusion coefficient (1.41 x 10-5 cm? s'1), v is the
scan rate (V s1) and Ep-Ep1/2 for each scan rate is the shape factor as determined
from Section 4.3.7.2.1. From Equation 4.27, it is evident that ko is not constant but

varies linearly with v1/2,
ko = 111DY2(E, — E, )" *v1/? 4.27

Velasco discussed this relationship, and concluded that sweep voltammetry at
slower sweep rates was not a suitable method to determine ko for irreversible
reactions. However, at higher sweep rates, ko tends to reach a constant value,
which represents the true ko. The voltammograms were recorded at different scan
rates and the rate constants, k% were calculated using Equation 4.27. In Figure
4.73, the calculated standard rate constants are plotted as a function of the scan

rate. A linear relationship is obtained and there is no evidence that the rate
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constant reaches a limiting value at the higher scan rates. Even at a scan rate of
500 mV s, the rate constants continued to increase. The standard rate constant
was calculated as 8.9 x 10-4 cm s at a scan rate of 5 mV s and 8.3 x 10-3 cm s-1 for
a scan rate of 500 mV s'1. This suggests that the true ko value is higher than

8.3x103cms.
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Figure 4.73: Plot of the standard rate constant as a function of v,

4.3.7.7 Reaction Order

In chemical kinetics, the rate law can be used to obtain the reaction order and the
rate constant. Equation 4.28 is the proposed rate law for the nitrate reduction
reaction, where the rate of the reaction is expressed as the peak reduction current.
To determine the reaction order, n, the logarithm of this equation is taken, to give
Equation 4.29. A logarithmic plot of the peak reduction current and the nitrate
concentration is shown in Figure 4.74. A linear plot is obtained, indicating that the
data can be used to elucidate n and the rate constant, k, from the slope and the

inverse of the y-axis intercept, respectively.
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Rate = Current = k[KNO;]» 4.28

log Current = n log[KNO3] + log k 4.29

y =0.7361x - 0.9941
R?=0.9962
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Figure 4.74: Plot of logarithm of the reduction current against the logarithm of KNOs concentration
(mol dm3) at the silver-modified GC electrode (silver deposited at -0.50 V vs Ag/Ag* for 50 s). A background

electrolyte of 0.1 mol dm LiCIO4 was used for all solutions and voltammograms were recorded at 50 mV s%.

From these data, the reaction order was estimated to be 0.736 while an intercept
of 0.9635 was obtained, and from Equation 4.29 this yields a rate constant of
9.87 A cm2 mol9736 50736, The reaction order is in good agreement with previous
literature values where Hague and Tariq (°®) reported a reaction order of 0.747 at a
solid titanium electrode and Casella and Gatta (74) reported a reaction order of 0.72
for the reduction of nitrate at a copper thallium composite and 0.70 for a pure
copper electrodeposited film. Casella and Gatta suggest that this fractional reaction
order supports the general hypothesis that the electrochemical reduction of nitrate
is preceded by an initial adsorption step and that these values for the reaction
order are typical of electrochemical processes that are under kinetic control. A

reaction order as low as 0.26 was reported by Estudillo-Wong (100,
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4.3.7.8 Reaction Hydrodynamics

Rotating disc voltammetry (RDV) was employed to monitor the hydrodynamics of
the nitrate reduction reaction at the silver-modified GC electrode. The electrode
was prepared as outlined in Section 4.3.1.2, where the silver was deposited using a
single pulse of -0.50V vs Ag/Ag* for 50 s and cycled in a potential window of -
0.05 to -1.45 V vs SCE at rotation speeds varying from 400 to 2000 rpm.

The Levich and Koutecky-Levich relationships, Equation 4.30 and 4.31,
respectively, can be applied to the currents generated at different rotation speeds
to give insight into the diffusional and kinetic limitations of a reaction at the
electrode surface. A deviation of a plot of I vs w/2 (Levich plot) from a straight line
intersecting the origin suggests that a kinetic limitation is involved in the electron-
transfer reaction (83), When the electron-transfer process at the electrode exhibits
sluggish kinetics the voltammograms appear stretched out along the potential axis
and the shape of the sigmoidal wave can be slightly distorted. Also, the mass
transport limiting current is shifted further away from the standard electrode
potential. In summary, a reaction with sluggish kinetics at a rotating disc electrode
(RDE) requires a larger overpotential to overcome the sluggish kinetics and reach

the mass transport limited current.

i, = (0.62)nFAD?*/3w/2p=1/6C, 4.30

1 1 1 4.31

—+
i i, 0.62nFAD2/3w1/2p-1/6C

Figure 4.75 shows the response of a silver-modified GC electrode to various
rotation speeds. The CV’s have indeed become more drawn out and the potential of
the limiting current has shifted to higher reduction potentials, from -0.91 V at no
rotation to -1.28 V vs SCE. As mentioned above, this is indicative of sluggish

kinetics at the electrode.
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Figure 4.75: Rotating disc voltammograms in a solution of 5.0 x 10 mol dm= KNOsz and 0.1 mol dm LiCIO4
at a silver-modified GC electrode (silver deposited at -0.50 V vs Ag/Ag* for 50 s) at a rotation speed of — 400,
600, — 800, — 1000, — 1500 and — 2000 rpm. Scan rate 50 mV s,

The Levich and Koutecky-Levich plots are shown in Figures 4.76 and 4.77. The
Levich plot deviates slightly from linearity at the higher rotation speeds, indicating
there is a kinetic limitation to the reaction. By applying Equation 4.30 to the slope
of the linear portion of the Levich plot, Figure 4.76, a diffusion coefficient of
1.66 x 10> cm? s'! is obtained when the number of electrons transferred, n, is taken
as 2, F is the Faraday constant (96485 C mol1), A is the electrode area (cm?), v is
the kinematic viscosity (0.0086 cm? s1 (87)) and C is the concentration of the
reactant in the solution (5.0 x 10-® mol cm-3). This diffusion coefficient value is very
close to the value obtained for the diffusion coefficient calculated by varying the
scan rate (1.41 x 105 cm? s1) in Section 4.3.7.3. Using the slope of Figure 4.77 and
Equation 4.31, the Koutecky-Levich equation, a diffusion coefficient of
1.83 x 105 cm? s is obtained, which is in good agreement with other techniques
discussed in this work. Aouina and co-workers obtained a value of 1.6 + 0.1 x 10->
cm? s'1 for the diffusion coefficient of nitrate using impedance measurements and

the Levich plots also deviated from linearity at high rotation speeds (87), Reduction
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of nitrate at a cadmium RDE also showed deviation from a linearity at high rotation

speeds (101),

The heterogeneous rate constant, ko, calculated from the intercept (1/ix) of the

Koutecky-Levich plot and Equation 4.32, gives a value of 0.11 cm s-1.

iy = nFAk,C 432
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Figure 4.76: Levich plot for the limiting current (recorded at -1.28 V vs SCE) of the rotating disc
voltammograms in Figure 4.75.
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Figure 4.77: Koutecky-Levich plot for the limiting current (recorded at -1.28 V vs SCE) for the rotating disc
voltammograms in Figure 4.75.

4.3.8 Shape of Nitrate Reduction Peak with Cycling

The process of nitrate reduction is complicated with many possible stable products
formed at more or less the same potential. Also, the type of material and the
condition of the surface dictates the products formed and plays a role in the profile
of the CV’s. Figure 4.78 is a typical CV (cycle 30) recorded for the silver-modified
GC electrode in a solution containing 5.0 x 10-3 mol dm-3 KNO3 and 0.1 mol dm-3
LiClO4 after 30 background cycles and 30 cycles in the nitrate solution. As
mentioned earlier, Section 4.3.1.1, the onset of the reduction current occurs
at -0.65 V vs SCE with a peak potential of -0.90 V vs SCE. The current then drops
and increases again at -1.25 V vs SCE. On sweeping back in the positive direction, a
reduction current is also observed, although with significant hysteresis. Cattarin
suggested that the hysteresis between the two half cycles of the nitrate signal
observed at a silver electrode indicates that surface modifications occur upon
polarization at the negative potential limits (81), Others suggest that the new
reduction peak on the positive sweep is due to nitrate reduction on the “fresh”

surface sites produced by hydrogen desorption (102), It is even more evident that
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surface changes are occurring during voltammetric cycling when the shapes of the

CV’s are examined upon repetitive cycling, Figure 4.79.
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Figure 4.78: Cyclic voltammograms at a scan rate of 50 mV s in a solution of — 5.0 x 10" mol dm KNO3
and 0.1 mol dm= LiClO4 and — 0.1 mol dm LiClOs only, at a silver-modified GC electrode (silver deposited
at -0.50 V vs Ag/Ag* for 50 s).

Initially, the nitrate reduction current has a peak potential of -1.179 V vs SCE in
cycle 1, which gradually decreases in magnitude while simultaneously a second
peak emerges with a peak potential of -0.90 V vs SCE. The peak current for this
second peak continues to increase with repeated cycling and reaches a near steady
state after about 30 cycles. At this point, the initial peak at -1.179 V vs SCE is no

longer visible.
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Figure 4.79: Cyclic voltammograms (30 cycles) recorded at a scan rate of 50 mV s in a solution of
5.0 x 10" mol dm KNOs and 0.1 mol dm LiClO4 at a silver-modified GC electrode (silver deposited at -0.50
V vs Ag/Ag* for 50 s).

In Figure 4.80, individual voltammograms from the 30 cycles are shown and these
illustrate more clearly the significant changes observed upon repeated cycling. In
cycle 1 and 2, there is no evidence of the second peak, however, the second peak
emerges in cycle 5 and dominates the profile after approximately 15 cycles. On
comparing cycle 1 with cycle 50, it is clear that there is a significant change in the

voltammograms.
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Figure 4.80: Cyclic voltammograms (cycles 1, 2, 5, 10, 15 and 30 ) at a scan rate of 50 mV st in a solution of
5.0 x 10 mol dm= KNO3 and 0.1 mol dm™ LiClOz at a silver-modified GC electrode (silver deposited

at -0.50 V vs Ag/Ag* for 50 s).
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It is difficult to explain these significant changes in the voltammograms.
Chebotareva and Nyokong observed the reduction of nitrate at a Cu
phthalocyanine modified GC electrode and found one peak in the first scan and on
second and subsequent scans this peak shifted to lower reduction potentials (103),
No real explanation for this was offered, only a reference to a paper published by
Cattarin (81) which states that this observed changing peak shape upon cycling is

not typical of a diffusion-limited process.

In order to determine if this was connected with the silver particles, the bulk silver
electrode was cycled in a 5.0 x 10-3 mol dm-3 KNOs solution and the resulting CV
are shown in Figure 4.81. A similar trend is observed at the bulk silver electrode
although the initial peak at -1.25 V vs SCE is less prominent, as shown in Figure
4.81(a). In addition, it takes more cycling before the nitrate peak reaches a steady
state. The peak current is plotted as a function of the cycle number in Figure
4.81(b). The current increases with cycle number and reaches a near steady state

after approximately 30 cycles.
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Figure 4.81: (a) Cyclic voltammograms (30 cycles) at a scan rate of 50 mV s in a solution of
5.0 x 10-® mol dm KNOs and 0.1 mol dm= LiClO4 at a bulk silver electrode. (b) plot of peak current

at -0.90 V vs SCE as a function of cycle number.
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If this new emerging peak is due to new species being formed at the electrode
surface then transferring the electrode to a fresh solution of nitrate should result
in the peak potential returning to that observed in the first cycle. The silver-
modified GC electrode was cycled in the 5.0 x 10-3 mol dm-3 KNOs3 solution for 30
cycles. This electrode was then transferred to a fresh 5.0 x 10-3 mol dm-3 KNOs3
solution and the CV’s were recorded. The voltammograms recorded in the fresh
solution are shown in Figure 4.82. Clearly, the same pattern is not observed as that
seen in Figure 4.79. The emerging second peak is present from cycle 1 and the
cycles reach a steady state after only a few cycles. This may point to changes to the
electrode surface as the cause of the changing profile rather than the generation of

any new species.
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Figure 4.82: Cyclic voltammograms (30 cycles) at a scan rate of 50 mV s in a fresh solution of
5.0 x 10 mol dm= KNO3 and 0.1 mol dm™ LiClOz at a silver-modified GC electrode (silver deposited
at -0.50 V vs Ag/Ag* for 50 s).

This theory is further supported by the observed effect that cycling the electrode in
the background solution (0.1 mol dm-3 LiClO4) for different cycle numbers has on
the subsequent developing nitrate profile. The silver-modified GC electrode was
cycled in the background electrolyte for different cycle numbers and then

transferred to the nitrate solution.
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With no background cycling in LiClO4, Figure 4.83 (a), the emerging peak at -0.90 V
vs SCE become larger in current than the initial peak at -1.17 V vs SCE after 15
cycles in the nitrate solution. However, after 30 background cycles, Figure 4.83 (b),
the emerging peak dominates after only 5 cycles and after 60 background cycles,
the second emerging peak is the major peak at cycle 1, Figure 4.83 (c). This is more
clearly evident in Figure 4.83 (d) where the peak current for the second emerging
nitrate reduction peak is plotted as a function of the number of cycles in the
background electrolyte. The peak current reaches a near constant value of
3.0x 103 A cm?, however, this is achieved within a few cycles following 60
background cycles and requires approximately 15 cycles after the electrode is first

cycled in the background electrolyte for 30 cycles.
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Figure 4.83: Cyclic voltammograms at a scan rate of 50 mV s in a solution of 5.0 x 10-* mol dm® KNOs and
0.1 mol dm LiClOs at a silver-modified GC electrode (silver deposited at -0.50 V vs Ag/Ag* for 50 s) after

different number of background cycles in 0.1 mol dm-® LiClOa.
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It is clear that cycling the electrode through a reductive window influences the
surface and consequently the nitrate peak. This type of ‘activation’ of the electrode
surface has been used in other studies involving nitrate sensors. Shariar pre-
treated a copper electrode by applying consecutive anodic and cathodic potential
pulses to strip and redeposit copper atoms (194), This resulted in a more defined

nitrate reduction peak at much lower reduction potentials.

Next, the voltammograms were cycled between different potential limits to
determine if the lower potential limit had any influence on the nitrate reduction
wave. The silver-modified GC electrode was cycled from -0.05 V vs SCE to
reductive potential limits of -1.25 V and -1.45 V vs SCE, as shown in Figure 4.84. It
was found, as illustrated in Figure 4.84(a), that when the potential limit was
reversed at -1.25 V vs SCE the emerging peak at -0.90 V vs SCE was slow to resolve,
and even after 60 cycles in the background electrolyte and 30 cycles in the
nitrate-containing solution the magnitude of the nitrate peak current was low. On
reversing the potential at -1.45 V vs SCE, Figure 4.84(b), much higher peak
currents are obtained for the second emerging peak. Indeed, if Figures 4.84(a) and
(b) are compared, it is clear that the peak current for the emerging wave is only
52% of that obtained when the electrode is cycled to -1.45 V vs SCE. However, this
effect of enhanced current with increased reductive limit is not permanent and, as
shown in Figure 4.84(c), as the limit is returned to -1.25 V vs SCE, the peak current
decays. In this case, the electrode was initially cycled to -1.45 V vs SCE to observe
the emerging peak at -0.90 V vs SCE, and then the electrode was cycled to -1.25 V
vs SCE. Figure 4.84 (d) traces the current magnitude for each of the potential
windows to illustrate more clearly the changes in the peak current with cycle

number.
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Figure 4.84: Cyclic voltammograms at a scan rate of 50 mV s in a solution of 5.0 x 10-® mol dm KNOs and
0.1 mol dm3 LiClOs at a silver-modified GC electrode (silver deposited at -0.50 V vs Ag/Ag* for 50 s) with

different reductive potential limits.

It is often commented in the literature that hydrogen adsorption passivates the
surface and hinders the cathodic process, but the observations in this work, and
others, show that in order to reach a steady state and maximum current response
it is essential to scan into the hydrogen evolution region. Nitrate reduction at
precious metal cathodes generally corresponds to where hydrogen adsorption
takes place. Since the heterogeneous reduction of nitrate with hydrogen gas
involves adsorbed hydrogen atoms as a key intermediate as described by the
reactions in Equations 4.33, 4.34 and 4.35, an analogous mechanism may be

occurring electrochemically (103),
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H*+M+e > M—H 4.33
H20+M + e >M—H + OH- 4.34
2M—H + NO3 > NO2-+ H20+ 2 M 4.35

The scope of this work is limited to the analytical attributes of the silver-modified
GC electrode and the mechanism involved is still speculative. AS mentioned above,
it is suggested in several reports that hydrogen inhibits the nitrate reduction due
to competitive adsorption for active sites. However, it appears that scanning into
the region of the hydrogen evolution reaction is important for maximum current
output for nitrate. Indeed, as illustrated in Figure 4.85, the application of a
constant potential of -1.45 V vs SCE for 2 min is sufficient to observe high currents

for the nitrate peak at -0.90 V vs SCE.

(@) -0.05to-1.25V (b) -0.05 to -1.25 V after constant potential of -
1.45 V for 2 min was applied to electrode.
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Figure 4.85: Cyclic voltammograms at a scan rate of 50 mV s in a solution of 5.0 x 10-* mol dm® KNOs and
0.1 mol dm3 LiClOs at a silver-modified GC electrode (silver deposited at -0.50 V vs Ag/Ag* for 50 s). (a)
electrode scanned from -0.05 to -1.25 V for 30 cycles, (b) electrode was first exposed to a constant potential
of -1.45 V for 2 min and then cycled between -0.05 to -1.25 V vs SCE.
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It may be concluded from Figures 4.85 and 4.86 that exposure to reduction
potentials corresponding to hydrogen evolution are important for a good nitrate
current response. As a result, the lower potential limit was extended further into
the hydrogen evolution region and the upper potential was also varied. These
experiments are summarised in Figure 4.86. The voltammograms recorded on
cycling the electrode to potential limits of -1.25V, -1.45 V, -1.65 V and -1.85 V vs
SCE are shown in Figure 4.86(a), while the peak currents are plotted as a function
of the lower potential limit in Figure 4.86(b). Clearly, further extension of the
reductive potential limit does not enhance the signal further and if extended too
far, the hydrogen evolution reaction becomes vigorous and the silver particles are
destroyed (not shown). The influence of the upper potential limit is shown in
Figure 4.86s (c) and (d). The silver-modified GC electrode was cycled between -
1.25 V and upper potential limits of -0.05 V, -0.25 V, -0.45 V and -0.65 V vs SCE.
The oxidative potential limit has a significant influence on the nitrate reduction
peak at -0.90 V vs SCE and the peak current decreases in magnitude as the upper

potential limit is varied from -0.05 V to -0.65 V vs SCE.

A similar change was observed by Casella and co-workers at a composite copper
thallium electrode. They found that the signal disappeared almost completely with
values more reductive than -0.60 V vs SCE (74, The general interpretation of this
observation is that the overall reduction process involves a preliminary adsorption
step in the potential region between 0.0 V and -0.50 V vs SCE before a multi-step
reduction process occurs at the more negative potentials. Therefore, the maximum
peak current was achieved by selecting a potential window of -0.05 V to -1.45 V vs

SCE.
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Figure 4.86: Cyclic voltammograms at a scan rate of 50 mV s in a solution of 5.0 x 10" mol dm=3 KNOs and
0.1 mol dm3 LiClOs at a silver-modified GC electrode (silver deposited at -0.50 V vs Ag/Ag* for 50 s) (a) and
(b) oxidative limit fixed at -0.05 V vs SCE and reductive limit varied. (c) and (d) reductive limit fixed

at -1.25 V vs SCE and oxidative limit varied.

4.3.9 Long-term Cycling

Figure 4.87 shows how the silver-modified GC electrode performs under extended
periods of cycling, with the peak current plotted as a function of cycle number.
Some of the CV’s are shown in Figure 4.88. Initially, the current increases, but as
the cycles progress the peak potential shifts and the current decreases before
eventually reaching a near constant value of 2.2 x 103 A cm2. The peak current
remains fairly stable after 200 cycles with only small increases. Kim and colleagues
noted that the peak current at a silver electrode decreases appreciably with

repetitive cycling, indicating nitrate depletion (26).,
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Figure 4.87: Peak current of cyclic voltammograms at a scan rate of 50 mV st in a solution of
5.0 x 10 mol dm= KNO3 and 0.1 mol dm™ LiClOz at a silver-modified GC electrode (silver deposited
at -0.50 V vs Ag/Ag* for 50 s) over 1000 cycles.
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Figure 4.88: Cyclic voltammograms at a scan rate of 50 mV s in a solution of 5.0 x 10" mol dm- KNOs and
0.1 mol dm LiClOs at a silver-modified GC electrode (silver deposited at -0.50 V vs Ag/Ag* for 50 s) 1000
cycles.
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4.3.10 Interferences

A number of common interference species was chosen and their electrochemical
behaviour at the silver-modified GC electrode was studied. Possible effects on the
nitrate signal were examined over the potential window of the nitrate reduction

reaction.

4.3.10.1 Nitrite Interference

Nitrite, the first product of the nitrate reduction reaction at almost any electrode, is
an obvious choice as an interferent. The CV’s, recorded in 5.0 x 10-3 mol dm-3 KNO3
or 5.0 x 10-3 mol dm-3 NaNOz, are shown in Figure 4.89. It is clear that silver is a
poor catalyst for the nitrite reduction reaction compared to the reduction of
nitrate. The peak for the nitrite reduction in the forward scan is centred
around -1.12 V vs SCE with some reduction on the reverse wave. However, the
peak current is considerably lower than that observed for the nitrate reduction
reaction. The onset of the nitrite reduction clearly occurs at more reductive

potentials than that observed for nitrate at silver.
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Figure 4.89: Cyclic voltammograms in a solution of — 5.0 x 10-* mol dm™ KNO3, — 5.0 x 10 mol dm-3 NaNO:
and — 0.1 mol dm® LiClO4 (background electrolyte) at a silver-modified GC electrode (silver deposited
at -0.50 V vs Ag/Ag* for 50 s). Scan rate 50 mV s,
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However, depending on the concentrations of nitrite and nitrate, the signals may
overlap which likely means differentiating between the two signals in a mixture of
the compounds is problematic. Figures 4.90 and 4.91 show the effects on the
nitrate reduction peak to increasing concentrations of NaNO2. The nitrite
concentration was varied from 5.0 x 104 mol dm-3, which is lower than the nitrate
concentration (5.0 x 103 mol dm3), to a higher concentration of 5.0 x 10-2 mol
dm3. At the lower concentrations of nitrite, there is a decrease in the nitrate
reduction current possibly due to competitive adsorption for surface sites between
the nitrate and nitrite. As the nitrite concentration is increased, the peak current
for the nitrate reduction reaction increases, reaching a value of approximately
4.0x 103 A cm2 in the presence of 5.0 x 102 mol dm-3 nitrite. There is also a
significant change in the position of the peak potential, varying from -0.90 V vs SCE
in the absence of nitrite to -1.22 V vs SCE in the presence of 5.0 x 10-2 mol dm-3

nitrite. Clearly, the nitrite is an interferent.
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Figure 4.90: Cyclic voltammograms in a solution of — 5.0 x 10-* mol dm™ KNO3 and 0.1 mol dm-® LiClO4 only
and with increasing concentrations of NaNO2. — 5.0 x 10* mol dm3, — 2.5 x 10-* mol dm3, —
5.0 x 102 mol dm3, — 2.5 x 102 mol dm™ and — 5.0 x 102 mol dm NaNO: at a silver-modified GC electrode

(silver deposited at -0.50 V vs Ag/Ag* for 50 s). Scan rate 50 mV s,
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Figure 4.91: Peak currents from the CV’s in Figure 4.90 in the m absence and m presence of various amounts of
NaNOz. The green trace represents the peak potential shift as a function of NaNO2 concentration.

4.3.10.2 Chloride Interference

Chloride is another common interferent. Due to its strong adsorption properties it
readily blocks the surface of the electrode to the intended analyte. Since an initial
adsorption step is essential for nitrate reduction and given that chloride is a
common anion found in most aquatic environments, its role as a possible

interferent in the sensing of nitrate was studied.

In Figure 4.92, the CV’s recorded for the silver-modified GC electrode in 5.0 x 10-3
mol dm3 nitrate in the presence of chloride anions, with concentrations varying
from 5.0 x 104 mol dm3 to 5.0 x 102 mol dm3, are shown. The effect of the
chloride anion is shown more clearly in Figure 4.93, where the peak currents for
the nitrate reduction reaction are plotted as a function of the chloride
concentration and the peak potential is also shown as a function of the chloride
concentration. It is clear from Figures 4.93 and 4.94 that even at low chloride
concentrations, 10 times lower that the nitrate concentration, the peak current and

potential of the nitrate reduction peak are significantly affected.
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Figure 4.92: Cyclic voltammograms in a solution of — 5.0 x 10-* mol dm KNO3 and 0.1 mol dm™ LiClO4 only
and with increasing concentrations of KCI — 5.0 x 10* mol dm, —2.5 x 10 mol dm™, — 5.0 x 102 mol dm’?,
— 2.5x 102 mol dm and — 5.0 x 102 mol dm KClI at a silver-modified GC electrode (silver deposited
at -0.50 V vs Ag/Ag* for 50 s). Scan rate 50 mV s,

-0.0035 -1.08
-0.0030 / - -1.06
w
l Q
-0.0025 104 @
o >
£ - -1.02 >
& ~0.0020 =
g - -1.00 .S = NoKCllp
L
£ -0.0015 0og & mm=withKClIp
= - -U. [e]
= e e=fe==potential shift
(& 3
0.0010 096§
[-%
-0.0005 - -0.94
0.0000 - -0.92

0.0005 0.0025 0.005 0.025 0.05

Chloride concentration / mol dm3

Figure 4.93: Peak currents from the CV’s in Figure 4.92 in the m absence and m presence of various amounts of

KCI. The green trace represents the peak potential shift as a function of KCI concentration.
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Chloride interference during nitrate detection at other silver and copper
electrodes has been examined by other groups and similar decreases have been
observed (26.106) [nspection of the silver reduction peak at the beginning of the
potential sweep, Figure 4.94, indicates that the silver itself is altered by the
presence of the chloride anion as the peak is diminished in the presence of
increasing amounts of chloride. Likely a layer of AgCl is formed on the surface of

the particles.
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Figure 4.94: Figure 4.92 magnified to view the silver reduction peaks.
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4.4 Summary of Results

In this chapter, silver nanoparticles were successfully deposited at a GC electrode
(GC) and this electrode was used in the electrochemical detection of nitrates. The
GC substrate was selected as the nitrate reduction reaction is not observed at a

bare GC electrode.

The silver nanoparticles were deposited on a GC electrode using an
electrochemical pulse technique. A double pulse technique was first employed as a
means of achieving particles with a high degree of homogeneousness. An oxidation
pulse of 1.0 V vs Ag/Ag* was applied to clean the electrode, and then the double
pulse was applied. The first step involved the application of a short pulse, E1, for a
short period of time to instantaneously nucleate nanoparticle seeds. Subsequently,
a longer growth pulse, E2, at a lower reduction potential was applied in order to
grow these seeds into more established particles without further nucleation at
fresh sites on the GC electrode. It appeared from the SEM micrographs that
although many seed particles were produced during the nucleation pulse at Ej,
many of these particles did not mature into stable particles during the growth
pulse and most likely redissolved and deposited on more stable sites. Longer
growth pulses not only resulted in larger particles but a lower density of particles.
As E1 was varied from -0.25 V to -1.00 V vs Ag/Ag* the total number of particles

increased and a relatively high level of polydispersity was observed.

The electrochemical detection of nitrates was studied at the silver particles
deposited at the GC electrode using a 5.0 x 10-3 mol dm-3 KNO3 solution. A broad
peak was observed at approximately -0.90 V vs SCE indicating the reduction of
nitrate at the silver-modified GC electrode. Longer growth pulses did not translate
into higher reduction currents. For example, particles deposited at a longer growth
pulse of 100 s, which are expected to have significantly more silver on the
electrode compared to an electrode subjected to a growth pulse of 50 s, showed no
improvement in the magnitude of the reduction current. It appears that the
number or density of silver nanoparticles is more important than the quantity of

silver in the detection of nitrates. Although the double pulse method results in a

253



Results Chapter 4

well-defined nitrate reduction peak, the particles had a wide distribution of sizes
and a single pulse method was applied in an attempt to lower the size distribution

of the silver particles.

In the single pulse method, a cleaning pulse of 1.0 V vs SCE was also applied and
the electrode was immersed, under open-circuit conditions, in the
silver-containing solution for 60 min. Then, the reduction potential was applied
and this was varied from -0.25 V, -0.50 V, -0.75 V to -1.0 V vs Ag/Ag*. This
procedure, incorporating the immersion step, gave very good reproducibility.
Furthermore, a high density of silver particles was observed at potentials
from -0.50 V to -1.0 V vs Ag/Ag*. These applied potentials are sufficient for
nucleation to occur during the entire pulse, giving progressive nucleation. Very few
large particles were evident on the surface and the narrowest size distribution was

achieved using the single pulse of -0.50 V vs Ag/Ag* for 50 s.

However, similar CV’s were recorded for the electrochemical detection of nitrates
at the silver particles deposited using the single and double pulse methods. This
indicates that the morphology of the silver deposited on the surface of the GC
electrode has little influence on the catalytic ability of silver to reduce the nitrate
ion. Stripping voltammograms were recorded to estimate the amount of silver
deposited and, again, similar stripping voltammograms were recorded for the
single and double pulse methods. However, as the single pulse method of -0.50 V
vs Ag/Ag* for 50 s gave excellent reproducibility, coupled with a homogenous
deposition of silver with a narrow size distribution, this method was selected for

the formation of the silver particles.

The current-time transients for the single pulse method recorded during the
deposition of silver were analysed using the Scharifker and Hills model for two and
three dimensional nucleation. The experimental and theoretical plots were
compared and it was concluded that the experimental data agreed well with the

progressive nucleation and 3D growth model.
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The surface area of the electrodeposited particles was estimated using the
underpotential deposition of lead and the reduction of surface oxides using cyclic
voltammetry. For the underpotential deposition of lead, a full monolayer coverage
was achieved using a 10.0 x 10-3 mol dm-3 solution of PbClz dissolved in 0.1 mol
dm-3 HCI and the potential was cycled between -0.49 V and -0.20 V vs SCE at a scan
rate of 20 mV s-1. Very good agreement was obtained between the surface areas
computed using the oxide charges and lead underpotential deposition
experiments. For example, the real surface area of a 2 mm diameter bulk silver
electrode was calculated as 0.0543 cm? for the lead underpotential deposition and
0.0542 cm?for the charge of the oxide reduction reaction, giving a roughness factor
of 1.73. The surface areas of the silver-modified GC electrode were calculated as
0.034 cm? following a 25 s deposition period, 0.069 cm? for a 50 s deposition
period and increasing to 0.087 cm? and 0.104 cm? for deposition periods of 75 a
and 100 s, respectively, using a single pulse of -0.50 V vs Ag/Ag*. These surface

areas were used to normalise the currents recorded for the reduction of nitrates.

Cyclic voltammetry and constant potential amperometry experiments were used
to generate calibration curves for the detection of nitrates at bulk silver and the
silver-modified GC electrode. The silver particles were deposited at -0.50 V vs
Ag/Ag* for 50 s to give the silver-modified GC electrode. Using the peak currents
from the CV’s of the bulk silver electrode, the linear regression equation was
obtained as, Ipc = -0.1094cnos, with a correlation coefficient of 0.9923 and a limit of
detection of 3.9 x 10-> mol dm-3. A limit of detection of 2.0 x 10-> mol dm-3 and a
much larger slope value of -0.5312 A mol! dm3? was obtained for the
silver-modified GC electrode, indicating that the silver deposited on a GC electrode
is more sensitive to nitrate levels than a bulk crystalline silver electrode. The
sensitivity of the sensor was increased 10 fold using constant potential
amperometry and the limit of detection was calculated as 9.8 x 10 mol dm-3 for
the silver-modified GC electrode. This level of detection falls well below the
maximum concentration of 8.0 x 104 mol dm-3 of nitrate as set out by the EPA

under the Nitrate Directive (91.676/EEC).
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The influence of pH and the effects of different electrolytes on the reduction of
nitrate were studied at the silver-modified GC electrode. Small changes in the
magnitude of the peak currents were observed between pH values of 4.0 and 12.0,
however, much higher peak currents were observed at lower pH values between
2.0 and 4.0. This was attributed to the adsorbed H* ions on the surface, which are
necessary for the reduction of nitrates. As the pH is increased, hydroxide ions
occupy the active sites giving rise to lower peak currents for the reduction of
nitrate. Similarly, alkaline solutions, such as NaOH and Na2COs, exhibit low nitrate
reduction currents, while KCl and Na2SOs electrolytes show smaller currents
compared to LiClO4, which is probably due to the high adsorption properties of
chloride and sulphate anions. The highest current was obtained in the acidic H2SO4
solution, however, the hydrogen reduction reaction observed with this solution

gives rise to poor reproducibility.

The kinetics of the nitrate reduction reaction was studied at the silver-modified GC
electrode. Using the Randles-Sevcik equation, the diffusion coefficient was
calculated as 1.41 x 10> cm? s'1. A non-zero intercept was obtained, consistent
with the adsorption of the nitrate anion. The shape factor, |Ep-Ep1/2|, was computed
as 113 mV to give a value for an’ as 0.422. The value of an’ was also computed
using Tafel analysis, giving a value for an’ of 0.423. A linear relationship between
the peak potential and the logarithm of the scan rate was obtained, and using these
data the rate constant for the reduction of nitrate was calculated as 9.79 x 10-3 s-1.
The reaction order for the nitrate reduction reaction was obtained by plotting the
logarithm of the peak current as a function of the logarithm of the nitrate
concentration, to give a rate law with a reaction order of 0.736. This fractional
reaction order is consistent with the adsorption of the nitrate anion. Rotating disc
voltammetry was employed to study the hydrodynamics of the nitrate reduction
reaction. Linear Levich plots were obtained; however, some deviation was noted at
higher rotation rates. Using the slope of the linear portion of the Levich plot, the
diffusion coefficient was calculated as 1.66 x 10-> cm? s'1, which was in excellent
agreement with the value obtained using variations in the scan rate. The rate
constant was calculated from the intercept of the Koutecky-Levich plot to give a

value of 0.11 cm s™1.
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The CV’s recorded in the nitrate solution were examined upon repetitive cycling,
and surface changes were detected. Initially, the nitrate reduction peak potential
occurs at about -1.179 V vs SCE in cycle 1, but this peak gradually decreases in
magnitude while, simultaneously, a second peak emerges with a peak potential
of -0.90 V vs SCE. The peak current for this second peak continues to increase with
repeated cycling and reaches a near steady state after about 30 cycles. This was
attributed to surface changes as opposed to variations in solution composition as a
result of the nitrate reduction reaction. It was also found that it was necessary to
scan into the hydrogen evolution region in order to obtain a maximum current for

the nitrate reduction reaction.

The influence of nitrite and chloride anions on the electrochemical detection of
nitrates was studied by adding nitrite or chloride anions of different
concentrations to a nitrate solution. The addition of nitrites gave rise to lower peak
currents and a significant change in the position of the peak potential, varying from
-0.90 V vs SCE in the absence of nitrate to -1.22 V vs SCE in the presence of
5.0 x 10-2 mol dm-3 nitrate. Similarly, interference was observed in the presence of
chloride anions. Significant changes in the peak potential and the peak currents
were observed on the addition of chloride anions and this was attributed to the

formation of AgCl on the surface of the silver nanoparticles.
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5.1 Conclusion

The objective of the research work presented in this thesis was the electrochemical
synthesis of silver nanoparticles. Once formed, the silver nanoparticles were
characterised using scanning electron microscopy (SEM) coupled with energy
dispersive X-Ray analysis (EDX) and UV-Vis spectroscopy. The potential
applications of the silver nanoparticles in the electrochemical detection of nitrates
and as a heterogeneous catalyst for the reduction of 4-nitrophenol were
investigated. Finally, the antibacterial activity of the silver nanoparticles was

measured.

In Chapter 3, the electrochemical synthesis of poly(N-vinylpyrrolidone) (PVP)
protected silver nanoparticles is described. The colloidal silver nanoparticles were
generated in solutions containing AgNOs, KNO3 and PVP. The optimum conditions
were found as 0.05 mol dm-3 AgNOs, 0.1 mol dm-3 KNOs, 423.75 g dm-3 PVP with an
electrochemical pulse of -6.0 V vs Ag*/Ag applied until a total charge of 180 C was
reached. Using UV-Vis spectroscopy, the diameter of the PVP-protected silver
nanoparticles was calculated as 5.73 nm. The application of lower potentials
resulted in a significant decrease in the concentration of the silver nanoparticles.
Similarly, an increase in the PVP concentration gave rise to a decrease in the rate of
formation of the silver nanoparticles as the PVP-containing solution is viscous,
particularly at concentrations higher than 423.75 g dm-3. Agglomeration of the
silver nanoparticles was observed on increasing the pulse period to 1200 s,
indicating that the PVP was no longer able to protect the particles. The observed
agglomeration is consistent with Ostwald ripening, where the smaller particles
dissolve in solution to generate silver ions which are then deposited on larger
particles in order to reach a more thermodynamically stable state. Alternatively,
the formation of large clusters at longer deposition times can be explained using
the theory of suspended electrodes. In this analysis, charged silver particles extend
the area of the cathode and facilitate the electrodeposition of silver ions, and as a
result the particles become larger. However, if the pulse period is maintained

below 1200 s the nanoparticles show excellent stability. Indeed, the absorbance of
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the nanoparticles was monitored over a 30 day period and excellent stability was

observed, consistent with the stabilising properties of PVP.

The addition of AgNOs and KNOs gave rise to changes in the absorbance band,
indicating that the Ag* or NOs- ions alter the stability of the PVP-protected silver
nanoparticles. This was attributed to the presence of additional cations in the
diffuse double layer which neutralises the electrostatic forces that prevent
aggregation. Furthermore, the nitrate anion may lead to the oxidation and
degradation of the PVP chains, giving rise to the observed instability of the silver

particles upon addition of nitrate anion.

The PVP-protected silver nanoparticles were immobilised in a polyacrylamide
hydrogel and then employed for the reduction of 4-nitrophenol and the
electrochemical detection of nitrates. This hydrogel matrix was selected as it is
biocompatible, insoluble in aqueous solutions and highly porous, making it an ideal
matrix for the nanoparticles. The porous nature of the polyacrylamide hydrogel
allows good contact between the silver nanoparticles and the 4-nitrophenol
molecules. Furthermore, the composite is easily recoverable once the reduction of
the 4-nitrophenol is complete. Indeed, the reduction of 4-nitrophenol was
observed at the immobilised silver nanoparticles. In the presence of NaBH4, the
4-nitrophenol was completely reduced after a 60 min period. The rate constant for
the reduction reaction was calculated as 7.4 x 10-# s-1. However, higher rates were
observed by increasing the number of hydrogel discs, giving a higher surface area
for the reduction of 4-nitrophenol. The reusability of the composite was excellent,
showing similar rate constants for repeated reactions. Furthermore, the activity of
the composite was maintained on dehydrating and rehydrating. However, the
PVP-protected silver nanoparticles immobilised in the polyacrylamide matrix
showed poor detection of nitrates. Diffusion of nitrate was limited within the
hydrogel matrix and indeed this was confirmed wusing the

ferrocyanide/ferricyanide electrochemical probe.

The anti-bacterial activity of the polyacrylamide-PVP-protected silver
nanoparticles was tested using Staphylococcus aureus, MRSA, Escherichia coli and

two strains of Pseudomonas aeruginosa. In addition, the hydrogel was loaded with
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a solution of AgNOs to give the presence of mobile Ag* ions. The greatest zones of
inhibition were observed for the composites containing the Ag* ions, consistent
with the view that the silver ion is biologically active and readily binds to cell
surface receptors and proteins. The hydrogels containing silver nanoparticles offer
a means of slow release of Ag* ions as the nanoparticles dissolve over time which is

a significant advantage of these materials.

In Chapter 4, silver nanoparticles were successfully deposited at a GC electrode
and this electrode was used in the electrochemical detection of nitrates. The GC
substrate was selected as the nitrate reduction reaction is not observed at a bare
GC electrode and any current generated for the reduction of nitrate can be
attributed to the deposited particles and not to the underlying electrode material.
The parameters that influence the electrodeposition process and consequently

how the electrochemical detection of nitrate is affected were explored.

The silver nanoparticles were electrodeposited on a GC electrode using either a
double pulse technique or a single pulse technique. In both approaches, an
oxidation pulse of 1.0 V vs Ag/Ag* was applied to clean the electrode. For the
double pulse technique, a pulse at E1 was applied for a short period of time to
instantaneously nucleate nanoparticle seeds. Then, a longer growth pulse at Ez, ata
lower reduction potential, was applied to grow the seeds into established particles
without further nucleation at fresh sites. In the single pulse method, the electrode
was immersed under open-circuit conditions in the silver-containing solution for
60 min. Then, the reduction potential was applied. Using scanning electron
microscopy, the sizes of the particles were obtained. A high density of seed
particles was produced during the nucleation pulse at E1, however, many of these
particles did not mature into stable particles during the growth pulse. Instead, the
particles redissolved and then deposited on more stable particles to give rise to
larger particles with a lower density. Furthermore, a relatively high level of
polydispersity was observed for the double pulse. A much higher density of silver
particles was achieved using the single pulse technique. Potential pulses
from -0.50 V to -1.0 V vs Ag/Ag* are sufficient for nucleation to occur during the

entire pulse, giving progressive nucleation. Very few large particles were evident
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on the surface and a narrow size distribution was achieved. Using the Scharifker
and Hills model for two and three dimensional nucleation, the nucleation was

consistent with the progressive nucleation and a 3D growth model.

The electrochemical detection of nitrates was studied at the silver particles using
the single and double pulse methods. Similar cyclic voltammograms were
recorded for the silver particles deposited using the single and double pulse
methods. This indicates that the morphology of the silver deposited on the surface
of the GC electrode has little influence on the catalytic activity of silver for the
reduction of the nitrate ion. In both cases, a broad nitrate reduction peak was

observed at approximately -0.90 V vs SCE, indicating the reduction of nitrate.

Cyclic voltammetry and constant potential amperometry experiments were used
to generate calibration curves for the detection of nitrates at bulk silver and the
silver-modified GC electrode. The surface areas of the deposited silver particles
were calculated as 0.034 cm? following a 25 s deposition period, 0.069 cm? for a
50 s deposition period and increasing to 0.087 cm? and 0.104 cm? for deposition
periods of 75 a and 100 s, respectively, using a single pulse of -0.50 V vs Ag/Ag*.
These surface areas were used to normalise the currents for the nitrate reduction
reaction and much higher normalised nitrate reduction currents were obtained for
the silver-modified GC electrode compared to a bulk silver electrode. Indeed, using
the peak currents from the cyclic voltammograms, the limit of detection at the bulk
silver electrode was computed as 3.9 x 10> mol dm3, compared to the limit of
detection of 2.0 x 10-> mol dm-3 for the silver nanoparticles. Furthermore, a much
higher sensitivity was obtained for the silver-modified GC electrode, indicating that
the deposited silver nanoparticles are more sensitive to nitrate detection. The
sensitivity of the sensor was increased 10 fold using constant potential
amperometry and the limit of detection was calculated as 9.8 x 10 mol dm-3 for
the silver-modified GC electrode. This level of detection falls well below the
maximum concentration of 8.0 x 10-* mol dm-3 of nitrate as set out by the EPA

under the Nitrate Directive (91.676/EEC).

270



Conclusions Chapter 5

The kinetics of the nitrate reduction reaction was studied at the silver-modified GC
electrode. The term an’ was computed as 0.422 using the shape factor, |Ep-Ep1/2],
and Tafel analysis. The rate constant for the reduction of nitrate was calculated as
9.79 x 103 s'L. The reaction order for the nitrate reduction reaction was obtained
by fitting the electrochemical data to the rate law, to give a rate law with a reaction
order of 0.736. This fractional reaction order is consistent with an adsorption step,
where the adsorption of the nitrate anion is the rate-determining step. Rotating
disc voltammetry was employed to study the hydrodynamics of the nitrate
reduction reaction. Linear Levich plots were obtained at lower rotation rates. The
diffusion coefficient was calculated as 1.66 x 10-5 cm? s-1, and the rate constant was

calculated from the intercept of the Koutecky-Levich plot as 0.11 cm s1.

The influence of pH, the effects of different electrolytes and the addition of nitrites
and chlorides on the reduction of nitrate were studied at the silver-modified GC
electrode. Higher peak currents were observed at lower pH values between 2.0
and 4.0, consistent with the adsorption of H* ions at the surface, which appears to
facilitate the reduction of nitrates. As the pH is increased, hydroxide ions occupy
the active sites giving rise to lower peak currents. Similarly, alkaline solutions or
solutions with anions which adsorb on the surface show smaller nitrate reduction
currents. Significant interference was observed on the addition of nitrites and
chloride anions. The formation of AgCl on the surface of the silver nanoparticles
occurred on addition of the chloride anions, giving rise to lower peak currents and

a significant change in the position of the peak potential.

Overall, the main goals of this thesis were achieved. The silver nanoparticles were
successfully synthesised, and these were used in the electrochemical detection of
nitrates, by modifying a GC electrode with the silver particles, while the reduction
of 4-nitrophenol was observed for the particles immobilised within the hydrogel
matrix. Finally, the hydrogel immobilised particles and, in particular, the hydrogel

immobilised Ag* ions, showed very good and promising antibacterial activity.
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