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Synopsis

Metal nanoparticles offer excellent chemistry compared to its bulk equivalent
because of the large surface area-to-volume ratio, large surface energies, specific
electronic structure, plasmon excitation, quantum confinement, short range ordering,
and increased number of kinks and low-coordination sites such as corners & edges,
having a large number of dangling bonds. There are two general approaches for
synthesising metal nanoparticles. The first one is the “top down approach”, which
begins with a pattern generated on a larger macroscopic initial structure, and then it
reduces to nanoscale. Ball millings, photolithography, embossing and moulding, micro-
contact printing etc. are included in the top down approach. However, the applicability
of this approach is limited by the high expenditure, broad particle size distribution and
slow rate of production of metal nanoparticles. The other approach is the “bottom up
approach”, which starts with atoms or molecules and builds up to nanostructures. This
approach is much less expensive comparative to top down approach. The bottom up
approach consists of two popular routes viz. gas (or vapour) and solution phase
synthesis. Inert gas condensation, pulsed laser ablation, spark discharge generation, ion
sputtering, chemical vapour synthesis, spray pyrolysis etc. are the gas (or vapour)
phase synthesis route of bottom up approach. On the other hand, co-precipitation or
colloidal synthesis, sol-gel processing, micro-emulsion, hydrothermal/solvothermal
synthesis, bioreduction, electrodeposition, polyol method etc. are the solution phase
synthesis route of bottom up approach. Among these processes, electrosynthesis is one
of the promising techniques for preparing supported metal nanoparticles of controlled
size, shape and crystallographic orientation. During electrosynthesis, the metal
nanoparticles are prepared on the electrode surface by an external source of electrons to

its precursor ions present in the solution. This is generally a room temperature process
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and gives better purity of the particles due to the absence of a vast number of auxiliary

chemicals.

Templating is one of the most important techniques for the controlled synthesis of
nanostructured materials of well-defined size, shape and configuration. The general
route for templated electrosynthesis of nanostructured materials includes the following
steps: (1) template preparation, (2) directed electrosynthesis of target materials using
the template, and (3) template removal. The bottle necks of the templated
electrosynthesis are the first and the last steps. The preparation of templates of precise
nanometer dimensions is itself a costly and delicate step. It requires sometimes
sophisticated instruments. On the other hand, both physical methods such as dissolution
and chemical methods including calcinations and etching are applied to remove the
template after synthesis of the nanoparticles. Therefore, the property of metal
nanoparticles may be altered due to the harsh conditions of using extensive corrosive

acid or base in the template removal step.

Hence the prime aim of the present thesis was to develop the strategies for
electrosynthesis of metal nanoparticles without using any physical or chemical
templates. The difficulties in controlling the size as well as size dispersion of metal
nanoparticles are also addressed in the thesis. The work described in this thesis is

divided into six chapters followed by the bibliography.

Chapter 1: Introduction

This chapter gives a general introduction to the synthesis of metal nanoparticles.
The fundamentals of electrodeposition of metals and electrochemical nucleation and

growth are also discussed in this chapter. A brief discussion is presented on the

il



Saurav K. Guin Synopsis

development of the electrochemical nucleation and growth models for electrodeposition

of metals at constant potential. Finally, the scope of the work is highlighted.

Chapter 2: Experimental

This chapter gives the brief descriptions of the electrochemical workstation
(potentiostat/galvanostat), electrochemical techniques, electrochemical quartz crystal
microbalance  (EQCM),  spectroelectrochemistry, electrochemical impedance
spectroscopy (EIS), atomic force microscope (AFM), scanning electron microscope
(SEM), X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD) and
inductively coupled plasma mass-spectroscopy (ICP-MS) employed at different stages
of present work. It also consists of a brief description of the chemicals, methodologies

and computer based programs employed at different stages of present work.

Chapter 3: Template-free Electrosynthesis of Lead Nanoparticles (PbNPs) by

Potentiostatic Triple Pulse Strategy (PTPS)

There is an increasing interest to synthesize PbNPs for various applications.
Electrochemical deposition is advantageous because of the least requirement of the
additives and absence of any interfering products generated during the
electrodeposition of lead metal. It is interesting to note that the deposition of PbNPs on
a supported material has not been attempted electrochemically in spite of the reversible
electrode behavior of Pb(II)/Pb couple. This is the first effort for the electrosynthesis of
PbNPs (without any adlayer of Pb) on a template free substrate and this necessitated the
optimization of different parameters to achieve the desired quality of the PbNPs. In this
context, it is therefore of interest to develop a strategy for the electrochemical synthesis
of PbNPs on a template free substrate, their characterization and study on the influence

of the electrochemical parameters on size and size distribution of PbNPs.

il
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An attempt was made for the electrosynthesis of PbNPs employing a
potentiostatic triple pulse strategy (PTPS) where the first pulse employed is the
perturbation pulse for the removal of the adsorbed Pb*" ions from the electrode surface.
The dual role of the first pulse is the restriction of pre-adsorption of Pb(II) on electrode
surface and simultaneously providing the fresh surface for the nucleation and growth
processes. The second and third pulses are responsible for the controlled nucleation and
growth of PbNPs, respectively. This chapter is subdivided into two parts. The first part
deals with the implementation of the PTPS for the electrosynthesis of PbNPs on gold
surface, where gold facilitates the electrodeposition of Pb as the energy of Pb-Au
interaction is much stronger for the first monolayer than that of the Pb-Pb interaction.
The second part of this chapter deals with the implementation of the PTPS for the
electrosynthesis of PbNPs on glassy carbon (GC) surface, where GC provides a low

surface energy conductive substrate and exhibits weak metal-substrate interaction.

The pulse potentials were chosen from cyclic voltammetry (CV) and
electrochemical quartz crystal microbalance (EQCM) studies of Pb(II)/Pb couple in 0.1
M HCIO4. The electrodeposited PbNPs were characterized ex situ independently by
XRD, XPS and AFM. The results obtained suggested the presence of chemisorbed
oxygen on the surface of PbNPs. The influence of pulse parameters (viz. nucleation
pulse duration, growth pulse duration and growth pulse potential) was investigated on
the size, particle density and monodispersity of the deposited PbNPs. Figure S1 shows
the (a) surface topography and (b) particle size histograms of PbNPs synthesised by
PTPS employing first pulse at +0.2 V (E;) for 60 s (t;) followed by a nucleation pulse
at -0.53 V (E,) for 0.06 s (t2) and a growth pulse at -0.455 V (E3) for 60 s (t3). The

surface height distribution of the bare gold surface is also shown in the figure for

v
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comparison purpose. The potentials mentioned here are with reference to the

Ag/AgCl(Saturated KCl) electrode.
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Figure S1 The (a) surface topography and (b) particle size histograms of PbNPs
synthesised by PTPS. E;= +0.2 V; t; =60 s, E; =-0.53V; t, =0.06s; E3 =-0.455V;

t3= 60 s.

The second part of this chapter deals with the implementation of the PTPS for the
electrosynthesis of PbNPs on GC surface. GC does not provide any favorable
interaction on Pb deposition i.e. Pb adatoms - adatoms interaction is stronger than the
interaction of Pd adatoms with the GC surface. The PTPS was compared to the
conventional potentiostatic double pulse strategy (PDPS). The final surface topography
of the PbNPs/GC at the end of 70 s of the current transients is shown in Figure S2. The
instantaneous nucleation and growth of PTPS resulted into discrete and monodispersed
(average height 8+2 nm) tapped hemispherical PbNPs. However, the progressive
nucleation and growth and prolonged induction time in PDPS resulted in small,
overlapped and polydispersed (average height 5+5 nm) PbNPs. The optimized PTPS
can electrochemically produce discrete and monodispersed capped hemispherical metal

nanoparticles on a low surface energy conductive substrate.
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Figure S2 The progressive (in PDPS) and instantaneous (in PTPS) types of nucleation
and growth for the electrocrystallization on PbNPs during the last pulse. The surface
topographies and particle size dispersions are shown along side. For PTPS, E;= 0.4V,
t1=060s, E;=-0.7V,t=1ms, E3=-049V, t;=70s; for PDPS, E;= 0.4V, t;= 60 s,

E,=-0497V,t,=70s.
Chapter 4: Template-free Electrosynthesis of Gold Nanoparticles (AuNPs)

Gold nanoparticles (AuNPs) are the most stable among all the metal
nanoparticles and they also have fascinating material properties. Novel multiple
potentiostatic pulse (MPP) and multiple galvanostatic pulse (MGP) strategies were
developed for the template free electrosynthesis of AuNPs on a GC electrode with the
objective of achieving better electroanalytical performance compared to that of the bulk

metal electrode. The mechanism of electrocrystallization in the initial stages of metal

Vi
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deposition was studied by cyclic voltammetry, chronoamperomentry,
chronopotentiometry and in situ spectroelectrochemistry. The key parameters
controlling the size dispersion of the metal nanoparticles in the template-free

electrosynthesis of AuNPs were evaluated.

In the MPP strategy, the tapped hemispherical gold nanoparticles (AuNPs(P)/GC)
of average diameter of 250-300 nm and average height of 10-15 nm were deposited on
a GC electrode covering about 61% of the effective surface area of the electrode. In the
MGP strategy, the tapped hemispherical gold nanoparticles (AuNPs(G)/GC) of average
diameter of 350-400 nm and average height of 25-30 nm were deposited on a GC

electrode covering about 18% of the effective surface area of the electrode.

The synthesized AuNPs were utilized for different electrochemical applications
which are subdivided into two sections. The first section represents the excellent
sensitivity of AuNPs(P)/GC for the determination of Pb(Il) by square wave anodic
stripping voltammetry (SWASV) by virtue of the underpotential deposition of lead on
the gold surface. The limits of detection of Pb(Il) obtained with a bare GC, bare Au,
AuNPs(G)/GC and AuNPs(P)/GC electrodes were calculated as 1.22 pg L™ (5.86 nM),
122 ng L™ (587 pM), 86.4 ng L™ (416 pM) and 57 ng L™ (274 pM), respectively, at S/N
= 3. The analytical response of the AuNPs(P)/GC electrode was found to be the best
among the four electrodes. The concentrations of Pb(II) in some of the environmental
samples were determined by SWASV at AuNPs(P)/GC electrode. The results showed a

good agreement with the ICP-MS data for the same samples.

The second section represents the electrocatalytic reduction of U(VI) in 1 M
H,SO4 at AuNPs(G)/GC. The supported gold nanoparticles (AuNPs) exhibited high

electrocatalytic activity for CO oxidation and oxygen reduction. The oxygen reduction

Vil
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on AuNPs occurs in the potential range -0.5 to -0.15 V vs. Ag/AgCl (saturated KCl)
reference electrode, which is similar range of reduction potential of the uranyl (UO,>")
complexes on mercury pool electrode. UY'0,?" is chemically robust due to the presence
of trans-dioxo bonds around the uranium and it is highly oxidative in acidic solutions,
exhibiting interesting and useful oxidation—reduction chemistry, which indeed requires
more exploration. This is the first report on the electrocatalysis of UV'0,*" in 1 M
H,SO, at AuNPs supported on glassy carbon electrode (AuNPs(G)/GC) evidenced from
the cyclic voltammetry (CV), differential pulse voltammetry and electrochemical
impedance spectroscopy experiments. The molecular understanding of the
electrocatalytic mechanism was evaluated by the relative stability of molecular orbitals
of the most abundant U(VI) complex in sulphuric acid solution by quantum chemical

calculations.

The rates of electron transfer reaction from the electrode to U(VI) were
determined as 3.5x107°, 5.0x10” and 5.4x10° cm s at GC, Au and AuNPs(G)/GC,
respectively. This indicates that heterogeneous charge transfer rate of AuNPs(G)/GC is
much faster compared to Au and GC. Moreover, the average charge transfer
coefficients (a; symmetry factor of the transition state) were determined as 0.14, 0.47
and 0.83 at GC, Au and AuNPs(G)/GC, respectively, by cyclic voltammetric
simulation, Tafel’s slope and analytical equation for irreversible reaction. Therefore, it
can be speculated that the rate as well as the symmetry of the potential energy barrier of
the heterogeneous electron transfer reaction from metal to U(VI) improves in the order

GC < Au <AuNPs(G)/GC.

For molecular level understanding of electrocatalysis of U(VI) at AuNPs,
quantum chemical calculations were performed to optimise the geometry of the most

probable U(VI) species in sulphuric acid solution. [UY'Ox(5'-0S03)(#°-0,S0,),

Viii
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2H,0]* was found to be the predominant species under the conditions studied. The
nonadiabatic electron affinity of [UY'0,(5'-0S03)(5°-0,S0,), 2H,0]* was calculated
as -6.57 eV vs. vacuum in the aqueous phase without structural optimization of the
reduced state using optimised structure of the oxidised form for the starting point of the
electron/charge transfer. The energies of the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO) were calculated as -
7.01 and -5.84 eV vs. vacuum, respectively. It is interesting to note that the HOMO is
comprised mostly of O(p)-orbitals of monodentate sulphate ion, whereas the LUMO is
comprised of U 5f ,o.y») orbital. It shows that an interaction between filled p-orbital of
oxygen atom of sulphate with that of vacant f orbital of uranium(VI) ion, indicating the

f-orbital participation in bonding.

The heterogeneous electron transfer rates are dependent on the density of states
(DOS) of the electrode material i.e. higher DOS means a higher probability of electrons
of correct energy available for an electron transfer to a redox system. The DOS of the
sp-band of GC depends on the energy range and it is very low (~2.2x107 states/eV) i.e.
below -0.1 V vs. Ag/AgCl. Therefore, the heterogeneous rate of electron transfer to
U(VI) was found to be the lowest at GC. Moreover, the weak interaction of LUMO
(made of U-5f orbital) of [UY'0,(5'-0S05)(5#°-0,S0,), 2H,0]* with carbon sp-band
creates a virtual state (VS-LUMO) at -4.372 eV vs. vacuum (calculated from the
formula; Evspumo = -e[Ec + 4.65] eV vs. vacuum; where E; is the onset potential vs.
Ag/AgCl in the CV) for the heterogeneous electron transfer reaction to take place. The
weak absorption of [UVIOz(nI -OSO3)(772-02802), 2H,0]* on GC surface leads to the
lowest charge transfer coefficient of the reaction. On the other hand, Gold has a DOS of
0.28 states/eV and this value is relatively constant with energy. The metal 5d-band

interacts comparatively strongly with the LUMO (U-5f orbital) of [UY'0,(5'-0S03)(1’-
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0,50,), ZHZO]Z' creating VS-LUMO at -4.549 eV vs. vacuum. Moreover, the strong
adsorption of [U"'0,(5-0S03)(5°-0,S0,), 2H,0]* on Au improves the charge transfer
coefficient of the cathodic reaction. In AuNPs(G)/GC, not only the DOS is expected to
be increased, but also the 5d-band centre is to be lifted up towards the Fermi level. The
highest observed value of the charge transfer coefficient and rate of electron transfer at
AuNPs are attributed to the highest density of states of 5d-band of gold and its strong
interaction with the LUMO contributed by U-5f,,.y2) orbital of [UVIOZ(nI -OSO3)(;12-

0,50,), ZHZO]Z', predominant stable species of Uv1022+ mm 1 M H,SO,.

Chapter 5: The Effect of Surface Protecting Agent on Electrocrystallization of

Silver Nanoparticles (AgNPs)

Silver nanoparticles (AgNPs) have received considerable attention in the field of
catalysis, biological and chemical sensors and surface-enhanced Raman spectroscopy.
The cationic surfactant, cetyltrimethylammonium bromide (CTAB), is most extensively
used as a stabilizer to fabricate positively charged bi-layer shell on AgNPs. In our
previous studies, the template-free electrosynthesis of metal nanoparticles was well
established. However, from the application point of view, the chemical stability of the
synthesised nanoparticles in the absence of any surface stabilizing or protecting agent is
often questioned. In this chapter, the mechanisms of electrocrystallization of AgNPs
from its aqueous solution at selected constant potentials both in the presence and
absence of surface protecting agent tetrabutylammonium tetrafluoroborate (TBABF,)
are reported by cyclic voltammetry and chronoamperometry to understand the effect of

the stabilizing agent on the formation and growth of AgNPs.

The electrocrystallization of metal basically involves nucleation of metal adatoms

on the active sites of the electrodes followed by three dimensional diffusion controlled
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growth of the nuclei. Four popular electrocrystallization models viz. Scharifker and
Hills (SH), Scharifker and Mostany (SM), Sluyters-Rehbach, Wijenberg, Bosco and
Sluyters (SRWBS) and Heerman and Tarallo (HT) have been developed from the same
nucleation rate law (of constant nucleation rate) and Avrami’s theorem of projecting
diffusion flux. The aim of the study was to understand the influence of TBA" ions on
the electrocrystallization of AgNPs by evaluating the electrocrystallization parameters
viz. initial current density (jo), decay constant (t), diffusion coefficient (D) of Ag(l),
number of active sites (Ny) and nucleation rate (a). These were calculated by fitting the
experimentally obtained current transients with the calculated current transients (from
the models) using hybrid genetic algorithm (HGA). All the three models fitted well by
HGA with each of the potentiostatic current transients with residual sum of squares
(~4.6x107) and reduced y° (~1.2x10"%); but with different values of

electrocrystallization parameters.

Irrespective  of the differences in the numerical values of the
electrocrystallization parameters, each of the models independently revealed that the
surface protecting agent would make the kinetics of electrocrystallization sluggish due
to induction of activation overpotential at the electrode-electrolyte interface and
subsequently the number of nuclei on the electrode surface decreased in presence of
TBA" ions. However, the principal component analysis of the evaluated parameters
(i.e. D, Np) and derived parameter (i.e. aNy) revealed that no correlation exists among
the electrocrystallization parameters derived from the SH, SM, SRWBS and HT
models; though they originated from the same nucleation law of electrocrystallization
and Avrami’s theorem. In connection to this result, some of the important

observations/comments on the validity of the nucleation law (of constant nucleation

Xi



Synopsis Saurav K. Guin

rate), diffusion zones and Avrami’s theory, which are the foundations of the SH, SM,

SRWBS and HT models of electrocrystallization were addressed.

Chapter 6: Summary of Key Findings

1.

Xii

The important conclusions of the work are as follows:

A novel potentiostatic triple pulse strategy (PTPS) was developed for the template-
free electrosynthesis of lead nanoparticles. This is the first effort for the
electrosynthesis of PbNPs (without any adlayer of Pb) on a template free substrate.
The electrodeposited PbNPs were characterized ex-situ independently by the XRD,
XPS and AFM. The results obtained suggested the presence of chemisorbed oxygen
on the surface of PbNPs. The influence of pulse parameters (viz. nucleation pulse
duration, growth pulse duration and growth pulse potential) was investigated on the

size, particle density and monodispersity of the deposited PbNPs.

. The systematic studies revealed, for the first time, the cause of improvement in the

particle size and size dispersion in potentiostatic triple pulse strategy (PTPS)
compared to conventional potentiostatic double pulse strategy (PDPS), and at the
same time it also showed a prospect of PTPS for template-free electrosynthesis of
metal nanoparticles. The instantaneous nucleation and growth of PTPS resulted into
discrete and monodispersed (average height 8+2 nm) tapped hemispherical PbNPs.
However, the progressive nucleation and growth and prolonged induction time in
PDPS resulted in small, overlapped and polydispersed (average height 5+5 nm)

PbNPs.

. Novel multiple potentiostatic pulse (MPP) and multiple galvanostatic pulse (MGP)

strategies were developed for the template free electrosynthesis of AuNPs on a GC

electrode with the objective of achieving better electroanalytical performance
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compared to that of the bulk metal electrode. Excellent control of the particle size

dispersion was achieved in both the routes of synthesis.

4. The AuNPs(P)/GC showed excellent sensitivity and lowest limit (57 ng L™ or 274
pM) of detection for the determination of Pb(II) at ultratrace levels by square wave
anodic stripping voltammetry (SWASV) by virtue of the underpotential deposition
of lead on the gold surface. The stability, repeatability, reproducibility and accuracy

of the analytical response were found to be satisfactory for the analytical purposes.

5. The AuNPs(G)/GC showed excellent electrocatalytic reduction of U(VI) in 1 M
H,SO,. This was the first report on the electrocatalysis of UVIOz2+ in 1 M H,SOy at
AuNPs supported on glassy carbon electrode (AuNPs(G)/GC) evidenced from the
cyclic voltammetry, differential pulse voltammetry and electrochemical impedance
spectroscopy experiments. Molecular understanding of the electrocatalytic
mechanism was evaluated by the relative stability of molecular orbital of the most
abundant U(VI) complex in sulphuric acid solution by quantum chemical
calculations. The highest observed value of the charge transfer coefficient and rate
of electron transfer at AuNPs are attributed to the highest density of states of 5d-
band of gold and its strong interaction with the LUMO contributed by U-5f,x2.y2)
orbital of [UY'0,(7'-0S0;5)(7°-0,S0,), 2H,0]*, predominant stable species of

UY0,*" in 1 M H,SO..

6. The surface protecting agent, viz. tetrabutylammonium tetrafluoroborate (TBABF4)
slowed down the kinetics of electrocrystallization of AgNPs because of the
induction of activation overpotential at the electrode-electrolyte interface and
subsequently the number of nuclei on the electrode surface decreased in presence of

TBA" ions. This study also revealed that enough artifacts may exist in the optimized
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values of the number of nuclei; nucleation rate etc. following SH, SM, SRWBS, and
HT models and it may be far off from the reality. Therefore, enough need exists to
validate the compatibility of the nucleation law (of constant nucleation rate),
diffusion zones and Avrami’s theory, which are the foundations of the SH, SM,

SRWBS and HT models of electrocrystallization.

In conclusion, the work reported in this thesis has led to the development of
several new strategies for electrochemical synthesis of metal nanoparticles without
using any additional structure directing agents. These synthesis strategies have
immense potentials for development of new catalytic and sensor materials for various

applications.
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Figure 4.1  Cyclic voltammograms of 1 mM HAuCl, in 0.1 M HCI on GC 106
at a scan rate of 100 mV s™ for (1) I*', (2) 2" (3) 3" and (4)
4™ cycles. Starting potential is 1.50 V. Inset shows the

magnified image in the potential range 0.25-1.00 V.

Figure4.2  (a) Chronoamperograms of 1 mM HAuCly in 0.1 M HCI on 110
GC for three consecutive cycles. E;= 0.8V, E, =0.92V, E. =
-0.13 V, t. = t, = 0.01 5. Blue and red lines represent the
cathodic and anodic  transients, respectively. (b)
Chronoamperograms of 1 mM HAuCl, in 0.1 M HCI on GC
and Au for three consecutive cycles. E; = 0.8V, E, = 0.92 V,
E. =055V, t.=t, =2s. Blue and red lines represent the
cathodic and anodic transients on GC, respectively. Green
and pink lines represent the cathodic and anodic transients
on Au, respectively. (c) The magnified image of the first
cathodic transients of (b) and inset shows the magnified view

of the first anodic transient of (b).

Figure 4.3  Non-dimensional (j/jn)’ vs. t/ty plots of current transients for 111
electrocrystallization of gold on GC at (a) -0.13 V and (b)
0.55 V. (i) experimentally obtained nucleation curve, (ii)
theoretically calculated curve for instantaneous nucleation
and (iii) theoretically calculated curve for progressive

nucleation according to SH model.
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Figure 4.4

Figure 4.5

Figure 4.6

Figure 4.7

Chronopotentiogram of 1 mM H[AuCl,] in 0.1 M HCI on GC
for five consecutive cycles. j; = 0 A em™, j. (R1) = -0.64 mA
em™, t. (R1) = 6 ms, jo (R2-R5) = -0. 46 mA cm™, t, (R2-R5)
=1s,j, (01-05) = 1.26 mA em™, t. (01-05) = 5 ms. Blue
and red lines represent the cathodic and anodic potential

transients, respectively. Inset shows the magnified image of

the R1 and O1.

(a) In-situ UV-visible reflection spectra of AuNPs(P)/GC
synthesized just after 119 growth pulses (including the seed
pulse). Inset shows the progress of the spectra of
AuNPs(P)/GC from the first to 1 499" growth pulse. (b) SEM
image (5000X) of AuNPs(P)/GC. Inset shows the magnified

image at 50000X (the scale shows I um length).

(a) The AFM topography (XY-plane) of the AuNPs(P)/GC.
The small yellow line shows a length scale of 5 um. (b)
Particle features at the ZX-plane along the long yellow line
drawn in the XY topography. (c) Histogram of the particle
height distribution (in terms of the tip deflection voltage) in

the entire scan area.

Cyclic voltammograms of AuNPs(P)/GC (black line) and
AuNPs(G)/GC (red line) in 1 M H»SOy in the potential range

-0.6 Vto 1.5V at a scan rate of 100 mV s™.
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Figure 4.8  (a) In-situ UV-visible reflection spectrum of AuNPs(G)/GC 119
synthesized just after 119 growth pulses (including the seed
pulse). Inset shows the progress of the spectra of
AuNPs(G)/GC from the first to 1499™ growth pulse. (b) SEM
image (10000X) of AuNPs(G)/GC. Inset shows the magnified

image at 50000X (the scale shows I um length).

Figure 4.9 (@) The AFM topography (XY-plane) of the AuNPs(G)/GC. 120
The small yellow line shows a length scale of 2 um. (b)
Particle features at the ZX-plane along the long yellow line
drawn in the XY topography. (c) Histogram of the particle
height distribution (in terms of the tip deflection voltage) in

the entire scan area.

Figure 410 The schematic representation of the dissolution of the 121
subcritical nuclei and the growth of the supercritical nucleus

under the galvanostatic steady state condition.

Figure 4.11  Cyclic voltammogram of 10 uM Pb(Il) in 0.1 M KCI at a scan 123

rate of 10 mV s™.

Figure 4.12  Calibration plots of Pb(Il) in 0.1 M KCI on (a) bare GC, (b) 124
bare Au, (c) AuNPs(G)/GC and (d) AuNPs(P)/GC. The

straight lines show the corresponding linear ranges.
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Figure 4.18 (4) Cyclic voltammograms (CVs) of 5 mM UVI) in 1 M 134
H,50, at AuNP(G)/GC with the scan rate (a) 20 (b) 40 (c) 60
(d) 80 (e) 100 (f) 200 (g) 300 (f) 400 (i) 500 mV s, Inset: The
linear dependency of cathodic peak current (j,) on the scan
rate (v). (B) The Log(-j,) vs. Log(v) plot of (4). (C) The plot
of current function 0’,,/\/0'5) VS. V.
Figure 4.19 Cyclic voltammogram of 5 mM UWVI) in 1 M H>SO, at 136
AuNP(G)/GC with the scan rate of 20 mV s™. The peaks (I, III
and 1V) correspond to the reduction and oxidation of gold

and the peak II corresponds to the reduction of U(VI).

Figure 4.20 The cyclic voltammograms of 5 mM 139
K;3[Fe(CN)s]/K4[Fe(CN)s] in 0.1 M KCIl at Au, GC and
AuNP(G)/GC at a scan rate of 10 mV s. (ii) The Nyquist plot
of the same at (a) GC, (b) Au and (c) AuNP(G)/GC for the
frequency range 10° — 0.1 Hz at amplitude of 5 mV. The
circular points represent the experimental data and solid line
is the fitted data by FRA 2 with the Randle’s electrical
equivalent circuit. Inset shows the zoomed image of the

semicircular portions of (b) and (c).

Figure 4.21 The optimized structures of (a) [U’0:(SO,), 2H,0]* 141
(vacuum), (b) [U"0xS0,), 2 H,O]* (hydrated), (c)
[U"0,(50,),, 3H,0]* (vacuum) and (d) [U"0,(S0,),,

3H,0]” (hydrated). The bond distances given are in A.
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Figure 4.22

Figure 4.23

Figure 5.1

Figure 5.2

Figure 5.3

Figure 5.4

(a) HOMO and (b) LUMO of hydrated [U" 0,(n'-0SO03)(n’*-
0,50,), 2H,0]*. HOMO is comprised of lone pair from
oxygen atoms of SO group which acts as monodentate

ligand whereas LUMO is made of 5f -x2-y2) orbital of U.

The representation (not in absolute scale) of the interaction
of LUMO with the electronic bands of (&) GC, (b) Au and (C)
AuNP(G)/GC. VS-LUMO represents the virtual state of
LUMO after interacting with the electronic bands of

electrode.

Cyclic voltammograms of 10 mM AgNO; + 0.1 M KNOj; in (i)
absence and (ii) presence of TBABF, on GC at a scan rate of
10 mV s Inset shows the zoomed image of the cathodic

peaks.

The chronoamperometric current transients of 10 mM AgNO;
+ 0.1 M KNO:; at (i) -0.300, (ii) -0.200, (iii) -0.100 and (iv) -

0.043 Vin (a) absence and (b) presence of TBABF .

The plot of dimensionless variables, (]/Jm)2 vs. t/t, obtained
from the experimental current transients in the (a) absence
and (b) presence of TBABF,. The dimensionless variables of
the calculated (theoretical) current transients  for
instantaneous and progressive nucleation according to the
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Schematic representation of HGA. The detailed procedure is

discussed in Section 2.9.1.
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Figure 5.5  The potentiostatic current transients at (a) -0.300 (b) -0.200 158
(c) -0.100 and (d) -0.043 V in the (i) absence (pink circles)
and (ii) presence (saffron circles) of TBABF,. The solid lines
(colour of each line is not visible indistinguishably because of

overlapping among them) are the fitted lines according to

SM, SRWBS and HT models.

Figure 5.6  The optimized fitted parameters viz. jy, t, Log D, Log N and 159
“a” obtained by fitting through SM, SRWBS and HT models
for each potentiostatic transient. Here (Absent) and (Present)

represent the absence and presence of TBABF,, respectively.

Figure 5.7  Schematic  representation  of  the  difference of 160
electrocrystallization in the absence and presence of TBA"

ions.

Figure 5.8  The distribution of SH, SM, SRWBS and HT models on PC2 161
vs. PCI in the (a) absence and (b) the presence of TBABF,.
The loadings of each parameter are shown by the distance of
the black points from the origin. In (a) D (-0.300 V) is not
shown in the calculation because it had same values for the
four models.

Figure 5.9  The AFM topography (XY) of the AgNPs deposited on GC at - 162
0.300 V for 10 s in (a) the absence and (b) the presence of
TBABF,. The vertical bar at the top right of each image

represents the z-profile of the XY image.
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1.1. Synthesis of Metal Nanoparticles

The metals having one or more dimensions (length or width or thickness) in the
nanometer size range (1-100 nm) are known as ‘metal nanoparticles’. The prefix
“nano” is believed to be derived from the Greek word “vévoc” or the Latin word
“nannus”, both meaning “dwarf”’. The phrase ‘nano-‘ was officially adopted as a SI
prefix (meaning 10™ of SI base unit) in Resolution#12 at the Eleventh Conférence

Générale des Poids et Mesures in 1960 [1].

Metal nanoparticles are being investigated in an interdisciplinary area covering
Physics, Chemistry, Materials Science and Engineering, because they offer excellent
chemistry compared to the bulk metals. In the present era, engineering of metal
nanoparticles has got increasing importance in a number of sectors, including

biotechnology, electronics, energy, and industrial products /2-23].

Dr. Richard P. Feynman delivered a famous lecture entitled “There’s Plenty of
Room at the Bottom” on December 26, 1959 in the Annual Meeting of the American
Physical Society at California Institute of Technology. In that lecture, he demonstrated
that there was chance that one could decrease the size of things in a practical way [24].
In 1995, Dr. Jean-Marie Lehn revealed that “There’s even more Room at the Top”,
which proposed that atoms and molecules could be assembled into short range order at
nanoscale /25/. These two novel thoughts led two basic approaches for synthesising
metal nanoparticles /26, 27]. The ‘top-down’ approach is believed to be pioneered by

Dr. Feynman, while the ‘bottom-up’ approach belongs to Dr. Lehn.

The electrosynthesis belongs to the solution based ‘bottom-up’ approach for
preparing supported metal nanoparticles at room temperature /28-36/. This gives better

purity for the particles due to the absence of a vast number of auxiliary chemicals in the
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synthesis step. Further, electrosynthesis can produce materials of variable size, shape,
crystallographic orientation, density and composition by a judicial choice of
electrochemical strategy, nature of the electrode surface and the composition of the
electrodeposition solution. In electrosynthesis, the reduction potential can be carefully
controlled by fixed, stepped or pulse potentials or current densities, or by sweeping the
applied deposition potential. Therefore, it provides better control in the preparation of
nanoparticles compared to chemical reducing agent, which provides only fixed

reduction potential /36].

Templating is one of the most important techniques for the controlled synthesis of
nanostructured materials /37/. A template is a physical and chemical gauge, pattern or
mold used as a guide to the form of a piece being made. It reveals as a powerful tool
using pre-existing guide with desired nanoscale features to direct the formation of
nanomaterials into forms that are otherwise difficult to obtain. Typically, nanomaterials
synthesized by templating strategies have well-defined size, shape and configuration
[38-45]. The general route for templated electrosynthesis of nanostructured materials
includes the following steps: (1) template preparation, (2) directed electrosynthesis of
target materials using the template, and (3) template removal. The bottle necks of the
templated electrosynthesis are the first and the last steps. The preparation of templates
of precise nanometer dimensions itself is a costly and delicate step. Sometimes, it
requires sophisticated instruments. On the other hand, both physical methods such as
dissolution and chemical methods including calcinations and etching are applied to
remove the template after the synthesis of metal nanoparticles. Therefore, there is a
possibility to alter the property of metal nanoparticles due to the harsh conditions of
using extensive corrosive acid or base in the template removal step. Hence this thesis

presents the studies on the development of various strategies for electrosynthesis of



Saurav K. Guin Chapter 1: Introduction

metal nanoparticles without using any physical or chemical templates.
1.2. Electrodeposition

Figure 1.1 shows the schematic representation of the working electrode and
electrolyte interface at equilibrium (Figure 1.la) and during the steps of
electrodeposition (Figure 1.1b,c). The concentration of the solvated cations (white
balls) and anions (green balls) of the supporting electrolyte (SE) is much higher
compared to the solvated metal ions (M,,"", red balls). The water molecules (blue balls)
assemble at the electrode-electrolyte interface in the form of a layer, which is known as
Inner Helmholtz Plane (IHP). The blue background is the continuous aqueous phase,

where few water molecules are represented to show the IHP and hydrated ions.

The solvated metal ions can approach the working electrode only up to Outer
Helmholtz Plane (OHP). The metal ions, at the interface, are transformed to metal
adatoms (M,q) by the supply of electrons from the working electrode, which is kept at
the overpotential n (Figure 1.1b). The Mygs, situated on the working electrode, form a
cluster on metal atoms (Figure 1.1c) and this cluster of metal ions is known as the

nucleus.
The electrochemical potential (pis) of M can be represented by Eq. 1.1.
s = pd + RTIna, + negs (1.1)

where, p’ and a; are the standard chemical potential and activity of M™,
respectively. R and T are the universal gas constant and temperature in absolute scale,
respectively. n and e are the charge of the metal ion and charge of an electron,

respectively. @y is the electric potential of the metal ions in the bulk of the solution.
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Figure 1.1 The schematic representation of the working electrode electrolyte interface
(a) at equilibrium, (b) at beginning of the birth of metal adatoms and during the
nucleation (c). The blue background is the continuous aqueous phase, where a few

water molecules are represented to show the IHP and hydrated ions.

A three-electrode (i.e. working electrode, reference electrode and counter electrode)
assembly is immersed into the solution to complete an electrochemical cell. If the
electrochemical potential of the working electrode is changed without changing the
activity of the metal ions in solution, then some metal ions get reduced to M,q on the
working electrode. The electrochemical potential (p.q) of the adatoms can be

represented by Eq. 1.2.
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Haa = Haa + RTInagq + neqq (1.2)

where, uado and a,q are the standard chemical potential and activity of the adatoms,
respectively. @,q is the electric potential of the adatoms on the inert electrode. When
the metal ions and the metal adatoms are in equilibrium, then ps= ps”; tag = Had™; 85 =

a, " and a,q= a.4 . Therefore,

Us® = Uaa (1.3)

d o __ o __ ”2_ ﬂgd El ﬁ 14

and @qq = ¢5° = [T+ pIn o (1.4)
, RT a®

or Eoo = EO + Ell’l [@] (15)

where, E., represents the equilibrium potential difference between the M,q and M"".

E, represents the standard reduction potential of the metal. F is the Faraday’s Constant.

Equilibrium Line

(1)
Eoo [------=====mmnmns-- &

:/

Potential perturbation

(3)
I Ei--- — - ¥(2)
Driving force experienced '
by the system
i Point of supersaturation

Figure 1.2 Variation of the equilibrium potential of M "™ as a function of aJ/a.q at

constant T and P.
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The ‘equilibrium line’ of E., vs. (as/a,”) is shown in Figure 1.2. We assume that
the equilibrium electrochemical cell, at the start of the experiment, is represented by
position (1) in Figure 1.2. When the electrode potential is decreased to E (E < E.)
without changing the bulk concentration of M""; the system deviates from the
‘equilibrium line’ to a position (2), which is unstable at T. This situation is known as
the ‘supersaturation’. Therefore, to reach the ‘equilibrium line’, the system drives
towards the position (3) by decreasing the a;” of M"". The driving force to decrease the
activity of M"" causes a first order phase transition at the working electrode, where the
adequate amount of M"" ions transform to M,q by taking electrons from the working

electrode (Figure 1.1b). This phenomenon is known as electrodeposition (Eq. 1.6)
M™ + ne” = Mayq (1.6)

The change in the chemical potential (Ap) of the cell during electrodeposition can be

represented as Eq. 1.7.
Ay = nF(Ey —E) + RTIn [%] (1.7)
ad

Where, a,q is the activity of M4 at E. If we assume, for simplicity, that a,q” = a,q =1,

then,
Au =nF(E, — E) (1.8)
or Au = —nFn (1.9)

where the overpotential (1) is defined as follows:

n=E- E, (1.10)

Under this assumption, we can consider E, as the open circuit potential (OCP) and it

can be calculated by Eq. 1.11
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, . RT
OCP (E,) = Ej + — Inag (1.11)

Since, E < E.., thus electrodeposition occurs at the negative values of 1. This type of
electrodeposition is known as ‘overpotential’ deposition (OPD). Though, OPD is
generally encountered for electrodeposition, but in some special cases,
electrodeposition for at least monolayer or sub-monolayer level happens at potential E
< E. This type of electrodeposition is known as ‘underpotential’ deposition (UPD) as
in this case electrodeposition occurs at the positive values of 1. The electrodeposition
of lead (Pb) on gold (Au) is an example of UPD [46-63]. The two criteria for UPD of
Pb on Au are : (1) The binding energy for Pb-Au (-1.35 eV) is more negative than that
for Pb-Pb (-0.897 eV) [47] and (2) The chloride ions (CI') adsorb at the Au surface and
they induce the adsorption of Pb(II) on Au through a ligand (CI') bridge /46,48]. The

general mechanism of UPD can be explained by Egs. 1.12-1.15.

S +nCl = [S-nCI]™ (1.12)
[S-nCI]" + M™" = [S-nCI-M] (1.13)
[S-nCI-M] = [S-M-nCl] (1.14)
[S-M-nCl] + ne" = S-M + nCI’ (1.15)

where, S represents the inert substrate and CI” acts as a bridging ligand.

The electrodeposition, in general, involves a couple of sequential processes (Figure
1.3): (1) transfer of hydrated metal ion from the bulk of the solution to the OHP near
the working electrode by diffusion /Note: The convection and migration modes of mass
transfer are ignored in quiescent aqueous solution having excess (concentration more
than 100 times compared to the metal ions) SE], (2) stripping off the water molecule

from the hydrated metal ion to produce naked metal ion near the IHP, (3) transfer of



Chapter 1: Introduction Saurav K. Guin

electron from the working electrode to the naked metal ion forming metal adatom, and
(4) attachment of the metal adatoms to form metal nuclei. The n for OPD is mainly
contributed by the ‘activation polarization’ (1,), which represents the height of the
energy barrier of the electron transfer from the working electrode to the naked metal
ion and ‘concentration polarization’ (1), which represents the limitation experienced
for the electrochemical reduction because of the transport of ions from the bulk to the

OHP.

Therefore, N =1,+ N (1.16)

IHP OHP

e
Naked metalion at
transition state

1

Charge Transfer from
; Electrodeto naked metal ion

(Activation Polarization)

Diffusion of solvated metal
ion from bulk to OHP
(Concentration Polarization)

Working Electrode

Deposited metaladatom

Figure 1.3 The representation of the sequential processes of electrodeposition under

the concentration and activation polarizations.

10



Saurav K. Guin Chapter 1: Introduction

1.3. Electrochemical Nucleation and Growth

The closely spaced metal adatoms join together on the electrode surface to form
metal nuclei and this process is known as electrochemical nucleation. Once the nuclei
are formed, they grow by the continuous attachment of the metal adatoms to the
existing nuclei and this process is known as growth. The electrochemical nucleation
and growth is the most important stage of electrosynthesis to control the size, shape,

size distribution of the metal nanoparticles.

It was shown in the previous section that, for an overpotential 1, a thermodynamic
driving force exists for the transformation of N’ M™" ions to a metal nucleus of N atoms.
However, the nucleation is not a spontaneous process. A thermodynamic energy
barrier, known as ‘nucleation work’ (AG(N’,n)), guides the formation of new nucleus

on the electrode surface (Eq. 1.17&1.18) [64-70]
AG(N,n) = —N'Au+ @(N) (1.17)
or AG(N,n) = N'nFn+ @(N) (1.18)

The first term of Egs. 1.17 and 1.18 is negative, since it represents the energy gained
by transforming N metal ions from higher electrochemical potential to N adatoms at
lower electrochemical potential. However, the second term of Egs. 1.17 and 1.18 is
positive, because it represents the total excess energy in creating the new interfaces

(nucleus-electrode and nucleus-solution interfaces) during nucleation.

The nuclei can have either two-dimensions (2D, i.e. disc like) or three-dimensions
(3D, i.e. particle like). However, discussion will be restricted only to the 3D nuclei,

because no 2D nuclei formation was encountered in the present study.
The variation of AG(N,n) with respect to N and 1 can be described by (1) classical

11
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nucleation theory and (2) atomistic nucleation theory.

1.3.1. Classical Nucleation Theory

The classical theory assumes @(N) to be a continuous function of N'. This
assumption is macroscopically valid for the large cluster. Consider the formation of a
3D heterogeneous spherical cap nucleus of radius of curvature R’ on the electrode
(Figure 1.4). The contact angle of the nucleus with the substrate is 0. The specific
surface energies of the nucleus, substrate and nucleus-substrate interface are o, o5 and

oj, respectively. Therefore, the actual volume (V,) of the nucleus should be

V, = %nR'3[2—3c059'+c0536'] (1.19)

Nucleus

wnt®

Figure 1.4 3D heterogeneous spherical cap nucleus of radius of curvature R formed
on the electrode (Substrate).

Figure 1.5a shows the continuous variations of (i) N’Au, (i1) (p(N’) and (iii)
nucleation energy as a function of N at constant overpotential 1. Since AG(N 1) is a
continuous function of N’, and, therefore, it is a differentiable function. The size of the
nucleus having a maximum nucleation work is known as the critical nucleus (No) and
the maximum nucleation work is known as critical energy (AGgyir). Therefore, one can

write that

12
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= =0 (1.20)
dN NNI=NI,

For 3D heterogeneous spherical cap critical nucleus, r = r. and thus,

16m03 M2

AGCTit = mf(@’) (121)
where, f(0) = %[2 —3cosf' + cos30'] (1.22)
20M
T, = p;’Fn (1.23)
, 32mwo3M? ,
N = ——===f(6) (1.24)

c 3n3p3F377
Therefore, 1. is independent of the contact angle (Eq. 1.23). Further AGcyit, N’C and
1. decrease with increasing n (Egs. 1.21, 1.23, 1.24). Figure 1.5b shows the nucleation

work for three n, where n3> 12> 1.

- Cfa) ¢ (b)

. J

M

V' 1= Constant

Figure 1.5 (a) (i) NAu and (ii) ¢(N) and (iii) nucleation energy as a function of N at
constant overpotential 3. (b) the nucleation energies at three different n, where nz> 1>

ni

13
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1.3.2.  Atomistic Nucleation Theory

This theory assumes that AG(N ,i) can not be a continuous function of N for small
size of nuclei. The AG(N,n) versus N relationship is not a fluent curve but displays
minima and maxima, depending on the structure and energy state of the cluster (Figure
1.6). The highest maximum at a given supersaturation corresponds to the critical

nucleus size.

AG (n,N)

AG g |y _

=
v

N N’

Figure 1.6 The atomistic approach of the nucleation energy, AG(n,N) as a function of

N at constant overpotential .
1.3.3. Kinetics of Nucleation

The nucleation work, AGgyit, is @ measure of the thermodynamic barrier, which has
to be overcome in order to transform N’C number of M™ ions from the electrolyte
solution into a nucleus of atoms N’C on the electrode surface. Any nucleus of N < N’C,
will be dissolved into the solution. The probability of the formation of nuclei can be

expressed by Eq. 1.25:

14
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AG i
a = Ajexp (—#) (1.25)

Where, ‘a’ is the rate of nucleation (number of nuclei cm™ s'), Ay is the
proportionality constant. Since, AGgy 1S inversely proportional to the square of 1 (Eq.

20), thus the rate of nucleation increases significantly with increasing 7.

Therefore, we can derive the relation (Eg. 1.26) between ‘a’ and m for 3D

heterogeneous nucleation by Egs. 1.21-1.25.

dlna _ nr
gl RT €

(1.26)

1.3.4. Energy State of the Electrode Substrate

In all the above sections, it was assumed that the working electrode is inert and it
provides isoenergic surface for the nucleation. However, in reality, the working
electrodes provide active sites (may be crystal defect, dislocation, scratches etc.) at the
atomic level on the electrode surface. The active sites are bonded to the nuclei in such a
way that the free energy of bond formation leads to a pronounced decrease in AGgyit, SO
that the ‘a’ at these sites is considerably higher than at the surrounding locations. The
theoretical models of electrocrystallization are developed on the time-dependent

variation of the active sites under the electrodeposition condition.

The total number of active sites (N, cm™) represents the theoretically possible
maximum number density of nuclei on an electrode. The number of nuclei at time ‘t’ is

represented by N (cm™). Therefore, the nucleation rate law will be

N — a(N, — N) (1.27)

at

If we assume, N = 0 at t = 0 (i.e. at the start of the nuclei), then the integration leads to
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N = Ny[1 —exp (—at)] (1.28)

The Eq. 1.28 is the general rate law of the number density of nuclei on the electrode

surface at any time t. The value of ‘a’ will have two limiting cases:
Case-I : Instantaneous Nucleation

If “at’ is very large for very high rate of nucleation (i.e. high ‘a’ value), then Egq.

1.27 can be expressed by a delta function of ‘t’ i.e.,
2= Nod(t) (1.29)
where, 8(t) = 1 at t = 0 and d(t) = 0 for t > 0.

Therefore, N = N, [, (t)dt (1.30)

and N =N (at t > 0) (1.31)

Therefore, at very fast rate of nucleation, the maximum number of nuclei is formed
virtually immediately after the start of the perturbation from the equilibrium. This type

of nucleation is known as ‘instantaneous nucleation’ (Figure 1.7a).
Case-II : Progressive Nucleation

If “at’ is very small for very slow rate of nucleation (i.e. small ‘a’ value), then Egq.
28 can be expressed by Eg. 1.32.

N = Nyat (1.32)
As. [exp(—x) = (1 — x)]; (for small value of x)

Therefore, C;—’tv = aN, (1.33)
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In this case, the number of nuclei grows with time and this type of nucleation is

known as ‘progressive nucleation’ (Figure 1.7b).

Electrodepositionstartsat t=0 Electrodeposition starts at t=0

Active sites Active sites
] / Att=0

With increasing time (t)
b
::
1
\
7
=)
With increasing time (t)
[
"
»
1
\
o
=)

.Wi‘/ (oo t) .-?_ﬂ_?—:‘/ (o)

(a) Instantaneous Nucleation (b) Progressive Nucleation

Figure 1.7 The schematic representation of (a) instantaneous and (b) progressive

nucleations.

1.4. Electrochemical Nucleation and Growth Models for

Electrodeposition at Constant Potential

Let us assume that an isolated hemispherical nucleus of radius ‘r’ is growing under
the linear diffusion flux of the metal ions M"" (Figure 1.8). Then the current i can be

expressed as:
i =nFk"A (1.34)

Where, n is the charge transfer during the deposition, F is the Faraday’s constant (C
mol™), k is the lattice incorporation rate constant (mol cm™ s™), ‘A’ is the surface area
of the hemispherical nucleus (cm?®). Here we assume that the coulombic efficiency of

the electrodeposition is 100%, i.e. the charge transfer to the electrode is solely
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responsible for the deposition of new phase on the electrode. Then, current ‘i’ should be

equal to the rate of growth of the nucleus. Therefore,

=22 (1.35)

M dt

Where, p and V are the density and volume of the deposited phase, respectively, of

molecular weight M. For hemispherical nucleus of radius ,
A = 2mr? (1.36)

and V = Zmr (1.37)

From Egs. 1.36 and 1.37, we can get,

av ar

w4 (1.38)
From Egs. 1.34, 1.35, 1.38 we can get,

dr Mk"

pria (1.39)

r= M (1.40)

From Egs. 1.34, 1.36, 1.40, we get

27,m3
i= B (1.41)

Therefore, the current for growth of an isolated hemispherical nucleus is

proportional to the square of the time from the birth of the nucleus /71].

18



Saurav K. Guin Chapter 1: Introduction

Figure 1.8 The schematic representation of the growth of a hemispherical nucleus

under the control of linear diffusion of metal ions from the bulk of the solution.

The concentration of M™" at the surface of the nucleus is governed by the Nernst

equation (Eq. 1.42):

(a—l)nFn] _ Cyn+ - [-anFn] (1.42)

Cy RT Cpn+ RT

where, Cy and C'y are the concentrations of the Mag at n and E., respectively. Coyn+
and C'ypns are the concentrations of M™ at the surface and in the bulk, respectively.

Therefore,

* C F
s = Clyns [ﬁ] exp [%] (1.43)

For electrodeposition, 1 is negative. Therefore, the surface concentration of M""
becomes effectively zero just after the application of m. Therefore, current ‘i’ is

governed by the transport of M™" by linear diffusion to the surface of the nucleus.

Therefore,
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(= nFACH [2 (144)

Where, D is the diffusion coefficient of the metal ions. From Egs. 1.35, 1.38, 1.44,

we can get

0
- ZMC_MMF (1.45)
p i

From Egs. 1.34, 1.41 and 1.45 we get,

3
8nFM2¢c®,,.Dz 1
i= 1—Mn+t2 (1.46)

m2p2

Therefore, the current responsible for the growth of the single hemispherical nucleus
under the linear diffusion flux of metal ions is proportional to the square-root of time
[72]. Practically, many nuclei form on the electrode depending on the rate of nucleation
(Section 1.3.4). Therefore, nucleation and growth occur simultaneously and the total

current is given by Eq. 1.47.
. t, aN
i= [li(w [E]t_u du (1.47)

Where, u is the age of the nucleus. Therefore, from Egs. 1.29, 1.33, 1.46 and 1.47, we

can get for ‘instantaneous nucleation’

3
~ 8nFM2c®,.DZN, 1
i = = t2 (1.48)

m2p2

And for ‘progressive nucleation’

3
) 16nFM2c® ,.DZaN, 3
i = 2 t2 (1.49)

3m2p2

20



Saurav K. Guin Chapter 1: Introduction

The assumption of linear diffusion of metal ions was challenged by Hills et al. /73] and

they modified the Eq. 1.44 by Eq. 1.50 on the basis of spherical diffusion (Figure 1.9).

nFAC® .+ D
j=— M (1.50)

T

-l
T

N

/

Figure 1.9 The schematic representation of the growth of a hemispherical nucleus

under the control of spherical diffusion of metal ions from the bulk of the solution.

Performing treatment as similarly was done for Egs. 1.45 & 1.46, we get

0
2DCYny Mt
p

r= (1.51)

3

nFr(2DC® p4 )2 M

and = ( 1{””) tz (1.52)
pf

1
2

Therefore, the current for the nucleation and growth through hemispherical diffusion

by ‘instantaneous nucleation’ is

w

nFr(2DC0n+ )EM%NO 1

i = : t2 (1.53)
pf
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and for ‘progressive nucleation’ is

3
= 1
, ZnFTc(ZDCI?ln.,.)ZMfaNO 3
i = - tz (1.54)
3p2

Therefore, the initial (i.e., just after the application of pulse) current is proportional

3/2

12 . . . .
to t'“ and t”* for instantaneous and progressive nucleations, respectively.

Figure 1.10 The schematic representation of current transient for an electrodeposition

after applying a constant overpotential pulse at t = 0. The cathodic current is negative.

Figure 1.10 represents the current transient recorded for an electrodeposition
experiment after applying a potentiostatic pulse at a fixed overpotential. The initial
current decreases significantly at a time scales of 5-300 ms (Segment A), which is
mainly attributed to the rearrangement of electrolyte species (ions/molecules) at the
electrode-electrolyte interface. In the succeeding part of the transient, the current

increases with time (Segment B) and passes through a maximum value followed by a
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steady decrease (Segment C). The subsequent rise in current corresponds to the
increase in the overall electroactive area due to increase(s) in the number of nuclei
and/or size of nuclei, as described by Eq. 1.53 or 1.54 [74, 75]. The spherical diffusion
zone around each nucleus (Figure 1.9) grows with time. The overlap of neighboring
diffusion zones (Figure 1.11) is responsible for the current maxima (i = i) at t = ty,
(Figure 1.10). At the time corresponding to the current maxima, the spherical diffusion
zones overlap and mass transfer becomes linear (Figure 1.11). The change in diffusion
regime leads to a decrease in the current with increasing time obeying Cottrell equation

(Segment C in Figure 1.10).

Diffusion Zone Columns

Figure 1.11 The schematic representation of the growth of the diffusion flux and
transformation from the radial to linear diffusion flux. The diffusion zone column

represents the effective boundary between the adjacent columns.

Scharifker and Hills (SH) simplified the above situation by (1) assuming that the

overlap of neighboring diffusion zone columns is equivalent to the overlap of the
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circular patches on the electrode surface and (2) calculating the overall current by
considering only the linear diffusion. The first simplification was adopted from the
Avrami’s theory for kinetics of phase change [76, 77]. Figure 1.12 represents the
circular patches on the working electrode originating from the projection of the
diffusion zone columns on the electrode surface. The growth of the 3D nucleus with
time increases the radius of its diffusion zone column. Thus, the radius of its patch on
the electrode surface also increases with time. Under this condition, the growth current
is expressed in terms of linear diffusion to the fraction of the electrode area contained

within the circular perimeter of the growing diffusion zone.

Figure 1.12 The schematic representation of the distribution of the circular patches of

the diffusion zone columns of each nucleus.
The radial velocity (8;) of the circular patch along the electrode is expressed by

Eq. 1.55.

5, = VkDt (1.55)
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Where, k is a material constant determined by the conditions of the experiment.
The planar area (A:) of a single diffusion zone at time t is expressed by Egq. 1.56.

A, = 6} = mkDt (1.56)

If immediately following time t = 0, the nuclei number density becomes N (cm™),
then at time t, assuming no overlap, the fraction of the area covered by diffusion zones
1S Ocx.

Oex = NtkDt (1.57)

Since, the nuclei are randomly distributed on the electrode (Figure 1.12), thus
there will be overlap and the actual fraction of area (6) covered by diffusion zone is
adopted from the Avrami’s theorem.

0 =1—exp(—0,,) (1.58)

Therefore, the radial flux density of metal ions through the boundaries of the

diffusion zones will be given by the equivalent planar diffusion of metal ions to 6.

Therefore,

1

__ MFC*D260 _ nFC*D
- 1

Z

[1 — exp(—NmkDt)] (1.59)

- 11
T2t2 T

Where, C’ is the bulk concentration of the metal ions. For shorter scale of time,

[1 - exp(- NnkDt)] = NakDt; (fort = 0) (1.60)

For ‘instantaneous nucleation’, thus N = Nj

3 11

i =nFC*NykDzmzt2 (1.61)
Comparing Egs. 1.53 and 1.61, we get

8mC*M

k= > (1.62)
For ‘progressive nucleation’, thus N = aNjt
1
2nFC*D2 aNomk'Dt?
i=—7F1|l—-exp(——— 1.63
11 1= exp (- #2525 (1.63)
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Assuming aNot = 0 and comparing Egs. 1.54 and 1.63, we get

k=2 [ (1.64)

According to SH model, the Egs. 1.59 and 1.63 describe the current transients for the
instantaneous and progressive nucleations, respectively /78, 79]. The current transients,
in practice, are presented by the dimensionless form by plotting (i/im)* vs. t/tn (Figure
1.13). The dimensionless plot of SH model is used for the diagnostic evaluation of

potentiostatic current transients for 3D nucleation with diffusion controlled growth.

N
—
E

/

Instantaneous

(

Progressive

t/t

Figure 1.13 The dimensionless plots of SH-model for the potentiostatic current
transients for 3D nucleation with diffusion controlled growth under the instantaneous

and progressive nucleations.
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For instantaneous nucleation,
i\2 _ 19542 t \N?
(E) = TLm){1 — exp[-1.2564 (E)]} (1.65)
For progressive nucleation,
2

(i)2 = 1(2??5)4{1 — exp [—2.3367 (i)z]} (1.66)

tm

For progressive nucleation, the fractional area left uncovered continuously

decreases with the growth of the diffusion zones. Therefore, an exclusion zone for the

further nucleation is always developed around an already nucleated center and new

nuclei will only form on parts of the electrode surface uncovered by diffusion zones.

The saturation number density (N;) of nuclei is given by Eq. 1.67.

aNO

N. =
S 2k'D

(1.67)

Several efforts have been made to eliminate the analysis of two separate cases

(i.e. instantaneous and progressive nucleation) by establishing a general model of

electrochemical nucleation. Three general models namely Scharifker and Mostany

(SM) [80-82]; Sluyters-Rehbach, Wijenberg, Bosco and Sluyters (SRWBS) /83/ and

Heerman and Tarallo (HT) /84-87] have been employed in the literature. They have

been established from the same nucleation law and Avrami’s theorem used in the SH

model, but with different assumptions on the heights of the diffusion zone columns

around the nuclei with time. The major assumptions and related equations of these

models are given in Table 1.1.
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Table 1.1 The prime assumption, equations and limitations of SM, SRWBS and HT

models.
Prime The height of the diffusion zone column starts to grow from the moment
assumption | that the nucleus is born.
i = j, exp(—tt) + ZFCD: [ (—Nymk' DOE)] (1.68)
S ] = Jo€Xp(—T — exXp(—NpTT .
» | Equations v (1et)
0 -1 [1 - eXp(—at)} (1.69)
at
Limitations | It does not predict the correct current density at very short time scale.
) The heights of all diffusion zone columns are equal irrespective of the
Prime ) age of the individual nucleus. The time as well as the height I calculated
assumption | from the birth of the very first nucleus.
zFC D
J = joexp(—tt) + [1 — exp(—Nomk'Dot)] (1.70)
7I t
8 (at
= . j (1.71)
o | Equations \/@7
1 0.051314213 + 0.47910725./ (at)
(p — —_
J@d |1 - 1.2068142/(at) + 1.185724(at)| (172
Limitations | It overestimates 0. with respect to SM model.
Pri The height of the diffusion zone column should be a function not only
rnme of time but also of the nucleation rate constant i.e. the birth rate of the
assumption nuclei.
zFC D
Jj = joexp(—tt) + \/_ [(p] 1 — exp(—N,mk'DOt)] (1.73)
= P
L | Equations 7
[0.520893(at) — 1.206814(at)i + 1.185724(at)? — 0.051314,/((1::)] (L74)
- [tat = 1+ exp (—ar)}{1 - 1.206814,/(at) + 1.185724(a0)}| '
L It overestimates the current because of the inaccurate mass balance at
Limitations individual diffusion zones born at different times.
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1.5. Objective of This Thesis

The discussions in the previous section give the fundamentals of the current
transient response for the electrochemical phase formation under a constant potential
pulse. The different number and sequence of potentiostatic pulses have been employed
to electrochemically synthesize metal micro- or nano- particles.

The most common electrochemical route for synthesis of nanoparticles is the
single potentiostatic pulse, in which the working electrode is initially kept at the
equilibrium with the aqueous solution of the metal salts and then a high cathodic
constant overpotential is applied to deposit the nanoparticles. However, this
methodology gives least control to the size, shape and morphology of the metal
nanoparticles /75, 88-91]. Penner and Plieth introduced double potentiostatic pulse
strategy to obtain narrow size distribution by uncoupling the nucleation and growth
phenomena [92-97]. However, the size distribution of the deposited nanoparticles was
not much improved. Adzic et al. developed a triple pulse strategy for electrochemically
preparing metal nanoparticles. This pulse train consisted of a cathodic pulse to deposit
metal nuclei, then an anodic pulse to dissolve them all, but a few, which then serve as
sites for growth of metal nanoparticles in the third step /98/. However, it showed poor
control over the particle size distribution of the metal nanoparticles.

Therefore, the prime objective of this thesis was to develop new pulse strategies
for controlling the size, shape, material composition and size distribution of
electrochemically synthesized metal nanoparticles without using any templating agent.
The pulse strategies were developed after detailed investigation of the mechanism of

the electrocrystallization for each electrode-metal-electrolyte system.
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2.1. Electrochemical Instruments and Techniques

2.1.1. Instruments

2.1.1.1. Electrochemical Cell

The electrochemical cell is one in which the faradaic reaction takes place by the
imposition of an external voltage. It consists of three electrodes viz. working electrode
(WE), reference electrode (RE) and counter electrode (CE) immersed in the working
solution. The electrodes are externally connected to an electrochemical workstation
(EWS). The electrochemical experiments, unless specified, were performed with CHI-
220 cell stand (Figure 2.1a). The glass vial was properly clamped and was filled with
approximately 5 mL of the working solution. The electrodes were inserted into the
glass vial through the channels shown in the top view of the cap. The electrochemical
quartz crystal microbalance (EQCM) experiments were performed in a CHI-127
EQCM cell (Figure 2.1b) with approximately 2 mL of the working solution. The
EQCM crystal was used as the working electrode. The RE and CE were inserted into

the cell through the channels shown in the cap.

GLASS —

BASE Cell (Tpside down)

STAND —

[ ]
— = e

Figure 2.1 (a) CHI-220 cell stand, (b) CHI-127 EQCM cell.
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2.1.1.2. Working Electrode (WE)

The electrochemical reaction of interest occurs at the WE. Therefore, WE is
desired to be electrochemically inert to other reactions over a wide potential range of
investigation. Further, the transfer of electrons from the WE to the electrolyte solution
(in the absence of the reaction of interest) must be difficult and it needs the WE-
electrolyte interface to be polarisable. Hence, the change in potential in the EWS
(situated outside of the cell) induces a substantial build-up of excess charge at the WE-
electrolyte interface and it indirectly synchronizes the potential of the WE-electrolyte
interface to the applied potential from the EWS. Two types of electrode materials viz.
gold (Au) and glassy carbon (GC) were used in the work.

Unless specified, three types of commercial working electrodes viz. (1) 2 mm
diameter Au-WE (CHI-101); (2) 3 mm diameter GC-WE (CHI-101) and (3) Au crystal
EQCM (Au-EQCM) (CHI-125A) were used in the electrochemical experiments.

Glassy carbon or vitreous carbon is prepared from copolymer resin (phenol-
formaldehyde or furfuryl alcohol-phenol) via heat treatment (1000-3000° C) under
pressure. It has high thermal stability as well as high resistance to chemical attack. The
hardness, low density, low electrical resistance, low friction, low thermal resistance and
impermeability to gases and liquids are other interesting properties of GC. The GC
obtained from commercial suppliers contains conjugated sp’-carbon with high
proportion of fullerene related structures /99/.

2.1.1.3. Reference Electrode (RE)

Reference electrode (RE) is used as the reference point to measure the potential
of the working electrode in an electrochemical cell. Therefore, the electrodes having
well known and stable equilibrium electrode potential are chosen as the RE. The RE

needs to provide non-polarisable electrode-electrolyte interface to stabilize the
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electrode potential at its equilibrium potential. The electron transfer reaction occurs
easily across the interface of the RE. Therefore, the external potential source can not
build up excess charge at the interface.

The electrochemical experiments were performed with two REs viz. (1)
Silver/Silver ~ Chloride  [Ag/AgCl(saturated = KCI)] (CHI-111) and (2)
Mercury/Mercurous Sulfate [Hg/Hg,SOs(saturated K,SO4)] (CHI-151). The half-cell
reactions of these REs and the equilibrium potentials (at 25° C) with respect to the
Normal Hydogen Electrode (NHE) are given in Egs. 2.1, 2.2:[100]

AgCl)+e =Age) + Clyg; Ey=0.197 V (2.1)
HgrSO4) + 2¢ = 2Hg(s) + SO42'aq; Eo=10.640 V (2.2)

Except chapter 5, all potentials are quoted with respect to Ag/AgCl(saturated
KCl) RE. The potentials quoted in the chapter 5 are measured with respect to
Mercury/Mercurous Sulfate [Hg/Hg,SOq(saturated K,SO4)] RE.

2.1.1.4. Counter Electrode (CE)

The electrical current of the electrochemical cell flows through the counter
electrode (CE) or auxiliary electrode. CE along with the WE provides the circuit over
which the cell current is either applied or measured. The potential of the auxiliary
electrode is not measured and is adjusted so as to balance the reaction occurring at the
working electrode. This configuration allows the potential of the WE to be measured
against a known RE without compromising the stability of that RE by passing current
over it. The platinum CE (CHI-115 and CHI-129) was used in the electrochemical
experiments.

2.1.1.5. Electrochemical Workstation (EWS)
The electrochemical experiments were performed with the computer controlled

electrochemical workstation (EWS) as shown in Figure 2.2. The computer controls the
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microcomputer of the EWS through specially designed software. The microcomputer
generates complex digital waveforms depending on the type of experiments and those
produce analog voltage and current to the potentiostat and galvanostat by digital-to-
analog (DAC) converter. Then the electrochemical responses are recorded at the fixed
time intervals by digitizing them by an analog-to-digital (ADC) converter. The
microcomputer also controls the operation and signal processing of some additional
modules such as EQCM, electrochemical impedance spectroscopy (EIS) etc. The EWS
contains fast digital function generator, high speed data acquisition system, filters for
the potential and the current signals, multiple secondary gain stages, potentiostat and
galvanostat etc. Different EWS models provide different options. The EWSs such as
CHI-440A, CHI-450B, CHI-760D and Autolab PGSTAT-30 were used at the various

stages of the work.

Electrochemical Workstation

External (EQCM, EIS etc.) \

\

S

% Vinor iy

a —> DAC > Potentiostat

£ / Galvanostat
S Containing Cell
Q € <

S ADC - |

k=) A out OF lgyr

= l

External (EQCM., EIS etc.) /

Figure 2.2 Schematic representation of the EWS attached to a computer.

Figure 2.3 shows the general configuration of a potentiostat, where A, B, C and
D are the operational amplifiers (OPAMPs) with an open loop gain ranging from 10%-

10® /100]. The adder circuit generates complex voltage waveform (Viy) by flowing
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current through the resistance (R;) from the three voltage inputs (Vi, V, and Vj).

Therefore,

Vin=InRi=Ri(l1 + L+ 15) =V, +V,+V;

(2.3)

The RE is connected to the input of a voltage follower, which gives the same output

voltage (Vyr) as the input. The potential control amplifier amplifies the potential

difference between the positive (or non-inverting) input (here it is virtually grounded)

and the negative (or inverting) input (here Viv). The “B” OPAMP is the booster. From

this,

VVF =- VIN (VS. RE)

and

VOUT =-G AGBVIN (VS. RE)

(2.4)

(2.5)

where, G4 and Gg are the gains of the OPAMPS “A” and “B”, respectively.

v

Ry 1,

v, — 14

Potential Control Amplifier

Iin

Vieedback = = icenfRe

T A
l_—l/

BN
L~

Ry l-

CE

ine I
| re

[
Ve = - Vi (vs. RE)

<
N

Voltage Followe

r

WE

Vi = -icaRs @

———1

|
!

Feedback Control

Current Follower

Figure 2.3 Schematic representation of a potentiostat.

@ VDUT

Cell
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The cell is composed of CE, RE, WE and two impedances viz. Z; and Z,. No
current flows through RE because of the high input impedance of “C” OPAMP. The
current (ice) flows between the CE and WE. The ice; flowing through the WE is
converted to voltage (Vcr) for digitization by a current follower, where Ry is the
feedback resistance of the current follower. Therefore,

Ver = -icaRe (2.6)

The icey 1s a function of total cell impedance (Z) and the electrical equivalent

circuit, known as Randle’s electrical equivalent circuit, of a faradaic cell is shown in

Figure 2.4.
RE
CE WE
Z Z,
@
@(For a faradaic cell)
RE CoL
CE WE
‘ RS Rl'
Rer Zy

Figure 2.4 Electrical equivalent circuit of a faradaic cell.
The general cell components are arranged in series and thus
7Z=7,+17, (2.7)
For a faradaic cell, Z; represents the resistance (R;) of the current flow through the
solution (here we are neglecting the interfacial electrical equivalent components (EEC)
of the CE).

Zi =R (2.8)
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The WE is virtually grounded and thus the potential control amplifier tunes the
potential of the CE in order to keep the potential difference between the RE and the WE
equal to the user-defined value i.e.;

Vwe (vs. RE) =-Vyr =V (2.9)

Further Z, has several EEC viz. Cpp and Rcr, which represent the capacitance
and charge transfer resistance of the WE-solution interface, respectively. Zy represents
the impedance corresponding to the diffusion of the analyte from the bulk to the
interface and it is commonly known as the Warburg impedance. In a real faradaic cell,
the RE is always located at a distance relative to the WE. This means that an additional
resistance, the uncompensated resistance, Ry, can never be eliminated completely. The
R, leads to voltage change across the electrochemical interface, called the “iR drop”
(Vir), given by:

Vir = icenRu (2.10)

Therefore, whenever ice is passed through the Randles equivalent circuit, there
is always a potential control error due to Vig. If a cathodic current flows, the true
potential difference across the electrochemical interface is less negative than the
specified potential and the opposite holds in the case of an anodic current. Therefore,

Vwe (vs. RE) = Vix + icaiRy (2.11)

In modern potentiostat, an automatic compensation of the iR drop can be
attempted by feeding back a correction voltage (Vgeedback 1N Figure 2.3) proportional to
the current flow to the input of the potentiostat. The variable resistance (R;) can be
trimmed to be set to a fraction “f” of the V¢r. Therefore,

Vreedback = - IcenfRe (2.12)

and VWE (VS. RE) = VIN + iCell(Ru — fRf) (213)
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The total automatic compensation of the iR drop can be achieved by setting fRy

Figure 2.5 shows the general configuration of a galvanostat, which is simpler
than a potentiostat, because here the potential of the WE makes no contribution to the
control function. The WE is virtually grounded and the ice; can be controlled by either
the variable resistance (R) or the input voltage (V).

icenn = -in = -Vin/Ry (2.14)

For high current experiments, the adder circuits can be used in the input network. The
voltage follower gives the potential difference between the RE and WE. However, the

Vwe (vs. RE) includes the iR drop due to the presence of R,

N

WE

@
Vour = - Ve (vs. RE)

Voltage Follower

Figure 2.5 Schematic representation of a galvanostat.

2.1.2. Techniques

2.1.2.1. Pre-treatment of the WE

The GC-WE and Au-WE were polished smoothly using alumina slurries with

powders of size down to 0.05 mm. After each polishing, the electrodes were thoroughly
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rinsed with water and sonicated in ultrapure water in an ultrasonic bath for 30 min to
remove any adsorbed substances from the electrode surface. The Au-EQCM was
treated in a mixture of (1:1) concentrated H,SO4 and 30% (v/v) H,0, to get dust free
fresh surface. After rinsing followed by drying, the potential of the working electrode
was cycled between +0.3 and —0.8 V at a scan rate of 10 mV s'in 0.1 M HCIOq4

solution until a reproducible background current was obtained.

2.1.2.2. Purging off the Dissolved Oxygen
The solubility of the oxygen gas in water is ~8 mg/L (or 0.26 mM) at 25 °C,
though it depends on the temperature, salinity and pH of the solution. The reduction of

the dissolved oxygen follows two different paths:

0, +2H" +2¢ = H,0, Eo=+0.695 V (2.15)

0, +4H" + 4¢ = 2H,0 Eo=+1.229V (2.16)

However, the rate of reduction of oxygen at GC-WE and Au-WE is limited by
the electron transfer kinetics and thus the reduction of the dissolved oxygen at these
cathodes happens at far negative potentials (about -0.4 V and about -0.8 V vs. Ag/AgCl
for reaction 2.15 and 2.16, respectively) than the standard reduction potential. The
presence of dissolved oxygen affects the reading of the analytical signal against a large
background current. Further, the intermediate product (H,O,) interferes in the
electrochemistry of the analyte. Therefore, the presence of dissolved oxygen is
considered as nuisance in the electrochemistry other than the research related to the
oxygen reduction reaction. Prior to performing the electrochemical experiments, the
working solution was purged with high purity nitrogen for 15 min to remove the

dissolved oxygen from the solution.
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2.1.2.3. Voltammetry
Voltammetry is a set of experimental techniques in which the applied potential
(E) of the WE is changed with time and current (i) flowing through the WE is recorded

[13%4]
1

as a function of E. The plot of versus E is known as “voltammogram”. In the
present work, the IUPAC convention is followed for representing the current, i.e.
anodic current is positive and cathodic current is negative. The current depends on three
factors i.e., (1) the rate of electron transfers between the electrode and the analyte; (2)
the rate of transport of the reactants and products to and from the electrode and (3) the
charging current corresponding to the restructuring of the double layer. The first two
factors contribute to the faradaic current and the third factor contributes to the non-
faradaic current. The potential-time function and the current acquisition define different
modes of the voltammetry and among these; the cyclic voltammetry (CV), differential
pulse voltammetry (DPV), square wave voltammetry (SWV) and square wave anodic
stripping voltammetry (SWASV) were used in this study.
2.1.2.3.1. Cyclic Voltammetry (CV)

The cyclic voltammetry technique is the most widely used voltammetric
technique performed to qualitatively diagnose an electrochemical reaction. The
potential of the working electrode is varied linearly with time from a start value, say E;
to a terminal value, say E, and then the direction of potential scan is reversed and
finally, the WE comes to its initial potential. The E; is chosen to correspond to
negligible current flow and E, is chosen to correspond to the interval (i.e. E,-E;)
enveloping the oxidation-reduction process of interest. The rate at which the potential
of the WE varies with time is known as the scan rate (v).

Let us suppose, for an arbitrary electrochemical reaction M™ + ¢ « M (the

formal reduction potential of the system (Eo) is expected to be 0 V vs. a selected
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reference electrode); the CV experiment is performed with [M'] = 1107 M; [M] =0
M at 298 K. The potential scan is started at 0.45 V (E;) at a scan rate of 0.01 V s’
towards the cathodic direction (Figure 2.6). The potential scan direction is reversed at -
0.45 V (E,) and the potential is varied with a rate of -0.01 V s™ until 0.45 V. The one

cycle takes about 180 s to complete.

0] Starting Potential €) End PotethiaI E,)
: : One cycle g
0.4-
0.2
2 g0l

0.2 Slope=-0.01Vs" Slope = 0.01V's”

-0.4 -
- 1 A
-0.6 - Reversal Potential (E,)
0 50 100 150 200
Time/s

Figure 2.6 The potential-time function of an electrochemical reaction (M' + ¢ < M);
E; =045V, E;=-045V,v=0.01Vs".

The shape of the CV significantly depends on the value of the standard
electrochemical rate constant (ks, in cm s™'), which is a measure of the kinetics of
charge transfer of the redox couple. The higher the value of k, (1-10 cm s™), the faster
is the attainment of the equilibrium. An infinitesimal reversal in the potential causes the
reaction to proportionally reverse in direction. The electrode reaction having higher k
value is known as “reversible” electron transfer reaction (Figure 2.7i). On the contrary,

the equilibrium is attained very slowly for lower value of k, (< 10 c¢m s™). Then, on
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infinitesimal reversal in the potential, the equilibrium is not reestablished in the reverse
direction in a given experimental time scale. The electrode reaction having lower kg
value is known as “irreversible” electron transfer reaction (Figure 2.7ii). The electrode
reaction, having intermediate value of k, (10°<k,<10" cm s') is known as quasi-

reversible electron transfer reaction (Figure 2.7iii).

80 - M M +e
B |
(i)
40 - &
<
-404 —— Irreversible
—— Quasi-reversible
-80 - —— Reversible
M- M+e¢e

06 -04 -02 00 02 04 06
E/V

Figure 2.7 The simulated CVs of the reaction (M" + € < M) for ky = (i) 10, (ii) 1 <10
3 -5 -1 — -3 g — . T . —
and (iii) 1x10° cm s for [M'] = 1x10° M; [M] = 0 M; Ey = 0 V; Dy+ = Dy
=1x107 em’ s’y a=1Tcm’; 0= 0.5, T=298K; E; =045V, E; =-045V,v=0.01 V
s The simulation of CV is carried out by DigiSim 3.03b software.
From the CV, we can get two important parameters viz. peak current (i,) and
peak potential (E,), which represent current and potential of the cathodic (or anodic)
peak, respectively. The expressions of the E, and i, for the diffusion controlled

reversible and irreversible reactions are shown in Table 2.1.
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Table 2.1 The expressions of the E, and i, for the diffusion controlled reversible and

irreversible reactions.

c
=
S S ip (A) Ep
&
RT
i} . IEp—E%I —1.1O9n—F (2.18)
— . — . X 5 5 D212 * A 1’ RT D
@ i, = 2.69 1.0 AnZI?zvz c* (2.17) Ei= E} — ﬁln (DL,\:) (2.19)
2 (Randle-Sevcik equation) z s
& | E, — Eg | = 2.1995 (2.20)
2
= 13011 _ RT
5 | ip =299 x10%Aaznz D2vz C* (2.21) |Ep —Epl = 185770 (2.22)
E
Where, A is the area of the electrode (in cm?), n is the number of electron change, D
is the diffusion coefficient (in cm® s™), C™ is the bulk concentration in (mol cm™), R
is the universal gas constant (in J mol” K™), T is the temperature in absolute scale
(in K, F is the Faraday constant (C mol™). RT/F (at 25 °C) = 0.02569 V, a is the
charge transfer coefficient.

If both the electroactive analyte and product are adsorbed on the electrode,
then the shape of the cathodic part of the voltammogram becomes mirror image of the
anodic part of the same (i.e. E," = E," = E ). Then i, varies linearly with v as shown in
Eq. (23).

i = 22 ar (2.23)

p 4RT

where, I'" is the total coverage of the analyte and the product.

Therefore, on the basis of Egs. 2.17 and 2.23, one can diagnose whether any
particular electrochemical process is controlled by diffusion or adsorption of the
analyte. The slopes of the plot of Log (i,) versus Log (v) should be equal to 0.5 and 1

for the diffusion and adsorption controlled reaction, respectively.
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The CV has three limitations, (1) due to 1-E asymmetry (for diffusion
controlled process) the resolutions between two closely spaced charged transfer
reaction becomes very poor, (2) the high capacitive (i.e. the non-faradaic) current
distorts the peak shape and sometimes it may hide the peak (for adsorption controlled
process) and (3) the concentration of the analyte should be very high (~1 mM ) to get

reliable mechanistic information.

2.1.2.3.2. Differential Pulse Voltammetry (DPV)
DPV is designed to overcome the capacitive limitations of CV. If a potential pulse of
fixed magnitude (Epyse = 10-100 mV) is applied on a base potential, both the faradaic
and non-faradaic currents (inr) increased simultaneously at the onset of the pulse. The

non-faradaic current decays with the time constant (t = R,Cpy) as given in Eg. 2.24.

, AEpyise t

ivg = ;—ulexp (— RuCDL) (2.24)

The typical value of T is ~ 20 pus for R, = 1 Q and Cpp = 20 pF. After the time
1, the inp decreases by 63 % and after 3t by 95 %. On the other hand, the faradaic

current (ir) for a planar electrode decays with t"~.

1 *
ip = (2.25)

nztz

Therefore, the current for DPV is sampled twice: (1) just before the pulse
application and (2) again late in the pulse life, when the charging current has decayed
(Figure 2.8a). The first current is instrumentally subtracted from the second, and this
current difference (Ai) is plotted versus the applied potential (E) (Figure 2.8b). The
resulting differential pulse voltammogram consists of current peak (Ai,), with the
height directly proportional to the concentration of the corresponding analyte, while
peak potential (E;) can be used to identify the species, as it occurs near the

polarographic half-wave potential.
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. nFAD"’C'[1-0o
Azp: ﬂl/zt}/,f,w LJFG} (2.26)
nFE,,
O =exp| —< 2.27
p[ SRT } (2.27)
1
EP - E% _EEPulse (228)

Therefore, we can say for small Epyse, E,~Ei1» and the analyzable concentration range

of the analyte comes down to ~10 M.

— k—Pulse Width (a)
Step El Sample Period (2)
E 1 (b)
T .
Pulse Ai
Amphtude_ — AFSample Feriod (1)
—|  &—Pulse Period ifD
CQuiet
Time
E

t

Figure 2.8 (a) The waveform of the DPV and (b) the differential pulse voltammogram
showing Ai versus E.
2.1.1.1.1. Square Wave Voltammetry (SWV)

SWV is a large-amplitude differential technique in which a waveform
composed of a symmetrical square wave (Esw), superimposed on a base staircase
potential, and is applied to the working electrode. (Figure 2.9a). If the frequency of the
SW is fsw, then the time period (T) for one complete cycle is 1/fsw and it is equal to
twice the pulse width (tp).

Therefore, T = 1/fsw = 2t, (2.29)
and the scan rate (v) = fswAE; (2.30)

where, AE; is the shift in the base potential between two successive cycles.
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The current is sampled twice during each square-wave cycle, first at the end of the
forward pulse (at #) and second at the end of the reverse pulse (at #). The difference
between the two measurements (A7) is plotted versus the base applied potential (E)

(Figure 2.9D).

. Lifsw (a)
SO Amphtudel

E

Sample Period {if) (h)

T \L_i_ Ll Ai

“AK-Sample Period (i,

Quiet
Time

Figure 2.9 (a) The waveform of the SWV and (b) the differential pulse voltammogram

showing Ai versus E.

1

A, = M Ay (2.31)
T[EtIZ’ulse
Ai

Ag, = 22 (2.32)

i
where, 1; is the limiting current in the normal pulse voltammetry. The AY, is equivalent
to the factor [(1-6)(1+ o)] of Eq. (26) but, for pulse heights 10-50 mV; A¥, > [(1-c)(1+

6)] and thus SWV can be performed with the analyte concentration range down to ~10°®

M.

2.1.2.3.4. Square Wave Anodic Stripping Voltammetry (SWASV)
It is an extended form of the SWV where the metal ions of interest are
preconcentrated on the WE by applying high cathodic potential under stirring condition

for an optimized duration. This is followed by a SWV analysis in the unstirred solution
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from the deposition potential to the anodic direction when the deposited metal ions are
stripped out from the WE to the solution at their respective E;,.
2.1.2.4. Chronoamperometry
This is a type of the potential controlled electrochemical technique, where the
potential of the WE is stepped from a value at which no faradaic reaction or no redox
process occurs to a potential at which the surface concentration of electroactive species
is effectively zero or to a value at which the reduction or oxidation is driven. Then the
faradaic current (ir) follows Eg. 2.25, which is known as the Cottrell equation. As
discussed in chapter 1, chronoamperometry is a powerful technique to study the initial
information about nucleation and growth mechanism of electrocrystallization.
2.1.2.5. Chronopotentiometry
This is a controlled current technique, where the ice is stepped from zero to a
constant cathodic (say, -1;) value at t = 0 (Figure 2.10A4) and the change in the potential
of the WE is monitored as a function of time (Figure 2.10B). At the beginning, a sharp
decrease in the potential is observed because of the charging of the double layer. Then
the potential of reduction of the analyte is reached and the potential of the WE slowly
varies following the Nernst equation (Eq. 2.33), until the surface concentration of the

analyte reaches essentially zero.

E= Ej+ i [CL] (2.33)

n CRed

where, Cox and Creq are the concentrations of the oxidized and reduced form,
respectively. The flux of the analyte to the surface is then no longer sufficient to
maintain the applied current, and the electrode potential again falls more sharply, until
a further secondary electrode process occurs. The time interval from the start of the
current pulse to the transition of the potential for the secondary electrode process is

known as the transition time (7).
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Figure 2.10 (4) Current function and (B) potential response of chronopotentiometry.
2.1.2.6. Electrochemical Impedance Spectroscopy (ELS)

The electrochemistry of a faradaic cell involves (i) movement of the ions
through solution, (i1) charge transfer resistance across the interface, (iii) double-layer
rearrangement at the interface, and (iv) diffusion of the analyte from bulk of the
solution to the interface. These four processes are strongly coupled and occur at
different time scales. The contribution of the individual process to the overall faradaic
cell can not be separated in voltammetry, chronoamperometry and chronopotentiometry
experiments where the large potential/current perturbation is applied to drive the WE
far from the equilibrium state. On the contrary, the contributions of these four processes
to the faradaic cell can be determined separately by perturbing the WE from its
equilibrium state by applying a small amplitude alternating signal with different
frequencies and monitoring the relaxations of these processes with time to the steady
state.

The Randle’s electrical equivalent circuit, as shown in Figure 2.4, represents

the electrical equivalents of solution resistance (Rs), charge transfer resistance across
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the interface (Rct), double layer capacitance (Cpp) and diffusion of analyte from
solution (W). When the potential (AE) of the WE is varied with an alternating small

amplitude (Eo) perturbation around the equilibrium potential (at E = Ey );

AE = E, Sin (2xft) (2.36)
Then the response current (Al) of the cell is changed according to Eq. 2.37:
Al =1y Sin (2xft + @) (2.37)

where, ¢ is the phase difference between the applied voltage and the response current.

Then the impedance [Z(w)] of the faradaic cell is defined as:

sin(wt)

Z(w) = Z (2.38)

0 sin(wt+p)
where, Zy = E¢/ly. Now, using Euler’s formula, the Z(®) can be rewritten as
Z(w) = Zycos(w,p) — jZ,sin(w, @) (2.39)
Where j = \(-1) and the Eq. 2.39 can be rewritten as
Z(w) = Zge(w, 9) = jZim(w, 9) (2.40)

Where, Zgre = ZoCos(w,0) and Zy, = ZoSin(®,p). The Zg. and Zj, sometimes are

represented as Z and Z , respectively. Therefore, we have

— -1 [Z1m
¢ = tan [ZRe (2.41)
76 = Zho + 7Py (2.42)

Figure 2.11 shows the Nyquist plot (-Zi, versus Zgr.) of the Randle’s electrical
equivalent circuit. The difference between the high frequency and low frequency cuts at

Zg. gives the Rer value. The linear shape at the lower frequency region is mainly
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contributed by the Warburg impedance. The EIS experiment was carried out in 5 mM
Ks[Fe(CN)s]/K4[Fe(CN)g] in 0.1 M KCI at the open circuit potential with 5 mV Eg in

the frequency range 10° — 0.1 Hz.

Randle’s electrical equivalent circuit
RE

Cor

Charge transfer control Mass transfer control

Low

High frequency
frequency
Rs + Ru Rs + Ru + RCT ZRe

Figure 2.11 Nygquist plot of the Randle’s electrical equivalent circuit of the faradaic

cell.

2.2. Electrochemical Quartz Crystal Microbalance (EQCM)

Electrochemical quartz crystal microbalance (EQCM) is a device which can
measure a small change in mass at the electrode surface during an electrochemical
experiment. The quartz crystal oscillator consists of a very small and thin piece or
wafer of AT-cut quartz of diameter ~13-14 mm sandwiched between two parallel 100
nm thick gold disks. The gold disks are placed perpendicular to the electrical axes of

quartz plate. The 10 nm thick titanium layer is placed between the gold and quartz for
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the mechanical adherence of the disks on the quartz. When the alternating electric field
is applied to the gold disks potential, an alternating mechanical expansion-compression
takes place along the mechanical axes of the quartz plate and the quartz oscillates at its
resonance frequency (fo, here fy=8 MHz). This is known as inverse piezoelectric effect.
The gold disk deposited on the top side of the crystal comes in the contact with the
electrolyte solution and is used as the working electrode. The 8 MHz Au-QC (CHI-125;

electrode area = 0.222 cm®) was used in the study (Figure 2.12).

AT-Cut QUARTZ CRYSTAL ‘b

Gold electrode

Quariz plate (lower side)

Gold equr_ogle
Figure 2.12 Schematic representation of the CHI-125 quartz crystal resonator.

During electrochemisty, if some mass (not exceeding 2% mass of the crystal) of the
foreign material is loaded on the electrode surface, the resonant frequency of the crystal
decreases by following the Sauerbrey equation:

Afy = — CAmy, (2.43)
where, Cy is known as the sensitivity factor and C¢(Hz cm” g') is expressed as /101]:

2nf?

G = —L2— (2.44)

4 |(poro)

For pg = 2.947 x 10" gem™ s po=2.648 g cm™; a=0.222 cm” and n = 1, the C¢ can

be calculated as 0.71 Hz ng,
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2.3. In situ Spectroelectrochemistry

Spectroelectrochemistry is a hyphenated technique combining the advantages
of the electrochemical and spectroscopic measurements to unveil the redox reactions
occurring at the electrode surface. In situ UV-visible spectroelectrochemical
experiment was performed during the electrosynthesis of gold nanoparticles in a
spectroelectrochemical cell by placing a reflection probe (R-200-7-UV/VIS) facing the
surface of the GC electrode at a distance of approximately 1.5 mm. The light beam,
supplied by a deuterium-halogen light source (DH-2000-BAL), was incident
perpendicularly to the electrode surface with a spot size of 1.5 mm diameter and the
reflected light was collected by the central read fibre of the reflection probe connected
to the spectrometer QE65000 for recording the spectrum every 1 s with a 1044 x 64

element diode array detector.

2.4. Ex situ Microscopic Techniques

2.4.1. Scanning Electron Microscope (SEM)

The substrate containing the electrosynthesized metal NPs was rinsed carefully
with Milli-Q water followed by drying in cold water. The Ex-situ microscopic analysis
was performed to get the real image of the NPs as well as to characterize their size and
shape. For imaging purpose, we first think about the optical microscopic camera. The
resolution (Re) of the optical microscope is limited by the wavelength (A) of the

illuminating light which is known as the Abbe diffraction limit (Eq. 2.45)

Re = 284 (2.45)

2nsin @

where, n is the refractive index of the medium and 6 is the solid angle. The term
“nSin®” is known as numerical aperture of the microscope and in air, nSinf ~ 1.

Therefore, the lowest resolution of an optical microscope is decided by the lowest
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visible wavelength used for illuminating the NPs and it sets the lowest possible
theoretical resolution of an optical microscopic camera to ~200 nm. To overcome the
Abbe diffraction limit, the NPs are probed with electron beam rather than visible light.
If an electron (of charge e) is accelerated by a voltage V, then its de-Broglie

wavelength (A) is defined by Eq. 2.46:

A= (2.46)

(2.47)

where, my is the rest mass of the electron; v and c are the velocities of the electron and
light, respectively. Therefore, an accelerating electron beam of 1 keV can give a
theoretical resolution down to 0.04 nm.

In the present study, the electrons emitted from the thermonic tungsten filament
are accelerated with a voltage 5-20 kV and followed by collimating and focusing
through magnetic lenses to a fine spot on the sample kept at 9-10 mm working distance.
Charging of the samples was generally not encountered due to conducting nature of the
metal NPs as well as the substrate. A carbon tape was used to hold the sample on the
SEM sample stand as well as to pass the excess charge to the ground. The secondary
electrons generated from the sample surface are collected by the Everhart-Thornley
scintillator-photomultiplier detector, which gives the contrast image of the NPs
depending on the variation of the intensity of the secondary electrons from the NPs and

the substrate. The linear magnification of the SEM image is defined by Eq. 2.48.

M (inX) = % (2.48)

where, L and | are the length of the line of the image in the display (usually computer

monitor) and the sample space, respectively. Since L is fixed for a particular
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instrument, thus higher magnification can be achieved by decreasing the scanning size

in the sample space. This study reports the SEM images ranging from 5000X-50000X.

2.4.2. Atomic Force Microscope (AFM)

The SEM, as discussed in the previous section, presents a two-dimensional (2D)
image of a three-dimensional (3D) sample. Therefore, the 3D information of the NPs
was obtained by the AFM. An AFM is composed of six major components; (i)
cantilever, (i) laser, (iii) position sensitive photodetector, (iv) feedback circuit, (v)
piezo scanner stage, (vi) computer (Figure 2.13a). The sample is placed over the piezo
scanner stage and the cantilever moves along the surface of the sample with precise X-
Y positioner. The laser light falls on the cantilever and reflects to the photodetector,
which gives the Z-position of the tip of the cantilever with respect to the sample
surface. Depending on the surface morphology, the feedback circuit adjusts the position
of the cantilever with respect to the sample. The computer and software control the
entire operation and display the 3D topography of the sample. The Nanosurf Easyscan-
2 AFM with the CONTR cantilever (Nano World) having a silicon pyramidal tip of
height 10 um (Figure 2.13b) was used in this study. The atoms present at the tip of the
cantilever interact with the surface atoms of the sample by atomic force (Figure 2.13c).
As the tip approaches the sample, initially it experiences attractive force followed by a
minimum and then it experiences repulsive force very near to the sample. The AFM
images were recorded in the contact mode with a constant repulsive force of 20 nN in

air.
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Figure 2.13 Schematic diagram of a common AFM instrument; (b) the silicon tip of
CONTR cantilever, (c) atomic force curve as a function of distance between the tip and

the sample surface.

The characteristics of the recorded AFM images were studied by the inbuilt

programs of the Nanosurf Report 4.1 software.

2.5. X-ray Diffraction (XRD)

The XRD is used to characterize the crystallographic property of the NPs. The
beam of monochromatic X-ray (of wavelength A) emitted from the X-ray tube followed
by passing through the filter falls on the sample and interacts with the electron density
of the atoms positioned in the crystal planes of the sample. The atoms of the crystal
planes diffract the X-ray in various directions resulting into constructive-destructive
diffraction pattern. The constructive interference and hence a so called Bragg reflection is
obtained when the path of the wavelet scattered of the lower of the two planes is longer by

an integer number of A than that of the wavelet scattered off the upper plane. A reflection
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will thus occur when,

nA=2d Sin 0 (2.49)
where, n is an integer representing the number of planes in the lattice, € is the angle
between the lattice planes and the incident beam and d is the distance of the lattice planes
for which the constructive interference occurs. The diffraction pattern (i.e. the intensity
versus 20) contains many distinct peaks, each corresponding to a different interplanar
spacing, d.

The X-ray diffraction patterns were recorded in air atmosphere by STOE-Theta-
Theta X-ray diffractometer using graphite monochromatised Cu-K, radiation (A= 0.15406
nm). The XRD patterns obtained matched with the standard PCPDF Data Card Files (for

Au and Pb: 4-784 and 4-686, respectively).

2.6. X-ray Photoelectron Spectroscopy (XPS)

X-ray Photoelectron Spectroscopy (XPS), also known as Electron Spectroscopy
for Chemical Analysis (ESCA) is a widely used technique to investigate the chemical
composition of surfaces of the metal NPs. The monochromatic X-ray (of known
energy, hv) falls on the surface of the sample and ejects photoelectrons from the atoms
of the samples. The photoelectrons are allowed to pass through ultra high vacuum and
the kinetic energy (Ex) of the photoelectron is measured by the AE/E detector. If the
work function (¢) of the spectrometer is known, then the binding energy (Eg) of the
emitted photoelectron can be calculated by Eg. 2.50.

Eg=hv-Ex -0 (2.50)

The characteristic Eg is used to identify the chemical composition of the
sample. The incident X-ray interacts with the bulk of the sample and ejects
photoelectrons from the bulk. However, the photoelectrons emitted deeper in the

sample lose energy by inelastic collisions with the bulk atoms while traveling towards
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the surface. Effectively its intensity to reach the detector significantly decreases. Only
electrons close to surface (within a distance < 10 nm from the surface) can reach the
detector with sufficient intensity. Therefore, XPS is considered as a surface
characterization technique.

XPS can identify the chemical oxidation state of an element, because an
increase in oxidation state causes Ep to increase (< 5 eV) due to a decrease in the
screening of the bound electron from the ion core. The reverse is true for decrease in
the oxidation state.

XPS measurements were carried out by Mac-2 analyzer using the Al-Ka line
(1486.6 eV) as the incident radiation. The spectrum was recorded by performing 5
scans at step size of 0.0625 eV. The Eg was calibrated considering the Au 47, peak at
84.3 eV with respect to the Fermi level. XPS peak positions were taken as the centre of
the peak at half height and were corrected by adventitious carbon 15 (C 15) peak at
284.6 eV. The shift of Eg due to the surface charging effect was calibrated by assuming

the binding energy peak of C 1 to be always 284.6 eV.

2.7. Inductively Coupled Plasma Mass Spectrometry (ICPMS)

ICPMS is a highly sensitive mass spectrometric technique which ionizes the
atoms by inductively coupled plasma and the ions are analysed by the mass
spectrometer on the basis of respective m/z values. An electric spark is applied for a
short time to introduce free electrons into the argon gas stream. These electrons are
accelerated by the oscillating magnetic field (27.12 of 40.68 MHz), created by an
applied high frequency electric field. The accelerated electrons collide with argon
atoms and ionize them. The released electrons are in turn accelerated by the oscillating
magnetic field. This produces plasma (consisting of electrons and argon ions) with

temperature ranging from 6000-10000 K. A significant portion of the atoms of the
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sample analyte (nebulized into the plasma) is ionized and is passed to the quadrupole
analyzer through the sample and skimmer cones. ICPMS can analyze almost 65
elements in the parts per billion concentration range. ICP-0a-TOF-MS (Optimass
8000R, GBC, Australia) was employed to validate the concentrations of lead

determined by square wave anodic stripping voltammetry (SWASV).
2.8. Chemicals and Materials

Extrapure ACS grade tetrachloroauric acid trihydrate (HAuCly, 3H,0),
uranyl nitrate hexahydrate [UO,(NOs),, 6H,0], hydrochloric acid (HCI), potassium
chloride (KCIl), perchloric acid (HCIO4, 60%) were used as received. AR grade
potassium ferrocyanide (K4[Fe(CN)s]), potassium ferricyanide (Ki[Fe(CN)g)),
sulphuric acid (H,SO.), silver nitrate (AgNOs), potassium nitrate (KNO3), methanol
(MeOH) and tetrabutylammonium tetrafluoroborate (TBABF4, 99%) were used without
any further purification. Metrohm standard aqueous lead ion solution (Cppz+ = 0.1000 +
0.0005 M) and Merck standards (1000 mg L) were used for preparing Pb(II) solutions.
All the solutions were prepared using ultra pure water (Milli-Q, Millipore, 18.2 MQ
cm). The saturated TBABF4 solution was prepared by Millipore-MilliQ water

containing 10% MeOH and the excess solid residue of TBABF,4 was filtered out.
2.9. Computer Based Programs
2.9.1. Hybrid Genetic Algorithm (HGA)

The hybrid genetic algorithm was used to evaluate the electrocrystallization
parameters viz. initial current density (jo), decay constant (1), diffusion coefficient (D)
of Ag(I), number of active sites (Np) and nucleation rate (a) by fitting the
experimentally obtained current transient with the current transient calculated from the

electrocrystallization model. The home built code was used for genetic algorithm (GA).
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The deduced parameters were finally optimized by Origin software using Levenberg-
Marquardt algorithms (LMA). The optimised values obtained from GA were taken as
the initial guess values in LMA. The brief descriptions of implementation of GA and

LMA are given below:
2.9.1.1. Initialization of the Population

The population is made up of individuals or chromosomes by analogy with
genetics. Each individual is a code of the parameters (jo, T, D, Ny and a) in a particular
model and represents a trial solution to the fitting model. The initial population is
randomly generated with distribution over the entire search region and is therefore less
likely to become trapped in any local optima. In our studies, we have set the size of
population (n) to 100. The search of jo, T, D, Ny and “a” were defined within the
physical relevant range of [1x10™, 5x107], [0.1, 400], [1x10°, 1x107], [1x10°, 5x107],

[0.1, 1000], respectively.
2.9.1.2. Evaluation of the Fitness

The fitness of an individual will be determined by the value of the residue (R).
The experimental current transient contains m data points denoted as (ji, ti) (1 = 1 to
2000). The individual population, px (k = 1 to n) also contains m data points denoted as

(Ji, ti) (1= 1 to 2000). The residue is calculated by the Egs. 2.51 and 2.52 given below:
Jav = X240t 2.51)

T Gi—J)?
k= Z?;f(ji—jav)z (2.52)

The lower the value of R, better is the individual.
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2.9.1.3. Genetic Operation

The genetic operation allows the good fitness of the first generation to survive in
the next generation. Two operators viz. Crossover and Mutation are used for the genetic
operation. Crossover operator combines the parameters from two parents to create two
children. Mutation operator randomly alters one or more of the parameter(s) of a single
individual randomly chosen from the population. Mutation adds random changes in the

new generation and removes hereditary faults of the initial population.

2.9.1.4. Sorting and Replacement of Population

The individuals in the old and new populations are sorted according to their
fitness values, and better “n” individuals are selected for the population in the next
generation. The genetic operations were carried out over 500 generations for arriving at

the best individuals.

2.9.1.5. LM Algorithm

The best individuals obtained from GA were used as the initial guess values for
LMA and for this purpose; we adopted the standard LMA in built in Origin software

for this process.

2.9.2. Principal Component Analysis (PCA)

PCA was performed to statistically evaluate the electrocrystallization parameters
of the nucleation and growth of silver on GC calculated from different
electrocrystallization models. PCA is a way of reducing the dimensions of a large data
matrix without losing the importance of any data. The principle behind the PCA is that
the multivariate data can be decomposed by linear projections onto a new co-ordinate

system. The new axes, known as principal components (PCs), are orientated so that the
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first PC (PC1) captures the largest amount of common variance. The next PC (PC2) is
orthogonal to the first PC and it captures the second largest amount of common

variance in its direction. The PCA was carried out by home built code.
2.9.3. Quantum Mechanical Calculation

Full geometry optimization of [U"'05(SO4)s, nH,0]* (n = 2-3) was carried out by
applying a popular nonlocal correlated hybrid density function, namely, B3LYP.
Gaussian type atomic basis functions, 6-31+G(d) were adopted for O and S atoms
while for U atom, SARC-ZORA basis sets were used for all the calculations //02].
SARC-ZORA basis sets are segmented all-electron scalar relativistic basis sets in
which the coefficients of contracted GTOs have been optimized for use with the ZORA
scalar relativistic Hamiltonian. This particular basis set for U was obtained from
Extensible Computational Chemistry Environment Basis Set Database, Pacific
Northwest National Laboratory /703]. Geometry optimization to locate the minimum
energy structure was carried out applying quasi-Newton-Raphson based algorithm. All
these calculations are carried out applying GAMESS suit of ab initio program for
electronic structure calculation [/04]. Vibrational analysis of U(VI)-species was
performed to ensure the true minima and to assess the effect on the actinyl bond due to
changes in the number of equatorial ligands. Changes to the thermal contributions and

zero point energies are negligible and, therefore, were not included.
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Sections of this chapter have been published in the following peer-reviewed journals:

‘Electrosynthesis of lead nanoparticles on template free gold surface by potentiostatic
triple pulse technique’, Saurav K. Guin, H.S. Sharma, Suresh K. Aggarwal, Electrochimica
Acta, 55 (2010) 1245-1257.

‘Prospective use of the potentiostatic triple pulse strategy for the template-free
electrosynthesis of metal nanoparticles’ Saurav K. Guin, Suresh K. Aggarwal, RSC
Advances, 4 (2014) 55349-55353.
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3.1. Research Aim of this Chapter

Lead nanoparticles (PbNPs) have the potential to be used in (i) lithium-ion batteries
[105], (ii)) wavelength filter with impervious ranges between 270 and 525 nm [/06],
(ii1) super-conductor [107], super-paramagnet [108-111], semiconductor [/12], anti-
wearing agent [/13], X-ray attenuator in the energy range of 14-30 keV [114], catalyst
[115] etc. The both physical and chemical properties of the materials depend on the
size of nanoparticles. Therefore, it is important to achieve good control over the size,
shape and crystal structure of the nanoparticles.

The PbNPs can be prepared by physical vapour deposition /708, modified polyol
process [109], bioreduction [116], solution based chemical reduction /1714, 117-120]
and gamma radiolytic reduction /721]. The presence of any excess amount of chemical
agent and radiolytic products (like H,O, etc.) can influence the stability of the PbNPs.
From this point of view, electrochemical deposition is advantageous because of the
least requirement of the additives and absence of any interfering products generated
during the electrodeposition.

It is interesting to note that the deposition of PbNPs on a supported material has
not been attempted electrochemically in spite of the reversible electrochemical
behaviour of the Pb(II)/Pb couple. To the best of our knowledge, this is the first effort
for the electrosynthesis of PbNPs on a template free substrate in the absence of any
assisting additives and this necessitated the optimization of different electrochemical
parameters to achieve the desired quality of the PbNPs. In this context, the
potentiostatic triple pulse strategy (PTPS) was developed for the electrochemical
synthesis of PbNPs on a template free substrate without using any additional structure
directing agents. The influence of the electrochemical parameters on size and size

distribution of PbNPs is also presented in this chapter.
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3.2. Results and Discussion
3.2.1. Electrocrystallization of PbNPs on a Gold Electrode

The binding energy for Pb-Au is more negative than that for Pb-Pb. For diatomic
molecules, Pb-Au and Pb-Pb, the binding energies are -1.35 and -0.897 eV,
respectively [47]. Therefore, the electrodeposition of Pb on Au is thermodynamically
favourable. However, Pb (atomic radius = 175 pm) is bigger than Au (atomic radius =
144 pm) and the bulk alloy formation is not favoured due to the lattice mismatch.
Therefore, the gold substrate (Au-QC) was preferred for the template-free

electrosynthesis of PbNPs by PTPS.
3.2.1.1. Cyclic Voltammetry and EQCM Studies of Pb on Au-QC

Cyclic voltammetric (CV) and EQCM experiments were carried out concurrently
with 1 mM Pb(ClO4); in 0.1 M HCIO4 at Au-QC by scanning the electrode potential
between 0.3 V and -0.8 V at a scan rate of 10 mV s™. The superimposed CV and

EQCM profiles are shown in Figure 3.1.
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Figure 3.1 (i) CV and (ii) the frequency shifts (Af) of 1 mM Pb(ClOy), in 0.1 M HCIO,

at Au-QC with a scan rate of 10 mV s™.
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In the scan direction from 0.3 V to -0.8 V, a surge of reduction current and
concurrently a rapid decrease in the resonance frequency of the Au-QC was observed at
about -0.476 V, with a reduction peak at -0.505 V. During the reverse scan, a surge of
oxidation current and concurrently a rapid increase in the resonance frequency of the
Au-QC was observed at about -0.478 V, with an oxidation peak at -0.397 V. These
observations suggest that the bulk deposition of Pb and bulk dissolution of the
deposited Pb started at potentials more negative than -0.476 V and more positive than -
0.476 V, respectively.

In order to check the proportionality of the rate of the mass deposition on Au-QC
with that of the rate of the charge transfer and also to understand the coulombic
efficiency of Pb nano-deposition under the experimental conditions, the change in mass
(Am) corresponding to observed change in frequency (Af) was calculated by employing
the Sauerbrey equation (Egs. 2.43, 2.44), i.e. by dividing the observed frequency
change (Af) in the EQCM experiment with the calculated value of the sensitivity factor
(Cr inHz cm® g). Further, the time intervals were obtained from the potential and scan
rate (v) data of the corresponding CV plot. The massogram /7/22-125], thus obtained by
differentiating the Am with respect to the time (t) and superimposed on the CV is
shown in Figure 3.2.

It can be understood that the rate of change of mass due to the deposition or
dissolution of lead on the Au-QC surface is directly proportional to the rate of charge
transfer across the electrode-electrolyte interface and this illustrates ~100% coulombic
efficiency of the electrodeposition and electrodissolution of Pb under the experimental

conditions.
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Figure 3.2 (i) CV and (ii) massogram calculated from the Af values shown in Figure
3.1

3.2.1.2. Designing the PTPS for the Electrosynthesis of PbNPs

The PTPS is designed to synthesize monodispersed PbNPs on Au-QC. The basic
design of the PTPS is shown in Figure 3.3. The potentials of the first, second and third
pulses are represented by E;, E, and E;, respectively. The corresponding time of the
first, second and third pulses are t;, t, and t;, respectively. The equilibration time
duration is denoted as t.. The second pulse is zoomed from Figure 3.3a and is
represented in Figure 3.3b. The first pulse is the perturbation pulse and it is responsible
for the removal of the adsorbed Pb*" ions from the gold surface and helps in fresh
nucleation at the free latent active sites present on the gold surface. The second pulse is
applied for instantaneous nucleation on the gold surface. Controlled growth of the

nuclei is achieved by the third pulse.

70



Saurav K. Guin Chapter 3 : PDNPs by PTPS

(a) te “ '3 (b)

0.2

-0.46 1

Eq _

5 (&)
Q00— o |
g —<_ 0.48

2 <
w . -f -

0.2 p P 7] 0504 (o Ep
; Ee a Ey E; > c
o >

=
-0.52 1 t
kg -0.54+— ; . . , .
T T 1 60.00 60.02 60.04 60.06 60.08 60.10
0 20 40 60 80 100

tls tls

Figure 3.3 (@) The schematic diagram of PTPS employed for the electrosynthesis of
PbNPs. E,;, E, and E; are the potentials of perturbation, nucleation and growth pulses,
respectively. t;, t, and t; are the durations of perturbation, nucleation and growth
pulse, respectively. t, is the equilibration duration. (b) Zoomed image of the nucleation
pulse region of (a).

The strategy for controlling the electrodeposition of PbNPs via controlling the
Au-electrolyte interface is shown schematically in Figure 3.4, where the red circles,
blue circles and yellow bar represent the Pbaq2+, ClO4uq and Au-QC electrode,
respectively. During the rest period (i.e., equilibration time, t.) all the ions are
homogeneously distributed throughout the entire solution. During this period, some of
the Pbaq2+ ions may get adsorbed on the electrode surface itself (Figure 3.4A4).
Application of the perturbation pulse potential E; for a duration t; (about 1 min) would
remove all the adsorbed Pbaq2+ ions from the interface and lead to a depletion region of
Pbaq2+ ions near the electrode surface (Figure 3.4B). Then the application of nucleation
pulse potential E, for duration t, (about a few milliseconds) would seed the Pb nuclei
on the Au surface via diffusion of Pbaq2+ ions from the bulk of the solution (Figure

3.4C). Finally, the growth pulse potential E; for duration t; (about a few seconds to a
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few minutes) would cause the growth of the Pb nuclei through diffusion of PbanJr ions
from the bulk of the solution towards the nuclei. During this growth process, a few of

the PbNPs might overlap among themselves (Figure 3.4D).
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Figure 3.4 The schematic diagram of the strategy obtained for the electrodeposition of
PbNPs by controlling the Au-electrolyte interface. The red circles, blue circles and
yellow bar are representing the Pbaq2+, ClOyug) and Au-QC electrode, respectively,
during (A) equilibration period, (B) application of the perturbation pulse, (C)

operation of the nucleation pulse and (D) application of the growth pulse.
3.2.1.2.1. Choice of First Potential Pulse Parameters

According to PTPS, the first potential pulse is responsible for desorption of the

adsorbed PbanJr ions from the latent active sites on the gold surface, but at the same
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time it should not cause any surface oxidation of the electrode. It is understood that
ClOy4q ions would experience coulombic attraction and Pb,,”" ions and H,, ions
would experience coulombic repulsion from the positively polarized electrode surface.
In order to understand the adsorption-desorption behavior of Pbaq%, Haq+ and ClOsgq)
ions at the gold surface, the Af vs. E plot was critically analysed in the potential range
0.3 V to -0.45 V as shown in Figure 3.5. It can be seen that during the potential scan
from 0.3 V to the negative direction, the Af increased steadily up to ~20 Hz showing

the maximum at about -0.244 V and then steeply decreased.
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Figure 3.5 (i) Af vs. E and (ii) dAf/dE vs. E of 1 mM Pb(ClOy); in 0.1 M HCIO, at Au-
OC with a scan rate of 10 mV s™.

The observed steady increase in the frequency shift of Au-QC is attributed to
the desorption of the adsorbed ClO4nq) from the electrode surface, whereas the steep
decrease in Af is attributed to the adsorption followed by reduction of Pbaq2+ ions on the

negatively polarized electrode surface. The observed difference in the slopes at the two

sides of the maxima is due to the significant difference in the atomic masses of the
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adsorbing ions (Pb*": 207.19, ClO4: 99.5). The potential of zero charge (PZC) was
evaluated from the maxima of the Af vs. E plot by following the procedure as reported
in literature [126]. In order to locate accurate value of PZC, (dAf/dE) vs. E plot was
superimposed on Af vs. E plot in Figure 3.5. A closer look of the differential plot
showed that the change in slope was not appreciable in the potential region from 0.3 V
to about -0.2 V. However, at potential more negative than -0.2 V, the slope change is
appreciable and steeper in magnitude at potential more negative to -0.4 V. The exact
PZC value of -0.244 V was also evaluated from the differential curve. We understand
that in the potential region 0.3 V to about -0.2 V, ClO4@q) ions are desorbed from the
electrode surface and at potentials more negative to -0.244 V, Pbaq2+ ions are adsorbed
followed by the UPD of the adsorbed Pbaqur at -0.3 V. In Figure 3.5, the slightly
steeper slope of the differential curve at about -0.3 V is due to the UPD of Pb on the
gold surface. The evidence of the UPD of Pb on the gold surface at potential -0.3 V is
also reported in the literature /727]. This UPD of Pb on the Au would not only affect
the fresh nucleation process, but also would direct the electrodeposition towards the
film formation [Note: This film formation should be avoided in the synthesis of discrete
nanoparticles]. Based on these studies, 0.2 V was selected as the potential of first pulse
which is sufficiently positive to remove the adsorbed Pbaqur ions from the electrode
surface as well as unable to oxidize the gold surface. We have maintained the first pulse

potential (E;) at 0.2 V and duration (t;) of 60 s in the present studies.
3.2.1.2.2. Choice of Second Potential Pulse Parameters

The second pulse is responsible for fast seeding of nuclei on the gold surface. The
potential of the nucleation pulse of -0.530 V (E;) was chosen from the limiting
diffusion current region of the CV as shown in Figure 3.6, in order to achieve the high

rate of nucleation. This potential value is sufficiently higher as compared to the
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threshold potential value for initiating deposition on Au-QC. In our studies, the
duration (t;) of the nucleation pulse was varied from 60-100 ms.
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Figure 3.6 The selection of nucleation pulse potential (E;) and growth pulse potential
(E3). Here i =1, 2, 3 represent three different indexes of growth potential. Inset shows
the plot of (i) (dI/dE) vs. E and (ii) dAf/dt vs. E of 1 mM Pb(CIlOy), in 0.1 M HCIO4 at

Au-OC with a scan rate of 10 mV s™.
3.2.1.2.3. Choice of Third Potential Pulse Parameters

Objective of the application of the third potential pulse is to maintain a steady
growth of Pb nuclei and simultaneously arrest the progressive nucleation at the gold
surface. Steady growth of the nuclei can be achieved by maintaining the slow rate of
growth and this can be achieved by choosing a growth pulse potential near to the
threshold value of nucleation potential, at about -0.475 V, apparently evaluated from
CV shown in Figure 3.1. In the present studies, growth pulse potential of -0.475 V was

applied for the durations of 30 s, 60 s and 90 s. However, as discussed earlier in Section
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3.2.1.2.1, adsorption of Pbaq2+ ions on the gold surface followed by reduction may even
start at marginally more positive potentials than -0.475 V. In view of this, an attempt
was made to find the exact value of threshold nucleation potential for preventing the
progressive nucleation during the growth of the deposited Pb nuclei. It can be seen in
the derivative plots, (dAf/dE) and (dI/dE), shown in the inset of Figure 3.6, that
significant change in frequency and current is observed at about -0.465 V. Hence,
-0.465V should be more realistic value of the threshold potential (Ey) required for the
nucleation of Pb under the conditions of present studies. In view of this, the growth
pulse potential of -0.475 V (E3(1), -0.465 V (E3(2)) and -0.455 V (E;33)) were applied for
a period of 60 s to study the impact of progressive nucleation on the deposited PbNPs

(Figure 3.6).
3.2.1.3. Characterization of PODNPs
3.2.1.3.1. Anodic Stripping Voltammetry (ASV) Study

The chemical state of the PbNPs deposited on Au-QC was first investigated
electrochemically. The PbNPs were synthesized by employing the pulse parameters: E;
=02V, t;,=60s; E,=-0.530 V, t, = 100 ms; E5; = -0475 V, t;3 = 90 s. The PbNPs
obtained on the Au-QC were rinsed with Milli-Q water followed by drying in cold air
and kept in air for ~1.5 h. The electrochemical setup (electrochemical cell, reference
electrode and counter electrode) was washed thoroughly with Milli-Q water and 0.1 M
HCI1O4 (supporting electrolyte) was taken into the cell followed by purging of high
purity nitrogen for about 15 min. The anodic stripping voltammetry was carried out by
scanning potential of the Au-QC (with deposited PbNPs) from -0.6 V to 0.2 V with the
amplitude and pulse width of 0.05 V and 0.06 s, respectively. The stripping

voltammogram obtained is shown in Figure 3.7. The anodic peak observed at -0.399 V
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is responsible for the stripping of Pb>" from metallic PbNPs. However, Au has high
affinity for Pb, thus the last traces of Pb of the PbNPs directly in contact with Au are
stripped off at a little more positive potential (at -0.234 V) than the main anodic peak at
-0.399 V. It is understood that, if the deposited PbNPs were oxidized within the
experimental time frame, then the anodic stripping peak would have been absent in the
above mentioned study. The result obtained suggests that PbNPs appeared to be in the

metallic state.
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Figure 3.7 The anodic stripping voltammogram of the PbNPs in blank 0.1 M HCIO,
solution. The PbNPs were deposited by applying the triple potentiostatic pulse (E; =

0.2V, t;=60s;, E;=-0.53V,t,=100ms; E3 =-0.475V, t3 = 90 s).

3.2.1.3.2. X-ray Diffraction (XRD) Studies

X-ray diffraction studies were carried out to characterize the PbNPs deposited
under the conditions mentioned above in Section 3.2.1.3.1. The deposit was exposed to
atmospheric air for ~1 h prior to carrying out the XRD experiment. For reference, XRD
pattern of the blank Au-QC (i.e. without any deposit) was also recorded. The XRD

patterns of both the blank Au-QC (A) and the deposited PbNPs on Au-QC (B) are
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shown in Figure 3.8. The XRD patterns obtained matched with the standard PCPDF
Data Card Files (for Au 4-784 and for Pb 4-686). It was observed that the Au-QCs used
in this work are mono-crystalline Au(111) and the deposits are metallic Pb. Since the
amount of Pb of the deposited PbNPs is insignificant compared to Au electrode, the
most intense Pb(111) peak could only be observed over the background. Peaks
corresponding to the most intense lines of a-PbO(111) and a-PbO,(111) expected at 20
values of 28.74 (PCPDF: 35-1482) and 28.47 (PCPDF: 37-517), respectively, were
totally absent. The above observation suggests that the PONPs were in the metallic state

and it remained same for at least ~1.5 h in air atmosphere under the conditions of the

experiment.
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Figure 3.8 The XRD patterns recorded for the (4) blank Au-QC and (B) the PbNPs
deposited on Au-QC under the same conditions as for Figure 3.7. The inset shows the

observed profile (zoomed) of Pb (111).
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In the earlier report on the XRD characterization of PbNPs, it was noticed that the
peaks due to the formation of oxides of Pb were not observed for PbNPs of particle size
of ~9 nm after ~2.8 h exposure in air //08]. It should be noted that XRD has the
limitation for identifying the amorphous and low crystalline oxides; especially at the

surface of the PbNPs. In view of this, the surface of the PbNPs further studied by XPS.

3.2.1.3.3. X-ray Photoelectron Spectroscopy (XPS) Studies

The XPS measurements were carried out for the PbNPs deposited under the
experimental conditions mentioned in Section 3.2.1.3.1. The initial survey of the
binding energy spectrum is shown in Figure 3.94 and it shows the presence of gold (4f
and 4p peaks), adventitious carbon (1s peak), Pb-species (4f and 4d peaks) and O-
species (1s peak). The narrow scan spectra in the Cis, O;5 and Pbyus regions for the
PbNPs are presented in Figures 3.9B-D, respectively. The C;s spectrum (Figure 3.9B)
of adventitious carbon shows the binding energy peak at 284.6 eV and thus all the
given binding energies are believed to be free from the charging effect. The peaks of
the O;s and Pbas;, were observed at 530.3 eV (Figure 3.9C) and 137.5 eV (Figure
3.9D), respectively. In earlier reports /128, 129], a similar combination of binding
energy peaks of Oy and Pbasr, (O and Pbagr, at 530.7 eV and 137.6 eV, respectively)
was observed for the chemisorbed oxygen over lead metal. It was observed from the
same reports /128, 129] that after the oxide layer formation (predominantly PbO) by
aerial oxidation, the Pbas» binding energy peak shifted to higher energy i.e. 137.9 eV
(for both rhombic and tetragonal), whereas the O binding energy peak shifted to lesser
energy i.e. 529.7 eV (for thombic) and 527.8 eV (for tetragonal). Although our route
for the synthesis of PbNPs was quite different from the route followed for the synthesis
of Pb film reported /128, 129/, but the matching of both the O;; and Pbas» binding

energy peaks suggests the presence of chemisorbed oxygen over the deposited PbNPs.
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The above mentioned characterizations of PbNPs suggest that the PbNPs
synthesized by the triple potentiostatic pulse strategy were in metallic form with the

presence of chemisorbed oxygen on its surface.
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Figure 3.9 The XPS spectra of PbNPs deposited under the same conditions as for
Figure 3.7. The binding energy peaks of (A) Survey scan, (B) Cis, (C) O, and (D)

Pb4f7/2 and Pb4f5/2.
3.2.1.4. Characterization of the Deposited PbNPs by AFM

The PbNPs deposited on Au-QC surface were characterized by AFM. The surface
topographies of PbNPs were compared with the bare Au-QC. Surface characteristics
such as monodispersity, particle density and size distributions of the deposited PbNPs

were evaluated from the recorded 2D(XY)-AFM topographies as shown in Figure 3.10.
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The numbers at the colour bar placed adjacent to each 2D(XY) topography
independently represent the heights of PbNPs along the Z direction. In most of the
topographies, two prominent contrast colours are used in the vertical colour bar, where
the lower contrast colour represents the bare surface and the upper contrast colour
represents the deposited PbNPs. The extent of spreading of the upper contrast colour in
the topography indicates the overlapping of the deposited PbNPs as well as increase in
the particle density of PbNPs on the surface.

The area roughness average (S,) and the root mean square roughness average (Sq)

can be represented by Egs. 3.1 and 3.2:

_ The St 2G|
Sa = I 3.1)

M-1vN-1 2
Sq — Zk:o Zl:}(\)/”[vz(xk‘yl)] (3.2)

where z(x,,y,) is the height in Z direction at the point (x,,y,) in the area MxN. In Egs.

3.1 and 3.2, the summation term in the numerator represents the sum of heights in the Z
direction for a surface area of MxN. The values of S, and S; were evaluated for the
AFM images with the Nanosurf Easyscan-2 software. By virtue of the mathematical
formulation, the variation of S, and Sy can indirectly represent the variation of the
particle density on the surface for a constant area. The blank surface of the Au-QC,
which seemed to be very fine polished surface in bare eyes, showed S, and S, values of
0.62 and 0.77 nm, respectively, for a scan area of ~(5 um x 5 pum). These inherent
random surface defects in a few nanometer dimensions on Au-QC are merely the
indices of the latent active sites for the occurrence of nucleation during the
electrodeposition of PbNPs. The AFM characterizations were carried out by scanning
different order of areas as (5 pm % 5 pm), (1 um % 1 pm) and (0.5 pm X 0.5 pm) for

each sample (all figures have not been shown in the present discussion). The size
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distribution of PbNPs was studied by the particle size histograms calculated by
Nanosurf Report 4.1 software from the scanned AFM topographies. The shape of the
PbNPs formed by PTPS was found to be capped hemispherical. The heights of the
capped hemispherical PbNPs varied in the nm range, while lateral size (i.e. chord of
NPs) varied in the sub-micron ranges. Henceforth, we would express the average height
of NPs and the variation (i.e. range) of the heights of NPs by the terms “size” and “size
dispersion”, respectively. The wider size dispersion is termed as “polydispersion” while

the narrower size dispersion tends to be called as “monodispersion”.

3.2.1.4.1. Effect of Nucleation Pulse Duration upon the Deposited PbNPs

The ex situ 2D-AFM topographies of PbNPs deposited on Au-QCs at E; =-0.530 V
as a function of nucleation pulse duration (t,) of 60, 80 and 100 ms are shown in Figure
3.104-C. In this context, it should be mentioned that E;, E3, t; and t; were kept constant
at the values of 0.2 V, -0.475 V, 60 s and 30 s, respectively. It can be seen from the
figure that, as t, increases, the fraction of the upper contrast colour (at greater than
about 12 nm in the vertical colour bar) appears to increase in the topographies along
with the appearance of a few prominent overlaps. The particle size histograms show the
average particle size and the size distribution of PbNPs as a function of the nucleation
pulse duration (Figure 3.10D). The band of the histogram shifted toward the lower size
on increasing t,. Table 3.1 shows other characteristics of the deposited PbNPs as a
function of t,. Figure 3.10 and Table 3.1 reveal that the particle size initially decreased
with the increase of t; to 80 ms and remained almost constant on further increasing t, to
100 s. Further, the maximum observed value in each histogram also decreased with the
increase of t. On the other hand, the increase of S, and S, values with increasing t,
illustrates that the surface roughness after electrodeposition increased significantly as

compared to the bare surface. The roughness values increased more upon increasing t,
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up to 80 ms and remained almost constant for further longer duration. The observed
increase in roughness despite the decrease in the particle height indirectly indicates the

increase in density of PbNPs and it is supported by the topographies.

40
35
30
25
20
15
10
5
o
am (D)
" 1.0 —" t,=100 ms
0.5] . -
‘|.—|| ‘||l—i—._
0-0 T T T T T T T 1
0 5 10 15 20 25 30 35 40
1.0 s
% 5] . t,=80ms
0.0 - ] : r'._'*—. —_—
= 0 5 10 15 20 25 30 35 40
15 ;'g: ,—l ‘ 1 t,= 60 ms
‘D 0-0 T I_I Il Iljfl—l T 1
0 5 10 15 20 25 30 35 40
s 10 Blank
0.5
0 0.0

B M R 88

Figure 3.10 2D(XY)-AFM topographies (5 um * 5 um) of PbNPs on Au-QC deposited
at E;=-0.53 V for t; = (4) 60 ms, (B) 80 ms and (C) 100 ms. E,, E3, t; and t; were kept
constant at 0.2 'V, -0.475 V, 60 s and 30 s, respectively; (D) Particle size histogram of
PbNPs as a function of t..

Table 3.1 Some characteristics of the deposited PbNPs as a function of t..

to /s

Parameters 2 Blank

0.060 0.080 0.100
S, (nm) 2.26 2.47 2.52 0.62
S, (nm) 3.03 3.28 3.31 0.77
Mean size + ¢ (nm) 18+4 11+4 11+3 35«1
Maximum size from the 40 35 27 ]
histogram (nm)
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The effect of t, on the size and size distribution of PbNPs deposited on Au-QC
surface was also studied for the smaller (0.5 pm x 0.5 um) area scans and the
corresponding 2D(XY)-AFM topographies under the same experimental conditions as
mentioned in Figure 3.10 and the topographies are shown in Figure 3.114-C. The
distribution of colours in these topographies reveals that the size of PbNPs observed in
Figure 3.114 was 15-25 nm and it decreased to 9-17 nm and 7-14 nm in Figure 3.11B
& C, respectively, with the increase of nucleation pulse duration. Further, on increasing
t,, the fraction of the upper contrast colour (at greater than about 12 nm in the vertical
colour bar) appears to increase along with the appearance of a few prominent overlaps.
These show similar trends as observed in the large area scans. The mean size of the
particles (17 £ 3 nm) observed in the small area scan (i.e. 0.5 pum X 0.5 um) is closer to
the mean size (18 + 4 nm) of the particles observed in the large area scans (i.e. 5 pm X
5 um) t, = 60 ms (Figure 3.11D). Since there were no significant differences in the
characteristics of PbNPs with the scan areas; the bigger scan images are presented
throughout the discussion for showing a wider view of the particle positions and

overlaps.

Therefore, the particle density of PbNPs increases and the size of PbNPs
decreases with the increase of t,. However, the overlaps among the neighbouring
particles increase in longer pulse duration. Due to the progressive nucleation, nuclei
appear randomly on the electrode surface with time and as a result, the particle density
of the PbNPs increases. The densely nucleated areas are expected to grow slower than
the areas with smaller number of nuclei. Thus the competition in growth between the
neighbouring nuclei and the coupling of their diffusion zones diminish the overall
particle size as well as increase the overlaps among the nuclei in a densely nucleated

area. The density of the PbNPs increases rapidly in the early stage of nucleation and as
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the time progresses, overlaps become prominent in a highly populated surface. These
observations are in agreement with the reported simulation studies /93] and studies on

the nucleation and growth of silver nanoparticles on ITO surface /97,130].
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Figure 3.11 2D(XY)-AFM topographies (0.5 pm x 0.5 pm) of PbNPs on Au-QC
deposited at E;=-0.53 V for t, = (A) 60 ms, (B) 80 ms and (C) 100 ms. E;, Es, t; and t3
were kept constant at 0.2 V, -0.475 V, 60 s and 30 s, respectively; (D) Comparison of
particle size histogram of PbNPs for t, = 60 ms obtained from the scan area (5 pm x 5

um) and (0.5 pm x 0.5 um).
3.2.1.4.2. Effect of the Growth Pulse Duration upon the Deposited PDNPs

The 2D(XY)-AFM topographies of PbNPs deposited on Au-QC at E; of -0.475 V
as a function of growth pulse duration (t;) of 30, 60 and 90 s are shown in Figure

3.124-C. In this context, it should be mentioned that E;, E,, t; and t, were kept constant
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at the values of 0.2 V, -0.530 V, 60 s and 60 ms, respectively. With increasing t3, the
fraction of the upper contrast colour (at greater than about 12 nm in the vertical colour
bar) in the topographies increased as well as the extent of overlaps among the
neighbouring particles increased. The band of the particle size histogram shifted toward
the higher size on increasing t; (Figure 3.12D). Table 3.2 shows some more
characteristics of the deposited PbNPs as a function of t;. Figure 3.12 and Table 3.2
reveal that the particle size of PbNPs increases consistently upon increasing t;. Besides,
the maximum observed value in each histogram also increases significantly for
increasing t3. On the other hand, the S, and Sy values increased consistently upon
increasing t;. Since the growth pulse potential was kept constant at -0.475 V, which is
more negative than Ey, thus the significant and systematic increase in S, and Sy was
attributed to a combined effect of increase in the particle density as well as the particle
size.

Table 3.2 Some characteristics of the deposited PbNPs as a function of t;.

) /s

Parameters Blank

30 60 90
S, (nm) 2.26 2.71 3.72 0.62
S, (nm) 3.03 4.06 5.06 0.77
Mean size + o (nm) 12+3 13+4 155 35+1
Maximum size from the 30 44 54 2
histogram (nm)
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Figure 3.12 2D(XY)-AFM topographies (5 um x 5 um) of PbNPs on Au-QC deposited
at E; = -0.475 V for t; = (4) 30 s, (B) 60 s and (C) 90 s. E,;, E>, t; and t; were kept
constant at 0.2V, -0.530 V, 60 s and 60 ms, respectively, (D) Particle size histogram of

PbNPs as a function of t;.

The results show that both the size and polydispersity of PbNPs increase on
increasing t3. The diffusion zones of larger PbNPs overlap with diffusion zones of
smaller PbNPs for longer growth pulse duration. This allows larger PbNPs to draw an
increased disproportionate fraction of the Pbaq2+ ions at the expense of the growth of
smaller particles. Thus, due to the lack of Pbaq2+ ions in the solution around the smaller
PbNPs, they become unstable and start dissolving leading to polydispersity in particle
size and shape. These observations are also in agreement with the reported studies on

the nucleation and growth of silver nanoparticles on ITO surface /97,130].
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3.2.1.4.3. Effect of the Growth Pulse Potential upon the Deposited PbNPs

The 2D(XY)-AFM topographies of PbNPs deposited on Au-QCs for a constant
duration (t3) of 60 s as a function of growth pulse potential (E3) of -0.475 V, -0.465 V
and -0.455 V are shown in Figure 3.13A4-C. In this context, it should be recalled that E;,
E,, t; and t, were kept constant at the values of 0.2 V, -0.530 V, 60 s and 60 ms,
respectively. As E; decreases, the fraction of the upper contrast colour (at greater than
about 12 nm in the vertical colour bar) as well as the extent of overlaps decrease in the
topographies. The band of the particle size histogram is shifted toward the lower size
upon decreasing E; (Figure 3.13D). Table 3.3 shows some more characteristics of the
deposited PbNPs as a function of Es. Figure 3.13 and Table 3.2 reveal that the particle
size decreases consistently upon decreasing E; from -0.475 V to -0.455 V. Further, the
maximum particle size observed in each histogram also decreases significantly with
decreasing Es;. The S, and S, values also decrease with the decreasing E;. The
roughness values rarely decrease upon decreasing E3 from -0.475 V to -0.465 V; but the
same significantly decreases for further decreasing E; to -0.455 V. This significant
decrease of roughness at -0.455 V (a potential lesser than -0.465 V (Ew)) occurs not
only due to the fall of growth rate of the existing Pb nuclei, but also for the ceasing of
the further birth of any fresh nuclei during the growth of the existing nuclei. The results
obtained show that, the size as well as the polydispersity of PbNPs decrease with the
decreasing Es to lesser negative potentials. At a potential earlier to Ey, the growth rate
becomes slow and progressive nucleation ceases as the potential becomes insufficient
to cause any fresh nucleation on a bare surface, but becomes sufficient to grow the

nucleated centers only.
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Figure 3.13 2D(XY)-AFM topographies (1 um x 1 um) of PbNPs on Au-QC deposited

fort; = 60 s for E3; = (A) -0.475 V, (B) -0.465V and (C) -0.455 V. E,, E>, t; and t; were

kept constant at 0.2 V, -0.530 V, 60 s and 60 ms, respectively. (D) Particle size

histogram of PbNPs as a function of Ej.

Table 3.3 Some characteristics of the deposited PbNPs as a function of E.

Es/V

Parameters Blank

-0.475 | -0.465 -0.455
S, (nm) 2.71 2.67 2.36 0.62
S, (nm) 4.06 3.48 3.40 0.77
Mean size = o (nm) 13+4 11+4 8+5 35+1
Maximum size from the 44 47 36 ]
histogram (nm)
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The studies revealed that the synthesis of PbNPs, without a Pb adlayer, can be
achieved by restricting the under potential deposition (UPD) and simultaneously
facilitating the nucleation and growth of 3D islands on the substrate. It is understood
that, the first positive longer pulse removes the pre-adsorbed Pb*" ions from the
substrate. During the application of a short and high cathodic pulse (second pulse) in
the overpotential deposition (OPD) range, instantancously the electrode-electrolyte
interface becomes devoid of the Pb>" ions and then the diffusion of ions from the bulk
of the solution to the interface controls the overall electrodeposition process. In view of
this, the potentiostatic short pulses of high overpotential in the OPD range, just after the
first positive pulse, can serve the purpose of restricting UPD of Pb and subsequently

promoting the formation of 3D islands of Pb.
3.2.1.5. Exploring the Electrocrystallization Mechanism of Pb on Au

The average size and the size dispersity of the PbNPs could be controlled by tuning
the pulse parameters of the “potentiostatic triple pulse strategy (PTPS)”. It should be
noted that the ‘triple pulse’ was first termed by Adzic et al. /98]; in which the sequence
of the pulses started with a negative pulse to deposit silver crystallites, then a positive
pulse to dissolve them all, but a few, which then serve as sites for growth in the third
negative pulse. It is important to remember that the discussed PTPS is strategically
much different than the ‘triple pulse’ of Adzic et al. The mechanism of nucleation and

growth of Pb on Au by PTPS is qualitatively discussed in this section.
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Figure 3.14 (a) Chronoamperograms of 1 mM Pb(ClOy), in 0.1 M HCIO, on Au-QC
recorded at E; = (i) -0.475, (ii) -0.465, (iii) -0.465 V for 60 s (t3); Preceded pulses: E;
=02V, t;=060s, E; =-0.530V, t; = 60 ms. The dimensionless plot of (I/Im)2 VS. iy
for the chronoamperogram of E; = (b) -0.475, (c) -0.465 V and (d) -0.455 V along with
the theoretical curves for progressive (i) and instantaneous (ii) nucleation according to
the SH model.

Figure 3.14a shows the current transients of 1 mM Pb(ClQOy4), recorded in 0.1 M

HCI1O4 on Au-QC during the growth step (third pulse) of PbNPs under the experimental
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conditions described in Figure 3.13. The current maxima (I,) of the transient as well as
the time (t,,) corresponding to the current maxima change appreciably with E;. This
type of three dimensional multiple nucleation and diffusion controlled growth was
qualitatively studied by the dimensionless plot of (I/I,)* vs. t/ty for two limiting cases
(i.e. progressive and instantaneous nucleation) using the Scharifker-Hills (SH) model
(Egs. 1.65, 1.66). It is important to mention that the quantitative evaluation of the
electrocrystallization parameters from the SH model is undisputedly sensitive and
controversial [131-133]. However, it is still used by the electrodeposition community
for a qualitative understanding of the early stage of nucleation and growth [134-136].
Figures 3.14b-d show the dimensionless plots of (I/I,)* vs. t/ty at E3 = (b)
-0.475, (c) -0.465 and -0.455 V, respectively. The nucleation and growth of Pb nuclei
become more instantaneous as the overpotential decreases. This may help in the tuning

the average size and the size monodisperdity of the PbNPs in PTPS.

3.2.2 Electrocrystallization of PbNPs on Glassy Carbon Electrode

It can be understood from the discussion of Section 3.2.1.5 that PTPS influences
the mechanism of the nucleation and growth of PbNPs on gold and finally produces
monodispersed PbNPs on gold. However, the reason behind the considerable
improvement in the average particle size as well as size dispersion in PTPS is not well
understood. There are two possibilities: (1) the substrate Au leads to a better
electrocrystallization of Pb due to the thermodynamic favourable interaction between
Au-Pb upto the first monolayer and (2) the sequence, potential, duration of the PTPS
leads to better control on the electrocrystallization of Pb. Therefore, the assisting
substrate (i.e. the first possibility) should be eliminated first to understand the
importance of the PTPS. From this aspect, glassy carbon (GC) provides a low surface

energy conductive substrate and exhibits weak metal-substrate interaction.
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The nucleation of lead on GC has been investigated for decades by single
potentiostatic pulse [/37]. Further, ‘potentiostatic double pulse strategy (PDPS)’
consisting of a short highly cathodic pulse from the open circuit potential followed by a
longer cathodic pulse at low overvoltage is very popular for the electrosynthesis of the
metal nanoparticles /97, 130]. Here, on the basis of the electrocrystallization of PbNPs
on GC, we report that the number of potentiostatic pulse and its potentials and
sequences have great influence on the mechanism of electrocrystallization as well as in
the particle size and size dispersion. We note that, the polishing of GC electrode in
between the experiments was carried out by following standard protocol (Section
2.1.2.1). The polishing of GC electrode in between the experiments did not alter the

overall activation and quality of the GC surface (Figure 3.15).

—— Polishing 1
—— Polishing 2
—— Polishing 3

01 00 01 02 03 04 05 06
E/V vs. Ag/AgCl
Figure 3.15 Cyclic voltammograms of 5 mM K;[Fe(CN)g]/K4[Fe(CN)s] in 0.1 M KCI

at GC electrode polished in between the experiments. Polishing -1, -2 and -3 represent
the polished electrodes between the I°' and 2 2" and 3 and 3" and 4" experiments,

respectively.
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Figure 3.164 shows the cyclic voltammogram of 1 mM Pb(ClO4); in 0.1 M
HCIO4 on GC electrode at a scan rate of 10 mV s'. The potential scan starts from 0.4 V
towards the cathodic direction. A surge of cathodic current starts from -0.49 V for the
reduction of Pb(II)/Pb resulting in a cathodic peak at -0.58 V. In the reverse scan
direction, two crossovers were observed at -0.55 V and -0.47 V between the forward
and the reverse scans. This characteristic nucleation loop suggests that the deposition of
Pb(II) on GC has a nucleation overpotential, which is eventually the extra potential
applied for nucleation over the thermodynamic equilibrium potential of Pb(II)/Pb(0)
[138]. Since, the activity of Pb(0) and GC in solid states are unity; thus the nucleation
overpotential is an indirect measure of the kinetic hindrance of nucleation of Pb on GC
than the nucleation of Pb on Pb. Therefore, GC does not provide any favorable
interaction on Pb deposition i.e. Pb adatoms-adatoms interaction is stronger than the
interaction of Pd adatoms with the GC surface. Thus, nuclei of Pb are expected to be
formed on GC followed by the three dimensional diffusion controlled growth /739]. At
more positive potential, the anodic current increased due to the oxidation of the
deposited Pb. A sharp anodic peak was observed with a peak potential at -0.41 V. It
indicates that the anodic dissolution of the lead deposits is quite labile under the present
experimental conditions. The open circuit potential (OCP, Eocp) of the system was
measured as -0.41 V, which is in agreement with the expected value (-0.40 V)
calculated from the Nernst equation //40]. The open circuit potential or equilibrium
potential, for the overall reaction at room temperature is given by Nernst equation: OCP
=E, + 0.0295 log[Pb(II)]; where; Ey =-0.312 V (vs. Ag/AgCl(saturated)), and [Pb(II)]

1s 0.001 M.
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Figure 3.16 (4) Cyclic voltammogram of 1 mM Pb(CIOy); in 0.1 M HCIO; on GC
electrode at a scan rate of 10 mV s, (B) Chronoamperograms recorded at -0.15, -0.30,
-0.40, -0.49, -0.51, -0.53, -0.55, -0.58, -0.60, -0.62, -0.64 and -0.70 V; Preceded pulse:
E; =047V, t; = 60s. (C) The dimensionless plot of (I/Im)2 vs. t/tn along with the
theoretical curves for instantaneous and progressive nucleation according to SH

model.

The mechanism of nucleation and growth of lead on GC by PDPS was studied by
holding the potential of the electrode initially at +0.40 V (E;) for 60 s (t;) followed by a
sharp change to a different potential (E,) as indicated by the circles in Figure 3.16A.

The current transients were recorded at E, for a duration ranging between 10-70 s and
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are shown in Figure 3.16B. No characteristic nucleation and growth features were
observed, except that the discharge current originated from the double layer molecular
rearrangements within a few ms, for the current transients recorded up to 70 s at -0.15,
-0.3, -0.4 V. The cathodic current sharply decreased at very short time scale also at
-0.49 V due to the rearrangement of electrolyte species at the electrode-electrolyte
interface, but it slowly increased after a delay time for ~22 s. This is attributed to an
increase in the overall electroactive area due to increase in the number of Pb nuclei
and/or growth of Pb nuclei. The spherical diffusion zone around each nucleus grew
with time and at time (t;,) 50.44 s corresponding to the current maximum (I,; -8.4 uA),
these spherical diffusion zones overlapped and mass transfer became linear to GC
surface. The change in diffusion regime led to a decrease in the current with time
following Cottrell equation. The value of t,, decreased, but the value of I, increased as
E, became more cathodic. At E, = -0.62 V, the values of t,, and I,, were observed as
0.64 s and 49.2 pA, respectively. It indicates that the rate of reduction of Pb(II) on GC
increased with increasing the cathodic overpotential. For E; = -0.64 and -0.70 V, no
current maxima could be resolved in the experimental time frame due to the fast
nucleation and fast change of diffusion regime to Cottrell behavior. No characteristics
of 2D or 2D-2D type transients were observed in any case. This type of three
dimensional multiple nucleation and diffusion controlled growth was qualitatively
studied by the dimensionless plot of (I/In)* vs. t/ty for two limiting cases viz.
instantaneous and progressive nucleations by following Scharifker-Hills(SH) model
(Egs. 1.65, 1.66) and are shown in Figure 3.16C. It could be inferred from Figure
3.16C that at E; = -0.49 V, the nucleation and growth was progressive i.e. new nuclei
being continuously formed at low nucleation rate during the whole process of

deposition. As the cathodic overpotential increased to -0.62 V, the nucleation and
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growth tended towards the instantaneous i.e. all the nuclei being immediately created at
high nucleation rate and the number of nuclei remained constant during the growth
process. From our present understanding, we anticipated that the nucleation and growth
of Pb nuclei would be instantaneous at E, = -0.7 V. Here, we have not put any effort to
extract the nucleation parameters from the current transients by Scharifker—Mostany
(SM); Sluyters—Rehbach, Wijenberg, Bosco, Sluyters (SRWBS) and Heerman-Tarallo
(HT) models; because our recent study revealed that no correlation exists in the
nucleation parameters obtained from SH, SM, SRWBS, and HT models //31].

Based on the above mentioned analysis as well as with the experience gained
from earlier discussions, we designed a similar PTPS strategy, where the first pulse (E;)
was fixed at 0.4 V for 60 s (t;), followed by a short second pulse (E;) at -0.7 V for 0.1
ms (t;) and then a third pulse (E3) at -0.49 V for 70 s (t3). The current transient was
recorded during the third pulse and is shown in Figure 3.17A(i). The current transient
recorded during PDPS (ii) at -0.49 V (where E, for time t, was skipped) was also
overlaid in Figure 3.17A4. The time for current maximum significantly decreased to
0.94 s in PTPS from 50.44 s in PDPS, though the maximum current did not change
much (PTPS: -7.6 pA; PDPS: -8.4 pA). In PTPS, as t; increased from 0.1 ms to 1 ms,
the t, increased from 0.94 s to 34.1 s, though i, did not change much (Figure
3.17A4(iii)). When E; was changed to the OCP value (-0.4 V) keeping all other
parameters constant, the t,, increased from 0.94 s to 42.1 s, though i, did not change
much (Figure 3.17A(iv)). The dimensionless plots of (I/Iy)” vs. t/tn (Figure 3.17 B)
showed a crucial change in mechanism of nucleation and growth. The nucleation and
growth of Pb nuclei at -0.49 V became instantaneous in PTPS (i), while it was

predominantly progressive in PDPS (ii). Moreover, the domination of the instantaneous
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type of nucleation and growth decreased as t, became longer (iii). Similar behaviour

was also observed while E; was changed to the OCP value (-0.4 V) (iv).
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Figure 3.17 (4) Chronoamperograms recorded at -0.49 V for 70 s for (i) PTPS
(Preceded pulses: E; = 0.4V, t;=060s, E;=-0.7V, t;= 0.1 ms), (ii) PDPS (Preceded
pulse: E; = 0.4V, t; = 60 s), (iii) PTPS (Preceded pulses: E; = 0.4V, t; = 60 s, E> = -
0.7V, t;=1ms); (iv) PTPS (Preceded pulses: E; = -0.4V, t;=60s, E;=-0.7V, t;=
0.1 ms). (B) The dimensionless plot of (/L) vs. t/ty along with the theoretical curves

for instantaneous and progressive nucleation according to SH model.
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Figure 3.18 The surface topographies (A,C,E,G) and particle size distributions
(B,D,F,H) of PbNPs after (A,B) PTPS (E;=04V,t,=60s, E;=-0.7V, t,= 0.1 ms, E;
=-049V, t;=70s), (CLD) PDPS (E; =04V, t;=060s, E;=-049V, t,=70s), (EF)
PTPS(E; =04V, t;=60s, E;=-0.7V, t,=1ms, E3=-049V, t;=70s),; (G, H) PTPS

(E;=-04V,t,=60s, E;=-0.7V, t,=0.1ms, E3=-0.49V, t3="705).

99



Chapter 3 : PbDNPs by PTPS Saurav K. Guin

The final surface topographies of the PbNPs/GC at the end of 70 s of the current
transients (i-1v) are shown in Figure 3.18. The instantaneous nucleation and growth of
PTPS resulted into discrete and monodispersed (average size 8§ + 2 nm) tapped
hemispherical PbNPs (Figure 3.18A,B). However, the progressive nucleation and
growth and prolonged induction time resulted in small, overlapped and polydispersed
(average size 5 = 5 nm) PbNPs (Figure 3.18C,D). Moreover, in PTPS, on increasing
the second pulse duration, the dispersity of the size of PbNPs increased (Figure
3.18E,F). 1t is interesting to note that both the size and dispersity in size of the PbNPs
increased when the PTPS experiment was started from OCP (Figure 3.18G,H).

The difference between PTPS and PDPS in the mechanism of nucleation and
growth as well as in the dispersion in particle size of PbNPs arose because of the
presence of a very short nucleation pulse of high cathodic overpotential in between the
start and growth pulses. In case of PDPS, when the potential is switched from 0.4 V to -
0.49 V, the surface sites on GC got slowly activated during the prolonged induction
period of ~22 s. Then nucleation and growth of PbNPs passed through slow progressive
type of nucleation depending on the dynamics of activation-deactivation of surface
sites. In PTPS, an enormous number of surface sites activated in very short time scale,
when the potential is switched from 0.4 V to -0.7 V. However, due to very short
imposition time (0.1 ms) of this pulse, a large number of active sites remained
unoccupied as well as the electrode-electrolyte interface remains in a non-steady state
and thus while the potential was switched back to -0.49 V, instantaneous nucleation
happened to these unoccupied active sites (the dissolution of the subcritical nuclei upon
the potential transition replenishes the Pb(II) ions in the double layer). This mechanism
is believed to squeeze the size dispersion of PbNPs. Again, the majority of the active

sites became occupied on increasing the duration of the second pulse as well as the
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electrode-electrolyte interface attains a steady state; thus its influence on nucleation and
growth became inferior at the third pulse. That is why the dispersion in the particle size
comparatively increased on increasing the duration of the second pulse. The start
potential is crucial to restrict the irregular nucleation and growth of the pre-adsorbed
Pb(II) on the GC surface. At OCP, a sufficient amount of Pb(II) ions got adsorbed at
the oxygenated functionalities on GC surface and its irregular nucleation and growth
throughout three pulses resulted into the large particle size distribution and overlapped
particles.

Therefore, the better monodispersity in the particle size could be achieved by
the PTPS because of the controlled nucleation and growth at the final (the third) pulse
step. The history of the GC surface, just before the final pulse, was created by the
controlled activation and nucleation during the first and second pulses, respectively.
However, Figure 3.18 shows some aggregates of the PbNPs. It is important to note that
the active sites are randomly distributed on the electrode in the absence of any physical
or chemical templates. Therefore, it is still challenging to avoid particle coalescence by
the potentiostatic pulse strategies on a template-free substrate. However, the discrete
particles could be formed by the multiple galvanostatic pulse strategy on a template-

free electrode and it will be discussed in the next chapter.

3.3. Conclusions

The work presented in this chapter demonstrates that electrosynthesis of PbNPs of
controlled size and size distribution on a template free gold surface by PTPS. The CV
and EQCM studies have been utilized to locate the threshold potential for nucleation
(Em) and the potential of zero charge (PZC). Further studies have shown that the
electrodeposition of PbNPs occurred with quantitative coulombic efficiency. The

choice of the first pulse potential at positive to the PZC basically reduces the effective
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particle size by restricting deposition of any pre-adsorbed Pbaq2+ ions at the latent active
sites on the Au surface. ASV and XRD studies suggested the metallic form of
electrosynthesized PbNPs; whereas XPS studies suggested that PbNPs are not in virgin
metallic state and are covered with the chemisorbed oxygen.

The second part of this chapter reveals, for the first time, the cause of improvement
in the particle size and size dispersion in PTPS compared to PDPS. It also shows a
prospective of PTPS for template-free electrosynthesis of metal nanoparticles. The
potential of the start (first) pulse is important to restrict the irregular nucleation and
growth of the pre-adsorbed ions on the electrode surface and OCP is not ideal selection
for the start potential. The potential and duration of the seed (second) pulse are the most
important features of the PTPS as it implements the number of unoccupied active sites
to the following growth pulse. The better monodispersity in the particle size could be
achieved by the controlled nucleation and growth in the final (third) pulse with the pre-
history effects of the first and second pulses on the GC surface. It can be noted that
both thermodynamics and surface kinetics parameters (of both substrate and the
deposited metals) play a key role in the electrochemical nucleation and growth of metal
nanoparticles on the substrate. Therefore, the present work is expected to motivate
detailed investigations of the thermodynamics and surface kinetics of PTPS for the
electrosynthesis of metal nanoparticles. After detailed investigation of the
metal(deposited)-substrate pair, the PTPS could also be applicable to metals other than
Pb. Further, the critically designed PTPS can electrochemically produce discrete and
monodispersed capped hemispherical metal nanoparticles on a low surface energy
conductive substrate. This study would be useful for designing systems of controlled
size for fundamental studies and practical purposes in the field of material sciences and

condensed-matter physics.
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CHAPTER 4

Template-free Electrosynthesis of
Gold Nanoparticles (AuNPs)
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4.1. Research Aim of this Chapter

Gold metal behaves as an inert material, with high stability in corrosive
environments and low catalytic activity for most of the reactions. Therefore, bulk gold
metal has not received much attention in chemistry. On the other hand, gold
nanoparticles (AuNPs) have received great interests in the development of sensors due
to their attractive electronic, optical, thermal as well as catalytic properties and
potential applications in the fields of physics, chemistry, biology, medicine, material
science and their different interdisciplinary fields [I8, 141-157]. Therefore, the
controlled synthesis of AuNPs, including the chemically template assisted synthesis,
attracts considerable attention from a fundamental and practical point of view /18, 39,
141, 143-145, 158-161].

This chapter discusses two electrochemical strategies viz. (1) Multiple
Potentiostatic Pulse Strategy (MPPS) and (2) Multiple Galvanostatic Pulse Strategy
(MGPS) for the template free electrosynthesis of AuNPs on glassy carbon (GC)
electrode. The first part of this chapter deals with the investigations of the
electrodeposition of gold on GC for developing the strategies for the electrosynthesis of
AuNPs.

As discussed in Section 3.2.1, Pb has a favourable tendency to atomically deposit
on a gold surface. Therefore, the second part of this chapter describes the use of AuNPs
for the determination of lead (Pb) at ultratrace levels. Further, the oxygen reduction on
AuNPs occurs in the potential range -0.5 to -0.15 V vs. Ag/AgCl (saturated KCI)
reference electrode /756/, which is in similar range of reduction potential of the uranyl
(UO™H complexes on mercury pool electrode [162]. Therefore, the possibility for
catalytic reduction of UY'0,*" in 1 M H,SO, at AuNPs supported on glassy carbon

electrode (AuNPs/GC) was explored in the third part of this chapter.
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4.2. Results and Discussion

4.2.1. Synthesis of AuNPs

4.2.1.1. Cyclic Voltammetry of H[AuCly] on a GC Electrode in 0.1 M HCI

Figure 4.1 shows the cyclic voltammograms of 1| mM H[AuCly] in 0.1 M HCI on
a GC electrode at a scan rate of 100 mV s for (1) first, (2) second, (3) third and (4)
fourth cycles. A single reduction peak was observed at 0.314 V during the forward scan
(starting from 1.5 V) in the first cycle. This is attributed to the reduction of Au(Ill) to

Au(0) on the bare GC electrode obeying the following Eq. 4.1:

H[AuCl]+3H +3 ¢ =Au+4HCl 4.1)
1.173
2.0
0 4
l A
1.5' o
=
o 2
= ] E-
£1.04E
< 1
£ 0.5- 1
~ 0.3 0.4 05 0.6 0.7 0.8 0.9 1.0
N 00_ E/V vs. Ag/AgCI
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0..314 0.579 ' .
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Figure 4.1 Cyclic voltammograms of 1 mM HAuCl, in 0.1 M HCI on GC at a scan rate
of 100 mV s for (1) I*, (2) 2" (3) 3 and (4) 4" cycles. Starting potential is 1.50 V.

Inset shows the magnified image in the potential range 0.25-1.00 V.
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In the backward scan (starting from -0.4 V), a very small current crossover was
observed at about 0.441 V and the backward cathodic current became higher than the
forward one in the potential range 0.441-0.716 V. This is consistent with
thermodynamics which predicts that the deposition of Au(IIl) on Au is easier than the
nucleation of gold on the GC electrode. A sharp anodic peak at 1.173 V represents the
stripping of Au(0) to [AuCl4] by obeying the following Eq. 4.2:

Au+4CI'=[AuCly] +3¢ 4.2)

The gold deposited on the GC electrode during forward scan in the first cycle was
not completely stripped out from the GC electrode surface during the backward scan.
Therefore, Au deposition during the second cycle preferentially occurred on the gold
active sites created during the first cycle. From the second cycle onwards, two
reduction peaks were observed at 0.854 V and 0.579 V during the forward scan. The
reduction peak at 0.579 V is attributed to the reduction of Au(III) to Au(0) on the trace
amount of gold remaining on the GC electrode after the first cycle. The open circuit
potential (OCP, Ey) of 1 mM H[AuCls] in 0.1 M HCI was measured as 0.820 V. It was
in agreement with the expected value (0.824 V) calculated from the Nernst equation.
The standard redox potential of [AuCls]/Au(0) reaction was 0.804 V vs. Ag/AgCl
(saturated) reference electrode [163]. Therefore, the cathodic peak of [AuCls]/Au(0)
appeared at an overpotential (= E - Eq ) of -0.506 V on the GC electrode and -0.241 V
on deposited Au active sites remaining on the GC electrode. This is consistent with the
thermodynamics which predicts that the deposition of gold requires less energy on gold
than on GC.

From the second cycle onwards, the small cathodic peak at 0.854 V corresponds
to the reduction of [AuCls] to [AuCly] /163]. However, the electro-generated [AuCl,]

is unstable in solution and disproportionates to Au(0) and [AuCly]".
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[AuCly] +2 e =[AuCL] +2 CI (4.3)

3[AuCL] =2 Au+ [AuCly] +2 CI (4.4)

[AuCl,] is adequately stable in moderately concentrated chloride medium and
leads to trace amounts of Au on the GC electrode by the disproportionation reaction of
[AuCl,] as shown in Eq. 4.4. The Au(l) species are present around 0.80-0.95 V in 0.1

M HCI [163].

4.2.1.2. Chronoamperometry of H[AuCly] on a GC Electrode in 0.1 M HCI

The interesting features of the cyclic voltammograms, as discussed above,
opened up the possibility of template free electrochemical synthesis of AuNPs on a GC
electrode by using judiciously chosen potentiostatic pulses. The key parameters in this
technique were the sequence, potential and duration of the potentiostatic pulses.
Therefore, an extensive set of preliminary chronoamperometric experiments were
carried out by varying the potential and duration of the potentiostatic pulses. The
significant observations, which helped us to develop the synthesis strategy, are
discussed in the following paragraphs.

Figure 4.2a shows the chronoamperogram of 1 mM H[AuCly] in 0.1 M HCI on
the GC electrode for three consecutive cycles with a cathodic pulse of -0.13 V and an
anodic pulse of 0.92 V for 10 ms each. A small hump at 3 pus was observed in the
cathodic transient during the first cycle and this hump slowly decreased and almost
vanished in the cathodic transients during the second and third cycles. The anodic
transient reached a plateau at ~12 ms after the commencement of the anodic pulse.
Figure 4.2b shows the chronoamperogram of 1 mM H[AuCl4] in 0.1 M HCI on the GC
and Au electrodes for three consecutive cycles with a cathodic pulse of 0.55 V and an
anodic pulse of 0.92 V of 2 s each. Except for the first cathodic transients, both the

electrodes showed almost similar shapes of amperograms. The magnified image of the
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first cathodic transient of Figure 4.2b is shown in Figure 4.2c. It is noteworthy that an
induction period of nucleation on the GC electrode was observed up to ~0.7 s. Then the
cathodic current increased because of the nucleation of gold on the GC electrode as
well as the higher rate of mass transfer around the hemispherical nuclei. As the time
progressed, the nuclei grew further and the hemispherical diffusion zones merged into a
linear diffusion zone and the cathodic current reached a maximum at ~1.59 s. Then the
current decreased by following the usual Cottrell behaviour. In contrast, the nucleation
maximum was not observed at all in the case of the Au electrode under the same
experimental conditions. The cathodic transient showed the usual Cottrell behaviour on
the Au electrode from the very beginning. Therefore, it can be concluded that the
deposition of gold nuclei on the GC electrode surface is not only energetically
challenging as compared to that on the Au electrode surface, but the kinetics of the
formation of gold nuclei is also slow on the GC electrode surface as compared to that
on the Au electrode surface.

The electrocrystallization mechanism of gold on the GC electrode was
investigated at -0.13 V and 0.55 V. According to the model including diffusion-
controlled growth of hemispherical particles proposed by Scharifker and Hills, the
deposition transients for progressive and instantaneous nucleations can be described by
Eq. 1.65 and 1.66. Non-dimensional (j/jm)” Vvs. t/tm plots of the experimentally obtained
current transients for electrocrystallization of gold on the GC electrode at (a) -0.13 V
and (b) 0.55 V are shown in Figure 4.3 and they were compared with the theoretically
calculated curves for instantaneous and progressive nucleations given by Eq. 1.65 and
1.66. 1t is clearly seen that the experimental current transient at 0.55 V corresponds to
the model involving progressive nucleation. However, the transient at -0.13 V fits

relatively well with the theoretical curve for the instantaneous nucleation.
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Figure 4.2 (a) Chronoamperograms of 1 mM HAuCl, in 0.1 M HCI on GC for three
consecutive cycles. E; = 0.8V, E, =092V, E. =-0.13V, t. = t, = 0.01 s. Blue and red
lines represent the cathodic and anodic transients, respectively. (b)
Chronoamperograms of 1 mM HAuCly in 0.1 M HC| on GC and Au for three
consecutive cycles. E; = 0.8V, E, =092V, E. =055V, t. =t, = 2 5. Blue and red
lines represent the cathodic and anodic transients on GC, respectively. Green and pink
lines represent the cathodic and anodic transients on Au, respectively. (c) The
magnified image of the first cathodic transients of (b) and inset shows the magnified

view of the first anodic transient of (b).
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Figure 4.3 Non-dimensional (j/j,)> vs. t/tn plots of current transients for
electrocrystallization of gold on GC at (a) -0.13 V and (b) 0.55 V. (i) experimentally
obtained nucleation curve, (ii) theoretically calculated curve for instantaneous
nucleation and (iii) theoretically calculated curve for progressive nucleation according

to SH model.
4.2.1.3. Chronopotentiometry of H[AuCly] on a GC Electrode in 0.1 M HCI

Figure 4.4 shows that the first cathodic galvanostatic pulse of -0.64 mA cm? (it is
the cathodic peak current of the 1% cycle in Figure 4.1) was applied for 60 ms, the
potential of the interface sharply dropped from 0.67 V to 0.46 V within 5 ms and
attained a steady value till 60 ms (inset of Figure 4.4). This is attributed to the
formation of the gold nuclei on the GC electrode surface and their subsequent growth
under a steady state condition. The potential was then steadily raised to 0.93 V after
applying the first anodic galvanostatic pulse of 1.26 mA cm™ (it is the anodic peak
current of the 2™ cycle in Figure 4.1) for 5 ms. A sufficient amount of subcritical

nuclei are believed to be dissolved in the solution during this step (inset of Figure 4.4).
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Figure 4.4 Chronopotentiogram of 1 mM H[AuCl,] in 0.1 M HCI on GC for five
consecutive cycles. j; = 0 A cm?, j. (R1) = -0.64 mA cm™, t, (R1) = 6 ms, j. (R2-R5) =
-0. 46 mA cm™, t. (R2-R5) = 1 s, j, (01-05) = 1.26 mA cm”, t, (O1-O5) = 5 ms. Blue
and red lines represent the cathodic and anodic potential transients, respectively. Inset
shows the magnified image of the RI1 and Ol.

When the second cathodic galvanostatic pulse of -0.46 mA cm™ (it is the cathodic
peak current of the 2™ cycle in Figure 4.1) was applied for 1 s, then the potential of the
interface dropped to 0.46 V within 100 ms and again attained a steady value till 500 ms
and after this, a steady transition of potential was observed at the rate of about -1.5 V
s till 1 s. This transition is believed to be caused by the diffusion polarisation of the
[AuCly] ions at the interface. In brief, the [AuCly] ions were depleted at the electrode-
electrolyte interface because of the formation of sufficient nuclei on the GC electrode
surface. Then the potential shifted towards more negative potential (in the diffusion
polarization regime) where secondary reactions such as surface diffusion, sacrificial

dissolution—redeposition etc. could be initiated. The anodic dissolution and cathodic
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deposition under diffusion—polarization continued till the third cycle. From the fourth
cycle onwards, both the cathodic and the anodic potential characteristics attained a

steady state behavior.

4.2.1.4. Template-free Electrosynthesis of AuNPs on the GC Electrode by the

Multiple Potentiostatic Pulse Strategy (MPPS)

The MPPS for the template-free electrosynthesis of AuNPs on a GC electrode
was developed based on the initial investigations as discussed in the Section 4.2.1.2.
The AuNPs deposited on the GC by MPPS will be designated as AuNPs(P)/GC. A
sequence of 1500 potentiostatic pulses was designed in such a way that the seed (or
nucleation) pulse was applied only once at -0.13 V for 60 ms followed by a short
anodic pulse of 0.92 V for 5 ms to dissolve the subcritical nuclei. Then a pair of growth
pulses at 0.55 V for 1 s and an anodic pulse at 0.92 V for 5 ms was applied for 749
times. The total number of pulses was optimized by monitoring the analytical signal
(anodic stripping peak current) of Pb(II)/Pb on the AuNPs(P)/GC electrode. The
stripping peak current increased up to 1500 pulses and thereafter, a saturation of the
signal followed by a decrease in the peak current was observed. Therefore, the total
number of pulses was optimized to 1500. The potentiostatic pulse sequence is
summarized below:

Seed (or Nucleation) pulse (P;) :E;=-0.13V;t,=0.065s

Anodic pulse (P,) :E>=0.92V;1t=0.005s

Growth pulse (Py,) En=055V;tn=1s(m=3,5,7,..., 1499)
Anodic pulse (Py) :En=0.92V;1t,=0.005s (n=4,6,8,..., 1500)
Total number of pulses : 1500 (optimized).
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4.2.1.5. Characterization of AuNPs(P)/GC

In situ UV-visible spectra were recorded during the electrosynthesis of AuNPs after
each growth pulse and these are shown in Figure 4.5a. The UV-visible reflection
spectrum of the AuNPs(P)/GC electrode synthesized after 119 growth pulses (including
the seed pulse) shows a major scattering peak at 460 nm and the characteristic surface
plasmon peak of AuNPs at 518 nm [/65,166]. The surface plasmon peak progressively
shifted to higher wavelengths with increasing in the number of growth pulses (inset of
Figure 4.5a). This is attributed to the increase in the size of the deposited AuNPs with

time.
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Figure 4.5 (a) In-situ UV-visible reflection spectra of AuNPs(P)/GC synthesized just
after 119 growth pulses (including the seed pulse). Inset shows the progress of the
spectra of AuNPs(P)/GC from the first to 1499" growth pulse. (b) SEM image (5000X)
of AuNPs(P)/GC. Inset shows the magnified image at 50000X (the scale shows I um

length).

The SEM image of the AuNPs(P)/GC electrode is shown in Figure 4.5b. It can be

seen that the AuNPs of size 250-300 nm are deposited on the GC electrode with a high
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particle population. A few particles overlap with each other because of the higher
density of the nanoparticles on the GC electrode.

AFM topography (in the XY-plane) of the AuNPs(P)/GC electrode is shown in
Figure 4.6a and it shows similar diameters of the AuNPs as observed in the SEM
image. However, the features at the ZX-plane (Figure 4.6b) along the long yellow line
drawn in the XY topography revealed that the average height of the AuNPs varied
between 10-15 nm. Therefore, the deposited AuNPs were of tapped hemispherical
shape. The height distribution of the particles was quite wide (Figure 4.6¢) because of
the interparticle overlaps. Smaller resolution images were recorded but they were
almost featureless and not presentable because of the high extent of inter-particle

overlaps.

10 nm

Mﬂl"i.

=12 nm

Figure 4.6 (a) The AFM topography (XY-plane) of the AuNPs(P)/GC. The small yellow
line shows a length scale of 5 um. (b) Particle features at the ZX-plane along the long
yellow line drawn in the XY topography. (c) Histogram of the particle height

distribution (in terms of the tip deflection voltage) in the entire scan area.
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The electrochemically active area (A.) of the working electrode was measured by
using the Randles-Sevcik equation (Eg. 2.17) from the slopes of the cathodic peak
current versus the square root of the scan rate (ranging from 10-500 mV s) plots
obtained in the cyclic voltammetry experiments with 5 mM potassium ferricyanide in
0.1 M KCIl. The number of electrons transferred and the diffusion coefficient of
ferricyanide in 0.1 M KCI were taken as 1 and 6.73x10° cm” s™, respectively, for the
calculation of A, /167]. The electrochemically active areas of the commercial GC and
bare Au electrodes were calculated as 0.121 and 0.053 cm?’, respectively. Unless
specified, the current density (j) was calculated by using these values. The roughness
factor (p = Ac/A,) were calculated as 1.7 for both the electrodes.

The electrochemically active area (A.) and the roughness factor of the
AuNPs(P)/GC electrode were calculated as 0.142 cm® and 2.0, respectively. The
roughness of the AuNPs(P)/GC electrode increased compared to bare GC electrode
because of the higher particle density of AuNPs on the GC surface (as observed from
Figures 4.5b and 4.6). A cyclic voltammetric experiment was performed with the
AuNPs(P)/GC electrode in 1 M H,SOy4 solution in the potential range -0.6 V to 1.5 V at
a scan rate of 100 mV s. The gold oxide (AuO) formation peak was observed at 1.248
V and the gold oxide reduction peak was observed at 0.937 V (Figure 4.7). The
cathodic charge corresponding to the AuO/Au reaction was found to be -33.85 puC. The
effective surface area of Au (Aa,) was calculated as 0.0868 cm? for the AuNPs(P)/GC
electrode assuming the charge density of the reduction of AuO to be -390 pC cm™
[168]. The particle coverage [0, = (100xAa.)/Ac] was calculated as ~61% for the

AuNPs(P)/GC electrode.
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Figure 4.7 Cyclic voltammograms of AuNPs(P)/GC (black line) and AuNPs(G)/GC
(red line) in 1 M H,SO, in the potential range -0.6 V to 1.5 V at a scan rate of 100 mV
s

4.2.1.6. Template-free Electrosynthesis of AuNPs on the GC Electrode by the

Multiple Galvanostatic Pule Strategy (MGPS)

The MGPS for the template-free electrosynthesis of AuNPs on a GC electrode
was developed based on the initial investigations as discussed in the Section 4.2.1.3.
The galvanostatic pulse strategy was employed to reduce the number density of the
AuNPs as well as to control the dispersion in the particle size. The AuNPs deposited on
the GC by MGPS will be designated as AuNPs(G)/GC. After carrying out an extensive
set of experiments, high cathodic and anodic current densities were selected to decrease
the particle size dispersion. A sequence of 1500 galvanostatic pulses (for comparing the
result with the MPPS) was designed in such a way that the seed (or nucleation) pulse
was applied only once at -0.64 mA cm™ for 60 ms followed by a short anodic pulse of
1.26 mA cm™ for 5 ms to dissolve the subcritical nuclei. Then a pair of growth pulses at
-0.46 mA cm™ for 1 s and an anodic pulse at 1.26 mA cm™ for 5 ms was applied 749

times. The galvanostatic pulse sequence is summarized below:
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Seed (or Nucleation) pulse (P): j; = -0.64 mA cm™; t; = 0.06 s

Anodic pulse (P;) “j2=1.26 mA cm™; t, = 0.005 s

Growth pulse (Py,) Cjm=-0.46 mA cm?; ty, =1 s (m =3, 5, 7,, 1499)
Anodic pulse (P,) in=126 mA cm™; t, = 0.005 s (n=4, 6, 8,..., 1500)
Total number of pulses : 1500 (optimized).

4.2.1.7. Characterization of AuNPs(G)/GC

In situ UV-visible spectra were recorded during the electrosynthesis of AuNPs
after each growth pulse and these are shown in Figure 4.8a. The UV-visible reflection
spectrum of the AuNPs(G)/GC electrode synthesized after 119 growth pulses
(including the seed pulse) shows a major scattering peak at 460 nm and the
characteristic surface plasmon peak of the AuNPs at 560 nm /[769]. The surface
plasmon peak progressively shifted to higher wavelengths with an increase in the
number of growth pulses (inset of Figure 4.8a). This is attributed to the increase in the
size of the deposited AuNPs with time. The wavelength of the plasmon band shifted
towards the higher wavelength for galvanostatic pulse strategy as compared to the
potentiostatic pulse strategy (Figures 4.5a and 4.8a). This indicates the possibility of
synthesizing bigger sized nanoparticles in the galvanostatic pulse strategy. The SEM
image of the AuNPs(G)/GC electrode is shown in Figure 4.8b. It shows that AuNPs of
size 350-400 nm are deposited on the GC electrode with a lower particle population.

The synthesized particles had a very narrow dispersion of particle size.
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Figure 4.8 (a) In-situ UV-visible reflection spectrum of AuNPs(G)/GC synthesized just
after 119 growth pulses (including the seed pulse). Inset shows the progress of the
spectra of AuNPs(G)/GC from the first to 1499" growth pulse. (b) SEM image
(10000X) of AuNPs(G)/GC. Inset shows the magnified image at 50000X (the scale

shows I um length).

AFM topography (in the XY-plane) of the AuNPs(G)/GC electrode is shown in
Figure 4.9a and it shows the similar diameter of the AuNPs. However, the features at
the ZX-plane (Figure 4.9b) along the long yellow line drawn in the XY topography
revealed that the average height of the AuNPs varied between 25-30 nm. Therefore, the
deposited AuNPs were of tapped hemispherical shape, but were bigger in size as
compared to the AuNPs(P)/GC electrode. The height distribution of the particles is

narrower (Figure 4.9c) because of the lower extent of inter-particle overlaps.
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Figure 4.9 (a) The AFM topography (XY-plane) of the AuNPs(G)/GC. The small yellow
line shows a length scale of 2 um. (b) Particle features at the ZX-plane along the long
yellow line drawn in the XY topography. (c) Histogram of the particle height

distribution (in terms of the tip deflection voltage) in the entire scan area.

The electrochemically active area (A.) and the roughness factor of the
AuNPs(G)/GC electrode were calculated as 0.107 cm® and 1.5, respectively. The
roughness of the AuNP(G)/GC electrode was found to be less compared to that of the
bare GC electrode, though sufficient AuNPs were deposited on the GC electrode
surface. This is attributed to the suppression of the active kink sites of the GC electrode
by the smoother AuNPs at low particle population (as observed from Figures 4.8b and
4.9). A cyclic voltammetric experiment was performed with the AuNPs(G)/GC
electrode in 1 M H,SOy solution in the potential range -0.6 V to 1.5 V at a scan rate of
100 mV s (Figure 4.7). The cathodic charge corresponding to the AuO/Au reaction
was found to be -7.39 pC. The effective surface area of Au (Aa,) and 6, were

calculated as 0.0189 cm? and ~18%, respectively, for the AuNPs(G)/GC electrode.
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The low particle number density and better monodispersed AuNPs were obtained
in PGPS, which is attributed to the steady dissolution-redeposition of the gold
nanoparticles as shown in Figure 4.10. When a sufficient amount of gold was deposited
on the GC electrode surface in the form of particles and the [AuCls] ions were depleted
from the electrode-electrolyte interface, then a constant current was maintained by the
sacrificial dissolution of smaller nuclei (from the electrode surface) to [AuCly]” and
[AuCl,]" and growth of the adjacent supercritical nuclei by the re-deposition of those
ions. The number density of the particles decreased due to the dissolution of adjacent
smaller nuclei and finally, the relatively bigger sized AuNPs were retained because of

the steady growth of the super-critical nuclei at the cost of the sub-critical nuclei.

Supercritical nucleus

[AuCl, ] (x=0o0r2)

[AuCl, ] (x=0o0r 2)

Subcritical nucleus Subcritical nucleus

Glassy carbon electrode

Dissolution and redeposition

Glassy carbon electrode

Figure 4.10 The schematic representation of the dissolution of the subcritical nuclei
and the growth of the supercritical nucleus under the galvanostatic steady state

condition.
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4.2.2. Determination of Pb(II) at AuNPs in 0.1 M KCI by SWASV

The natural occurrence of lead (Pb) in soils is a consequence of local geological
conditions as Pb is the end product of natural radioactive decay chains. Moreover, Pb is
common in the environment due to its widespread historic use in petrol, paint, lead-acid
batteries, water pipes etc. Pb has been found to be toxic to a wide variety of organs in
both humans and animals. The low-level exposure of Pb changes the neurotransmitter
levels in the nervous system, harms the vitamin-D metabolism, decreases the sexual
hormone levels, and prevents lymphocyte function in living beings. Pb is present in the
drinking water primarily because of the corrosion of household plumbing systems
containing lead in pipes, solder, fittings or the service connections to homes. The
amount of Pb dissolved from the plumbing system depends on several factors,
including pH, temperature, water hardness and standing time of the water inside the
pipelines. Though there is no evidence of threshold or safe exposure of Pb, the World
Health Organization (WHO) has set a provisional guideline value of Pb in drinking
water as 10 ug L™ /170]. As per the survey report of the Quality Council of India in
2010, the water samples collected from bore well, well water and municipal water from
the top cities of India viz. Kolkata, Kochi, Mumbai, Pune, Nagpur, Nasik, Guwahati
tested positive for harmful content of Pb //71]. Further, the binding energy of Pb on
Au is greater than the binding energies of Pb in a Pb metal lattice and Au in a Au metal
lattice. Therefore, an atomic monolayer or submonolayer of Pb electrochemically
deposits on Au at electrode potentials which are more positive than the Nernstian
potential required for the deposition of the corresponding bulk Pb phase. This
phenomenon is known as the underpotential deposition (UPD) of Pb on Au and, by the
virtue of this, the AuNPs/GC was utilized to determine lead(Il), i.e. Pb(II) at ultra-trace

levels in the drinking water collected from three different locations in India.
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4.2.2.1. Understanding the UPD of Pb on Auin 0.1 M KCI

The UPD of Pb on Au is a consequent effect of the adsorption of Pb(II) on Au
surface. The chloride ions (CI") also adsorb on the Au surface and they induce the
adsorption of Pb(II) on Au through a ligand (CI') bridge /46, 48]. Therefore, 0.1 M KCl
was chosen as the supporting electrolyte for ultratrace determination of Pb(II). The
cyclic voltammogram of 10 uM Pb(CIO4), in 0.1 M KCI on the AuNPs(P)/GC

electrode is shown in Figure 4.11.
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Figure 4.11 Cyclic voltammogram of 10 uM Pb(Il) in 0.1 M KCI at a scan rate of 10

i
mVs—.

It shows four reduction peaks at -0.131 V (C1), -0.285 V (C2), -0.357 V (C3) and
-0.534 V (C4) and three oxidation peaks at -0.066 V (O1), -0.258 V (02) and -0.391 V
(03,04). The two oxidation peaks overlap in the peak at -0.391 V. The pair of broad
peaks C1 (-0.131 V) and O1 (-0.066 V) corresponds to the underpotential deposition
and dissolution of Pb on the low index Au(110) facet /172, 173]. The (110) plane has
the lowest atom density and it is the most reactive plane in the polycrystalline gold. In

the potential range -0.131 V and -0.066 V, sufficient CI" remained adsorbed on the
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Au(110) plane and a sluggish electron transfer between Pb(Il) and Au(110) through the
CI' ligands broadened the UPD peaks. The atom density of the low index planes
increased in the order (111)>(100)>(110) and it is the same order for the stability of the
planes. The pairs of peaks (C2,02) and (C3,03) are attributed to the UPD of Pb(II) on
Au(100) and Au(111), respectively. The pair of peaks (C4,04) is attributed to the
overpotential deposition (OPD) of Pb(II) on the Pb monolayer. The polycrystallinity of

AuNPs was evidenced from the characteristic UPD peaks of Pb on Au /172, 173].

4.2.2.2. Square Wave Anodic Stripping Voltammetry (SWASV) of Pb(Il) in 0.1 M KCI

The optimized SWASV experimental parameters were the condition potential:
0.5 V, duration of conditioning: 120 s, deposition potential: -1.0 V, deposition time:
120 s, equilibration time: 30 s, frequency: 50 Hz, step potential: 0.001 V, pulse
amplitude: 40 mV, potential scan range: -0.1 V to 0.5 V. Figure 4.12 shows the
calibration plots of Pb(II) in 0.1 M KClI on (a) bare GC electrode, (b) bare Au electrode,

(c) AuNPs(G)/GC electrode and (d) AuNPs(P)/GC electrode.
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Figure 4.12 Calibration plots of Pb(1l) in 0.1 M KCI on (a) bare GC, (b) bare Au, (c)
AuNPs(G)/GC and (d) AuNPs(P)/GC. The straight lines show the corresponding linear

ranges.

124



Saurav K. Guin Chapter 4 : AuNPs by MPPS and MGPS

The linear dynamic ranges at the bare GC electrode and AuNPs(G)/GC electrode
were up to ~30 ug L', whereas the linear dynamic range at the bare Au electrode and
AuNPs(P)/GC electrode were up to 50 pg L™ and above 50 pg L, respectively. The

linear equations of the calibration plots are given below (Egs. 4.5-4.8):

Bare GC : I, (WA) = 6.74 pA + 0.1843 pA / (ug L™); (R* = 0.9755) (4.5)
Bare Au : T, (WA) = 0.64 pA +0.7417 pA / (ug L™); (R* = 0.9949) (4.6)
AuNPs(G)/GC: I, (wA) = 13.55 pA + 1.2695 pA / (ug L'); (R* = 0.9659) 4.7
AuNPs(P)/GC: I, (uA) = 8.32 pA + 1.2916 pA / (ug L'); (R* = 0.9972) (4.8)

The limits of detection (LODs) of Pb(II) for the bare GC, bare Au, AuNPs(G)/GC
and AuNPs(P)/GC electrodes were calculated as 1.22 ug L™ (5.86 nM), 122 ng L™ (587
pM), 86.4 ng L' (416 pM) and 57 ng L™ (274 pM), respectively, at S/N = 3. It can be
seen that the analytical merit of the AuNPs(P)/GC electrode was the best among the
four electrodes. This is attributed to the higher surface coverage of AuNPs on the GC in
the case of the AuNPs(P)/GC electrode. Therefore, further studies were carried out with

only the AuNPs(P)/GC electrode.

4.2.2.3. Studies on the Repeatability and Reproducibility of the Analytical Signal and

the Stability of the AuNPs(P)/GC Electrode

The repeatability of the electrochemical signal of the AuNPs(P)/GC electrode
was checked by carrying out a series of repetitive experiments (n = 10) for a fixed
concentration of Pb(I) of 8.3 pg L. Precise peak currents were obtained with a
relative standard deviation (RSD) of 5.4% (n = 10). The same electrode was used for
the determination of 8.3 pg L' of Pb(Il) for five consecutive days (five signals were
recorded on each day) and repeatable peak currents were obtained with RSD of 8.2% (n

= 25). Five AuNPs(P)/GC electrodes were prepared by following the same procedure
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and were used to determine 8.3 pug L™ of Pb(I) by recording 3 signals from each
electrode. Reproducible peak currents were obtained with RSD of 4.8% (n = 15).
the AuNPs(P)/GC electrode exhibited a highly sensitive, precise,

Therefore,

reproducible and stable response for the ultratrace determination of Pb(II).
4.2.2.4. Recovery Test and Interference Study

Five recovery tests were performed with 8.3 pg L™ of Pb(Il) in 0.1 M KCI and
the results are given in Table 4.1. The recovery results obtained were within £10% of

the expected values.

Table 4.1 The % recovery test of 8.3 ug L' Pb(Il) in 0.1 M KCI.

Measured
Added . Mean peak | Concentration
Concentration current of Pb(Il) in
of Pb(II) in 0.1 _ % Recovery
Test No. M KCl (Il—3) 0.1 M KCl1 by
(ng LY (oRSD) Eq. 4.8 [100:(Q/P)]
P (nA) (ng L)
[Q]
1. 8.3 18.3 (£0.8) 7.7 93
2. 8.3 18.0 (£1.0) 7.5 91
3. 8.3 19.9 (£1.3) 8.9 107
4. 83 18.6 (£0.9) 7.9 95
5. 8.3 20.0 (£0.7) 9.0 108

Bismuth (Bi(IlI)), Cadmium (Cd(II)) and Thallium (TI(I)) were found to be
interfering during the determination of Pb(II) on the AuNPs(P)/GC electrode. Bi(IIl)
deposits at more positive potential (at about -0.13 V) than Pb(II). Therefore, it
destroyed the underpotential deposition of Pb on Au. In the presence of an equal
amount (i.e. 8.3 pg L") of Cd(II), the peak current of Pb(I) decreased by 5.3%.
Further, about 13.3% decrease in the stripping peak of Pb(II) was observed in the

presence of ten times higher concentration of Cd(II) than that of Pb(Il). The stripping
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peak of Cd(II) was prominent at -0.73 V at 100 times higher concentration of Cd(II)
than that of Pb(II) and suppression and splitting of the stripping peak of Pb(II) were
observed. In the presence of an equal amount (i.e. 8.3 pg L") of TI(I), the peak current
of Pb(Il) decreased by ~45%. About 47% decrease in the stripping peak of Pb(Il) was
observed in the presence of a three times higher concentration of TI(I) than that of
Pb(Il). The peaks of TI(I) and Pb(IT) merged together in a solution of 8.3 pg L' of

Pb(II) in the presence of ~25 pg L of TI(I).
4.2.2.5. Determination of Pb(Il) in Real Samples

The developed methodology was utilized for the determination of Pb(Il) in the
water samples collected from the lake of Raja Ramanna Centre for Advanced
Technology (RRCAT) in Indore, laboratory tap at BARC and near the Aassi ghat of the
Ganges River in Varanasi, India. A precise measured quantity of KCI was added to
each sample of known volume to give a 0.1 M concentration of the supporting
electrolyte in the samples. Nanopure water containing 0.1 M KCIl was taken as the
blank which was subtracted from the sample data (Figure 4.13(i)). SWASV of each
sample was recorded by using the developed methodology and then a standard addition
protocol was followed with four consecutive standard additions of 8.3 pg L™ Pb(II).
Each experiment was repeated thrice and the corresponding concentrations of Pb(II)
were evaluated by extrapolation of the straight line to the negative x-axis intercept (i.e.
considering the y-axis value as 0). Figure 4.13 shows the SWASVs of the (i) baseline
(blank is subtracted from itself), (ii) sample lake water (blank subtracted), four (iii — vi)
consecutive standard additions (blank subtracted) of 8.3 pg L™ Pb(II) to the lake water.
The inset shows the intercept at negative x-axis for the standard addition shown in
Figure 4.13. The calculated concentrations of Pb(II) in the water samples obtained by

the present methodology are listed in Table 4.2. It can be seen that the concentrations of
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Pb(II) obtained from the present methodology are in good agreement with the
concentrations of Pb in the same samples measured by ICP-MS (7Table 4.2). The
concentrations of Pb(Il) in all the samples are below the warning value limit of 10 pg

L™ as per the provisional guidelines set by WHO in 2011.
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Figure 4.13 The SWASV of (i) Baseline (the current signal of 0.1 M KCI in nanopure
water, termed as blank, was subtracted from itself at each potential); (ii) lake water
sample (after blank subtraction). The standard addition SWASVs (after blank
subtraction) by adding (iii) 8.3 (iv) 16.6 (v) 24.9 and (vi) 33.2 ug L standard Pb(Il)
into the lake water sample. The inset shows the standard addition plot taking the

current of lake water sample at x=0.
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Table 4.2 The measured concentration of Pb(Il) in the water samples.

Concentration of Pb(I) in ng L™ measured by
Sample
SWASV (n=3) ICP-MS (n=10)
Lake water from RRCAT 3.2 (£1.1%) 3.0 (£2.6%)
Laboratory tap water 1.7 (£2.3%) 2.3 (£10.7%)
Ganges river water 8.4 (£3.9%) 9.4 (£3.5%)

4.2.3. Electrocatalysis of Uranyl Sulphate in 1 M H,SO4 at AuNP(G)/GC

The resurgence of research in actinide chemistry has been fuelled not only by
their important technological and scientific attributes in nuclear power production, but
also by the complexity in the actinyl redox chemistry from the industrial and
environmental point of view. Of all the actinide ions, uranyl ion (UV1022+) has been
studied most thoroughly, as it has the most stable oxidation state (VI) of uranium and,
therefore, is the prevalent form of natural uranium in the environment. UY'0,*" is
chemically robust due to the presence of trans-dioxo bonds around uranium and is
highly oxidative in acidic solutions, exhibiting interesting and useful oxidation-
reduction chemistry. The oxygen reduction on AuNPs occurs in the potential range -0.5
to -0.15 V vs. Ag/AgCl (saturated KCl) reference electrode /7/56/, which is in similar
range of reduction potential of the uranyl (UO,*") complexes on mercury pool electrode
[162]. Therefore catalytic reduction of uvo,* might be possible on AuNPs. This is the
first report on the electrocatalysis of UY'0,*" in 1 M H,SO4 at AuNPs supported on
glassy carbon electrode (AuNP(G)/GC) evidenced from cyclic voltammetry (CV),
differential pulse voltammetry (DPV) and electrochemical impedance spectroscopy
(EIS) experiments. The molecular understanding of the electrocatalytic mechanism was
investigated by the relative stability of molecular orbitals of the most abundant U(VI)

complex in sulphuric acid solution by quantum chemical calculations.
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4.2.3.1. Differential Pulse Voltammetry (DPV) of 5 mM U(VI) in 1 M H,SO,

Figure 4.14 shows the DPV of 5 mM U(VI) in 1 M H;SO4 on (i) GC, (i1) Au and
(i11)) AuNP(G)/GC at 10 mV pulse amplitude. The cathodic peak of U(VI) on GC was
observed at -0.494 V with a peak current density of -17.8 pA cm™. The cathodic peak
potential was shifted to -0.191 V and -0.129 V on Au and AuNP(G)/GC, respectively.
The peak current density increased to -30.4 and -82.4 pA cm™ on Au and
AuNP(G)/GC, respectively. Figure 4.14 indicates that the energy barrier of the electron
transfer reaction from the electrode to U(VI) centre is significantly minimized at
AuNP(G)/GC. Therefore, AuNP(G)/GC acts as a catalyst for the electrochemical
reduction of U(VI) in 1 M H,SOy. Further, the significant enhancement of the cathodic
peak current of U(VI) at AuNP(G)/GC draws analytical importance for the quantitative

measurement of U(VI).
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Figure 4.14 The DPV of 5 mM UVI) in 1 M H>SO4 on (i) GC, (ii) Au and (iii)

AuNP(G)/GC at 10 mV pulse amplitude.
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4.2.3.2. Cyclic Voltammetry of 5 mM U(VI) in 1 M H»SOq

The electrocatalytic reduction of U(VI) was also supported by the cyclic
voltammograms (Figure 4.15). The cathodic peak of U(VI) was observed at -0.560 V,
-0.202 V and -0.110 V at GC, Au and AuNP(G)/GC, respectively. The cathodic peak
current densities (j,) were -193.9, -201.2 and -315.7 pA cm? on GC, Au and
AuNP(G)/GC, respectively. For the same electrode, the cathodic peak potential as well
as peak current density has different values in CV and DPV. This is attributed to the
differences in the potential function and current sampling of CV and DPV as reported

elsewhere [174].
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Figure 4.15 CV of 5 mM U(VI) in 1 M H,SO, on (i) GC, (ii) Au and (iii) AuNP(G)/GC
at a scan rate (v) of 10 mV s, The solid lines and circles represent the experimental

data and fitted curves, respectively.

The j, of U(VI) reduction showed linear dependencies on the scan rates (v) at Au
and AuNP(G)/GC; but this exercise could not be done for the GC electrodes as the peak

shapes were lost at scan rate higher than 40 mV s (Figures 4.16 — 4.18). Further, the
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slopes of the plots of Log(-j,) vs. Log(v) for Au (Figure 4.17B) and AuNP(G)/GC
(Figure 4.18B) were calculated as 0.6 and 0.9, respectively. It indicates that the
reduction of U(VI) in 1 M H,SO4 happens at Au and AuNP(G)/GC electrodes through a
mixed adsorption-diffusion mechanism and the contribution of adorption increased in
AuNP(G)/GC [175]. The cathodic peak current function (jp/vo'5 ) of the U(VI) reduction
at Au and AuNP(G)/GC increased to higher cathodic values at higher scan rates
(Figures 4.17C, 4.18C). This is an indication of involvement of the electrochemical-

chemical (EC) mechanism for the reduction of U(VI) in 1 M H,SO4 [175].

j/pAcm®

J v
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E /V vs. Ag/AgCI

Figure 4.16 Cyclic voltammograms (CVs) of 5 mM U(VI) in 1 M H,SO,4 at GC with the

scan rate (a) 10 (b) 20 (c) 30 (d) 40 mV s~ .The peak shape was lost at CVs with higher

scan rates.
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Figure 4.17 (4) Cyclic voltammograms (CVs) of 5 mM U(VI) in 1 M H,SO4 at Au with

the scan rate (a) 20 (b) 40 (c) 60 (d) 80 (e) 100 (f) 200 (g) 300 (/) 400 (i) 500 mV s~'.

Inset: The linear dependency of cathodic peak current (j,) on the scan rate (v). (B) The

Log(-j,) vs. Log(v) plot of (A). (C) The plot of current function Op/vo'5) VS. V.
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Figure 4.18 (4) Cyclic voltammograms (CVs) of 5 mM UVI) in 1 M H>SO, at

AuNP(G)/GC with the scan rate (a) 20 (b) 40 (c) 60 (d) 80 (e) 100 (f) 200 (g) 300 (f)

400 (i) 500 mV s™. Inset: The linear dependency of cathodic peak current () on the

scan rate (v). (B) The Log(-j,) vs. Log(v) plot of (A). (C) The plot of current function

GV") vs. v.
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U(VI) generally reduces to U(V) at approximately -0.2 V vs. Ag/AgCl on

mercury pool electrode (Eq. 4.9) [162, 176-180].

2U(VD)+2 e =2U(V) (4.9)

In acidic solution, U(V) disproportionates into U(VI) and U(IV) (Eq. 4.10) [162, 176-

180].

2 U(V) = U(VI) + U(IV) (4.10)

From the shapes of the CVs, it could be speculated that under strongly acidic conditions
(i.e. 1 M H,S0y), reaction 4.10 occurs so fast that at the potential corresponding to
reaction 4.9, the U(VI) ions are reduced completely to U(IV) according to Eq. 4.11

[162, 176-180).

U(VI) +2 ¢ = U(IV) .11

U(IV) is stable in 1 M H,SO4 and the oxidation of U(IV) involves the formation
of two U=0 bonds, which occurs much slowly compared to the recommended time
frame of the electrochemical potential sweep at the electrode. Therefore, U(IV)/U(VI)
showed irreversible redox behaviour and no oxidation peak of uranium (IV) was

observed in anodic scan direction irrespective of the scan rate (Figure 4.19).
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Figure 4.19 Cyclic voltammogram of 5 mM U(VI) in 1 M H,SO, at AuNP(G)/GC with
the scan rate of 20 mV s”'. The peaks (I, Il and IV) correspond to the reduction and

oxidation of gold and the peak II corresponds to the reduction of U(VI).

The onset of the reduction of U(VI) to U(V) appeared at -0.278, -0.108 and
-0.101 V at GC, Au and AuNP(G)/GC, respectively. The cathodic onset potential (E.)
is an important parameter to understand the energy level of the virtual state, where
electron transfer takes place from the electrode to the analyte molecule/ion. The energy

of the virtual state (Evs.rumo) 1s given by Eq. 4.12 [181].
Evs.Lumo = -¢[E. + 4.65] eV vs. vacuum (4.12)

when, the onset potential is measured with respect to Ag/AgCl reference electrode. The
systematic decrease in the value of E. from GC to AuNP(G)/GC suggests that the
energy of the virtual state of the electron transfer of the electrode to U(VI)
systematically decreases from GC to AuNP(G)/GC. The Eysiumo was calculated as

-4.372, -4.549 and -4.542 eV vs. vacuum for GC, Au and AuNP(G)/GC, respectively.
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To get more insight into the electrocatalytic action of AuNP(G)/GC, the kinetic
parameters of reduction of U(VI) were evaluated by fitting the cyclic voltammograms
with reactions 4.9 and 4.10 by DigiSim 3.03b. The fitted curves are shown in Figure
4.15 by circles. It should be noted that the deviation of the fitted circles from the
experimental lines is attributed to the background contribution which was not
subtracted from the experimental curves [182-185]. The optimized values of formal
reduction potential (E ) for these three electrodes were found in the range between -0.2
to -0.15 V, which is in agreement with the literature value /162, 176-180]. The average
equilibrium constant of the coupled chemical step was calculated as ~ 1.9x10° M s™.
Further, the rate of electron transfer reaction from the electrode to U(VI) was calculated
as 3.5x107, 5.0x10” and 5.4x10° cm s at GC, Au and AuNP(G)/GC, respectively.
This shows that the heterogeneous charge transfer rate of AuNP(G)/GC is much faster
compared to those of Au and GC. Interestingly, the charge transfer coefficient (o
symmetry factor of the transition state) improves from 0.13 at GC to 0.50 at Au and
0.90 at AuNP(G)/GC. The values of a at GC and AuNP(G)/GC seemed to be quite
spurious (i.e. beyond 0.3 to 0.7). Therefore, o was again analytically calculated from

Tafel’s slope (Eq. 4.13).
Tafel slope = - 2.303RT/(anF) (4.13)

Here, we considered n=2 for the overall reaction 4.7/ as the analytical signal was
the sum of the reactions 4.9 and 4.10; but it showed similar results (0.11 at GC, 0.49 at
Au and 0.87 at AuNP(G)/GC). The values of o were again analytically calculated for

the irreversible cyclic voltammetric waves (n=2) by Eq. 4.14 [162, 176-180)].

E, — Epo=1.857 RT/ (anF) (4.14)
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It also showed similar values of a (0.18 at GC, 0.41 at Au and 0.71 at
AuNP(G)/GC). Therefore, it can be speculated that the rate as well as the symmetry of
the potential energy barrier of the heterogeneous electron transfer reaction from metal

to U(VI) follows the order GC < Au < AuNP(G)/GC.

There are two common possibilities to get enhanced current of the
electrochemical reaction at the modified electrodes with nanoparticles: (1)
enhancement in the overall surface area of the electrode because of the higher surface-
to-volume ratio of the nanoparticles; and (2) presence of higher number of synthetic
defects or active sites on the nanoparticles. In these cases, the nanoparticles modified
electrode is expected to show electrocatalytic action irrespective of the redox system.
Therefore, the cyclic voltammetry and electrochemical impedance spectroscopy
experiments were performed at GC, Au and AuNP(G)/GC electrodes with an
electrochemically reversible probe, i.e. K3[Fe(CN)s]/Ks[Fe(CN)g] redox couple. Figure
4.20(i) shows the CV of 5 mM Ki[Fe(CN)g]/K4[Fe(CN)g] in 0.1 M KCl at GC, Au and
AuNP(G)/GC electrodes. No appreciable change in the peak current densities and peak
potentials was observed for these electrodes. It may rule out the first possibility.
Further, the Nyquist plot (Figure 4.20(ii)) showed that the charge transfer resistance
(Rct) significantly decreased from GC (361 Q) to Au (41.3 Q) and AuNP(G)/GC (38.5
Q). Therefore, no appreciable change in Rcr was observed between Au and
AuNP(G)/GC for Ki[Fe(CN)¢]/Ks[Fe(CN)s]. The fitted values of the individual
component of the Randle’s electrical equivalent circuit for three electrodes are given in

Table 4.3. It may rule out the second possibility.
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Figure 4.19 The cyclic voltammograms of 5 mM K;[Fe(CN)s]/K4[Fe(CN)4] in 0.1 M
KCI at Au, GC and AuNP(G)/GC at a scan rate of 10 mV s™'. (ii) The Nyquist plot of the
same at (a) GC, (b) Au and (c) AuNP(G)/GC for the frequency range 10° — 0.1 Hz at
amplitude of 5 mV. The circular points represent the experimental data and solid line is
the fitted data by FRA 2 with the Randle’s electrical equivalent circuit. Inset shows the

zoomed image of the semicircular portions of (b) and (c).

Table 4.3 The fitted values of the components of Randle’s electrical equivalent circuit

from Figure 4.19(ii). The errors of the fitted parameters are within 5% of the reported

value.
Electrode |(R,+Ry)/Q | Rer/Q | Co/pF | W/ (Q's") | Reduced 5
GC 108 361 0.766 0.0017 0.022
Au 95 413 1.13 0.0018 0.003
AuNP(G)/GC 104 38.5 3.69 0.0015 0.009

The electrocatalysis can also be defined by the decrease in the height of the
activation barrier of the electron transfer reaction. We already showed appreciable
change in the cathodic peak potential for U(VI) at GC, Au and AuNP(G)/GC (Figures

4.14 & 4.15), while no change in peak potential was observed for Ks;[Fe(CN)¢] at these
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electrodes (Figure 20(i)). Further, a change in the energy of the virtual states as well as
the contribution of adsorption of U(VI) at the electrodes was discussed earlier.
Therefore, quantum mechanical calculations were performed for understanding the

electrocatalysis of U(VI) by AuNP(G)/GC at molecular levels.

The most probable species of uranyl sulfate in moderate sulfate concentration (i.e.
1 M H,S0,) is [UM0,(SO4),, n H,O]*, where n = 2-3 [185-188]. However, several
controversies exist in the isomers of the species [183,189/. In order to understand the
above mentioned electrocatalytic reduction of U(VI) on AuNPs, we optimized the
geometries of [U"'04(SO4),, nH,0]* (n=2-3) in gas phase and then re-optimized them
in the presence of solvent water medium applying the polarizable continuum model
(PCM). The optimized structures are shown in Figure 4.21 and it shows the presence of
one monodentate (n'), one bidentate (n°) sulfates and two water molecules at the
equatorial plane perpendicular to two axial oxygen atoms.
For four isomers, the bond distances of U-Oaxial, U-Ochelatings; U-Omonodentates U-Owater
U-Schelating and U-Suionodentate are approximately 1.7, 2.5, 2.4, 2.8, 3.2 and 3.6 A,
respectively. These computed bond distances are in good agreement with the reported
values of the similar complexes /49, 53/. In gas phase, the free energy of formation of
[UY'04(5"-0S03)(5°-0,805), 2H,0]* (Figure 4.21a) and [U"'0,(7'-0S0;3)(7°-0,S0,),
3 H,O)" (Figure 4.21¢) are -2693.3 and -2699.2 kJ mol’, respectively. It means that
[UY'04(5"-0S03)(5°-0,S05), 3H,0]* is more stable in gas phase by -5.8 kJ mol™.
However, the relative stability is reversed upon solvation. In solution phase, the free
energy of formation of [UY'0.(3'-0S0;5)(7°-0,80,), 2H,0]* (Figure 4.21b) and
[UV0,(5'-08053)(5°-0,S0,), 3H,01* (Figure 4.21d) are -3580.2 and -3502.3 kJ mol™,
respectively. Therefore, [UV102(7’]1-OSO3)(1’]2—02SOz), 2 H,O]* becomes more stable by

~78 kJ mol™ in solvated state. Since the difference in free energy between these two
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isomers is greater than the thermal energy (2.5 kJ mol”) at room temperature,
[UV0,(7"-08053)(5>-0,S0,), 2H,01 (Figure 4.21b) could be considered as the

predominant species under studies.
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Figure 4.21 The optimized structures of (a) [U"0x(SO,). 2H0]* (vacuum), (b)

[U"0,(S0,),, 2 H,O] (hydrated), (c) [U"0xSO,). 3H,0]* (vacuum) and (d)

[U"05(50,),, 3H,0]* (hydrated). The bond distances given are in A.

The accurate theoretical calculation of redox potentials of actinide systems
remains one of the most important technical challenges due to the presence of large
number of electrons, complexity of the electrochemical process and necessity of
thermodynamic accuracy. The nonadiabatic electron affinity of [UY'O,(#’-0SO3)(7°-
0,S0,), 2H20]2' was calculated as -6.57 eV vs. vacuum in the aqueous phase without

structural optimization of the reduced state using the optimised structure of the oxidised
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form for the starting point of the electron transfer. It should be noted that the solvation
energy of the reduced species is calculated at the geometry of the oxidised complex.
The energies of the highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) were calculated as -7.01 eV and -5.84 eV vs. vacuum,
respectively. The (a) HOMO and (b) LUMO of [UY'0,(5'-0S053)(5#°-0,S0,), 2H,01*
are shown in Figure 4.22. More interestingly HOMO is comprised mostly of O(p)
orbitals of monodentate sulfate; whereas LUMO is comprised of U[5f ,x».y2)] orbital. It
shows that an interaction between filled p-orbital of oxygen atom of sulphate with that
of vacant f-orbital of U(VI) ion, indicating the f-orbital participation in bonding /790,

191].

Figure 4.22 (a) HOMO and (b) LUMO of hydrated [U"O(n'-0S0s)(1’-050,),
2H,0]*. HOMO is comprised of lone pair from oxygen atoms of SO group which

acts as monodentate ligand whereas LUMO is made of 5f -x2-.2) orbital of U.

The density of states (DOS) of the sp-band of GC depends on the energy range
and it is very low (~2.2x107 states/eV) i.e. below -0.1 V vs. Ag/AgCl[192, 193]. As it
is known that the heterogeneous electron transfer rates are dependent on the DOS of the
electrode material i.e. higher DOS means a higher probability of electrons of correct

energy available for an electron transfer to a redox system. Therefore, the
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heterogeneous rate of electron transfer to U(VI) was found to be the lowest at GC.
Further, the weak interaction of LUMO (consisting of U-5f orbital) of [UY'O4(y’-
0S03)(17°-0,S0,), 2H,0]* with carbon sp-band creates a virtual energy state at -4.372
eV vs. vacuum, as discussed earlier, for the heterogeneous electron transfer reaction to
take place (Figure 4.23a). The weak absorption of [UY'0,(5'-0S03)(5°-0,S0,),
2H,0]* on GC surface results into the lowest charge transfer coefficient of the reaction

as evidenced from the electrochemical experiments.

On the other hand, gold has a DOS of 0.28 states/eV and this value is relatively
constant with energy [794]. Therefore, the heterogeneous rate of electron transfer to
U(VI) increased at Au. The Fermi energy of Au is -5.31 eV vs. vacuum and the centre
of 5d band of Au is situated at -9.01 eV vs. vacuum. The metal 5d band interacts
comparatively strongly with the LUMO (U-5f orbital) of [U"'0,(5’-0S03)(5>-0,S0,),
2H,0T* creating VS-LUMO at -4.549 eV vs. vacuum (Figure 4.23b). Moreover, the
better adsorption of [UVIOz(iyI-OSO3)(772-02$OZ), 2H,0]* on Au improves the charge

transfer coefficient of the cathodic reaction.

We have proved that the defects, kinks and surface sites of the AuNP(G)/GC are
not contributing in the electrocatalytic reduction of U(VI). Further, it was evidenced in
the literature that work function of the AuNPs (size 5-40 nm) decorated graphene oxide
is quite different compared to that of bulk gold /795]. Therefore, in AuNP(G)/GC, the
DOS is not only expected to be increased, but the energy level of the 5d band is also
expected to change. At this primitive stage, it is very difficult to prove the above
mentioned speculation because lots of systematic multidisciplinary research are
required to define the energy levels of the electronic bands in multiple spherical cap

AuNPs decorated GC electrode.
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Figure 4.23 The representation (not in absolute scale) of the interaction of LUMO with
the electronic bands of (a) GC, (b) Au and (¢) AuNP(G)/GC. VS-LUMO represents the

virtual state of LUMO after interacting with the electronic bands of electrode.

Based on the above discussions of electrochemical results and quantum
mechanical calculations, it is speculated at present that the contribution of adsorption of

[UY'05(5"-0S05)(5°-0,S05), 2H,0]* on AuNP(G)/GC is increased due to the increase

144



Saurav K. Guin Chapter 4 : AuNPs by MPPS and MGPS

of the DOS at AuNPs and more interaction of the U(VI)-LUMO with the Au-5d band
of AuNPs. This phenomenon was indirectly supported by the energy of the VS-LUMO
(at -4.542 eV vs. vacuum) and the highest observed value of the charge transfer

coefficient at AuNP(G)/GC (Figure 4.23c¢).

4.3. Conclusions

The chemically pure AuNPs were electrochemically synthesized by MPPS and
MGPS from a solution of H[AuCls] in 0.1 M HCIl without adding any additional
chemicals from any external source. Excellent control in the particle size dispersion
was achieved for both the strategies and the AuNPs, as synthesized, showed excellent

electrocatalytic activity in spite of using no surface stabilizing agents.

The synthesized AuNPs were polycrystalline in nature and showed excellent
sensitivity for the determination of Pb(II) by square wave anodic stripping voltammetry
by virtue of the atomically underpotential deposition of lead on the gold surface. The
AuNPs(P)/GC electrode showed the best analytical response due to higher surface
coverage of AuNPs on the GC. The linear dynamic range, sensitivity, stability,
repeatability, reproducibility, accuracy and LOD of the AuNPs(P)/GC electrode were
found to be quite satisfactory for the electrochemical determination of Pb(Il) in

drinking water.

The present study, for the first time, unravels the electrocatalytic action of
AuNPs for the reduction of actinyl complexes (more precisely uranyl complexes). For
this purpose, we selected the monodispersed and lesser number density AuNPs i.e.
AuNP(G)/GC. The CV, DPV and EIS revealed that AuNP(G)/GC is a superior
electrocatalyst compared to Au or GC for reduction of UY'0,*" in 1 M H,SO,. The

highest observed value of the charge transfer coefficient and rate of electron transfer at
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AuNPs are proposed because of the highest density of states of 5d band of AuNPs and
its better interaction with the LUMO contributed by U-5f,».y2) orbital of [UV102(771 -
OSO3)(772-02802),2H20]2_, predominant stable species of UVIOz2+ in 1 M H,SOy4. This
is the first report on the participation of the Sf-orbital of actinyl ion in the
electrocatalysis at AuNPs and we can expect many new developments in this area in the
near future.

These overall synthesis strategies of AuNPs may open up a few possibilities for
the electrochemical preparation of electroactive pure metal nanoparticles without

adding any template, directing or stabilizing agent.

146



Saurav K. Guin Chapter 5 : Electrocrystallization of AQNPs
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Sections of this chapter have been published in the following peer-reviewed journal:

‘A Mechanistic Study on the Effect of Surface Protecting Agent on
Electrocrystallization of Silver Nanoparticles’, Saurav K. Guin, Rohan Phatak, Jisha S.

Pillai, Arnab Sarkar and Suresh K. Aggarwal, RSC Advances, 2014, DOI:
10.1039/C4RA12877J.
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5.1. Research Aim of this Chapter

Silver nanoparticles (AgNPs) have received considerable attention in the field of
catalysis, biological and chemical sensors, degradation of pollutants and Surface-
Enhanced Raman Spectroscopy (SERS) [196-214]. The plasmonic resonance and other
properties of AgNPs strongly depend on their size, shape and composition /203, 215-
216]. However, synthesizing nanoparticles of uniform shapes and monodispersity is
still a challenging task, which attracts several researchers worldwide. Further, the
surface oxide formation of the highly reactive nanoparticles alters the property of the
AgNPs [217]. In this context, the surface protecting agents play an important role in
controlling the shape and size of NPs as well as to prevent chemisorptions of oxygen on
the reactive surfaces of the AgNPs. The cationic surfactant, cetyltrimethylammonium
bromide (CTAB), is most extensively used as a surface stabilizer to fabricate positively
charged bi-layer shell on AgNPs, where CTA" ions present in the first layer cap the Ag
clusters via their head groups. Methylene chains of the two layers form a bi-layer shell
and the head groups of the CTA" ions, present in the second layer, are exposed to the

solution /218].

In this chapter, the mechanism of electrocrystallization of AgNPs from its
aqueous solution at selected potentials both in the presence and absence of surface
protecting agent tetrabutylammonium tetrafluoroborate (TBABF,) is discussed. The
cyclic voltammetry and chronoamperometry were used to understand the influence of
TBABF, on the formation and growth of silver nuclei on glassy carbon electrode. The
other possible counter anions of TBA" viz. Br, ClO4, PFs etc. were avoided to

eliminate any precipitation and decomposition.
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5.2. Results and Discussion

Figure 5.1 shows cyclic voltammograms of 10 mM AgNO; + 0.1 M KNO3 on GC
in (i) absence and (ii) presence of TBABF, at a scan rate of 10 mV s™. In the absence of
TBABF,, the cathodic and anodic peaks of silver were observed at -0.043 V and 0.159
V, respectively. However, the cathodic peak shifted to more negative potential (-0.2 V)
in the presence of TBABF, and anodic peak potential did not change much. Both the
cathodic and the anodic peak currents decreased significantly. The reduction of silver in
the presence of TBABF, initiated at higher overpotential of about -0.043 V and this
suggests that the cathodic reaction of Ag(I) in presence of TBA" ions might be

governed by the charge transfer polarization.
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Figure 5.1 Cyclic voltammograms of 10 mM AgNO; + 0.1 M KNOj in (i) absence and
(ii) presence of TBABF, on GC at a scan rate of 10 mV s™'. Inset shows the zoomed

image of the cathodic peaks.
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The electrocrystallization mechanism of metals can be studied by various
approaches e.g. potentiostatic current transient analysis, computer simulation and
scanning probe microscopic observations of electrode surface /219/. The first approach
is simple and used more frequently in electrochemistry and was, therefore, also selected
for the present study. As discussed in chapter 1, the electrocrystallization of metal
involves nucleation of metal adatoms on the active sites of the electrodes followed by
three dimensional diffusion controlled growth of the nuclei. The electrocrystallization
and more precisely, the nucleation and growth of silver were investigated by
chronoamperometry in the (a) absence and the (b) presence of TBABF, at selective
constant potentials of (i) -0.300 (ii) -0.200 (iii) -0.100 and (iv) -0.043 V (Figure 5.2).
These potentials were selected to represent the domain of concentration polarization for
the cathodic reduction of Ag(I) in the absence of TBABF4; and at the same time, they
would represent the domains of nucleation, charge transfer polarization and
concentration polarization in the presence of TBABF,.

Each of the chronoamperomertic current transients (Figure 5.2) typically represents
the three dimensional multiple nucleation and diffusion controlled growth of metal on
GC. The initial current decreased significantly at time scales 5-300 ms. In the
succeeding part of the transient, the current increased with time and passed through a
maximum value followed by a steady decrease. The time constant (1/t) for the
rearrangement of electrolyte species (ions/molecules) at the electrode-electrolyte
interface would be observed within 1 ms. In present experiment, the current transients
exhibit the time constants in the range 5-300 ms, which are relatively longer and this
may be attributed to the parallel formation of adions or adatoms in addition to the

nucleation and growth by direct attachment /220)].
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Figure 5.2 The chronoamperometric current transients of 10 mM AgNO; + 0.1 M
KNO; at (i) -0.300, (ii) -0.200, (iii) -0.100 and (iv) -0.043 V in (a) absence and (b)

presence of TBABF,.
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The subsequent rise in current corresponds to increase in the overall electroactive
area due to increase(s) in the number and/or size of nuclei. The spherical diffusion zone
around each nucleus grows with time. At the time corresponding to the current maxima,
the spherical diffusion zones overlap and mass transfer becomes linear. The change in
diffusion regime leads to a decrease in the current with increasing time obeying Cottrell
equation. At -0.300 V, the j, at time t,, was 12.6 mA cm™ at 67.3 ms (Figure 5.2a(i))
and 3.4 mA cm” at 692.0 ms (Figure 5.2b(i)) in the absence and the presence of
TBABF,, respectively. It suggests that the increase in the electroactive area was
suppressed as well as overlaps of the spherical diffusion zones became sluggish in the
presence of TBABF,. It should be noted that no current maximum was observed for
sufficient time (15 s) in the potentiostatic current transient at -0.043 V in the presence
of TBABF, (Figure 5.2b(iv)); whereas jn, of 2.1 mA cm™ was observed at t,, 1.55 s at
the same potential in the absence of TBABF4 (Figure 5.2a(iv)). It indicates that the
time period for the introduction of nucleation on GC was prolonged in presence of
TBABEF,.

To identify the nucleation mechanism, the experimental current transients were
compared with those obtained through Scharifker and Hills (SH) model (Section 1.4)
for two limiting cases viz. instantaneous and progressive nucleations [/34-136, 221].
The dimensionless variables, (j/jm)* Vs. t/tn obtained from the experimental current
transients were plotted along with the theoretical curves for instantaneous and
progressive nucleations (Egs. 1.65, 1.66) (Figure 5.3). In the absence of TBABF4, the
experimental curves for all applied potentials were observed in between the two
limiting cases of SH-model (Figure 5.3a). In the presence of TBABF,, these curves
became closer to the progressive type of nucleation (Figure 5.3b). The nucleation

parameters viz. diffusion coefficient of Ag' ions (D), effective nucleation rate (aNp, cm’
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2571 [where, “a” is the nucleation rate constant (s') and N is the number of active sites

(cm™)] and saturation nucleus density (N, cm™) were calculated for progressive type of

nucleation (Egs. 1.67, 5.1, 5.2) (Table 5.1).

o -0.300 V
1.00 - -0.200 Vv
o =0.100V
o -0.043V
0.754 ¢ ——Theoretical (3D prog.)
~ : ——Theoretical (3D inst.)
=
=, 0.501
0.254 |
0.00% . . , "
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t/t
m
o -0.300V
1.00+ -0.200 V
o «0.100V
Theoretical (3D prog.)
0.754 ——Theoretical (3D inst.)
~
—
I—E
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= 0.50
0.25-
0.00; . ] . .
0 2 4 6
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Figure 5.3 The plot of dimensionless variables, (j/jm)’ vs. t/tw obtained from the
experimental current transients in the (a) absence and (b) presence of TBABF,. The
dimensionless variables of the calculated (theoretical) current transients for

instantaneous and progressive nucleation according to the SH model are also overlaid

in each graph.
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j2t, = 0.2598D(zFC)? (5.1)

.| = 0.46152FCDi(k'aN,) (5.2)

Table 5.1 Derived values of D, aNy and Ns from the current transients at different

potentials by following SH Model.

In absence of TBABF, In presence of TBABF,
Potential
V) D aNg Nsg D aNp Ns
(cm?st) | em?sY) | em? | (em?s?) | (em?s? (cm?)

-0.300 | 4.4x10° | 1.3x10° | 4.7x10° | 3.5%x107 1.6x10° 5.8x10°
-0.200 | 3.1x10° | 9.6x10° | 4.8x10° | 3.4x107 4.6x10° 3.2x10°
-0.100 | 2.8x107° | 3.7x10° | 3.1x10° | 2.5x107 2.2x10% 8.1x10*
Could not be calculated because of

-0.043 2.4x10° | 5.4x10" | 1.3x10° absence of prominent current

maximum

The average values of D in the absence and presence of TBABF, are 3.2x10”
and 3.1x10° cm® s™, respectively. Therefore, the presence of TBABF, did not affect the
diffusion controlled growth of the silver nuclei. However, the aNy and Ng significantly
decreased with decrease in the applied overpotential. It suggests that the
electrocrystallization of silver nuclei was governed by the activation overpotential. As
the overpotential increases, more and more substrate sites become active at the
electrode-electrolyte interface for transferring electrons to Ag' ions. It is interesting to
note that the number of active substrate sites as well as aN( decreased drastically in the
presence of TBABF, at the same overpotential. This is attributed to increase in the
activation overpotential for electrocrystallization of silver in the presence of TBABF,.

The activation polarization could be evaluated in terms of two parameters viz. “a” and

Ny. However, evaluation of these two parameters separately for each transient was not
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possible by SH model. Further, the accuracy of the values of D, aNj and Ng can not be
ascertained because of a single point (t,, jm) measurement. It also should be
emphasized that the actual nucleation and growth, as evidenced in Figure 5.3, did not
belong to two extreme cases. Therefore, SH model does not represent the actual
electrocrystallization mechanism.

As was mentioned in chapter 1, Scharifker and Mostany (SM) /80/, Sluyters-
Rehbach, Wijenberg, Bosco and Sluyters (SRWBS) /83/, Heerman and Tarallo (HT)
[84, 85, 87] models have been made to eliminate the analysis of two separate cases by
establishing a general model of electrochemical nucleation. For the convenience of
reading, it should be mentioned here that all these models viz. SH, SM, SRWBS and
HT have been established from the same nucleation law and Avrami’s theorem, but
with different assumptions on the thickness of the diffusion layer around the nuclei
(Section 1.4 and Table 1.1).

The genetic algorithm, a useful stochastic approach, has been earlier used to get
the values of D, Ny and “a” by fitting a portion of the experimental current transient
with SM model /222]. In this chapter, the mechanism of electrocrystalization is
discussed through the evaluation of the initial current density (jo in A cm™), decay
constant (t in s™), D, Ny and “a” by fitting the entire experimental current transients
(for the first time, the double layer discharge region was also considered in the fitting of
electrocrystallization model) with the calculated current transients (from the SM,
SRWBS and HT models) using hybrid genetic algorithm (HGA). The design intention
of the hybrid algorithm is to exert fully the random search ability of the genetic
algorithm (GA) to provide good initial estimates of parameters for the nonlinear

regression by Levenberg-Marquardt algorithms (LMA) (Figure 5.4).
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Figure 5.4 Schematic representation of HGA. The detailed procedure is discussed in

Section 2.9.1.

It is important to mention that the potentiostatic current transients fitted well by
HGA with all the three models with residual sum of squares (~10”) and reduced
Y(~10"°) (Figure 5.5). The values of five parameters obtained from three models for
all the potentiostatic current transients are shown in Figure 5.6. It can be seen that the
values of jo and t increased while Ny, and “a” decreased significantly at all
potentiostatic transients in presence of TBABF,4. The values of D remained unaffected
by the presence of TBABF,. It was earlier reported that SM and SRWBS theories
accurately fitted and yielded nearly equal values for Ny /87]. However, the initial fall of
current was ignored in those calculations. In contrast, we considered the complete
experimental current transient for the fitting purpose. Therefore, the parallel formation

of adions or adatoms during the initial fall of current was considered in our
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calculations. Hence, diverse values of Ny and “a” were calculated by different models

for the same current transient.

3.
i (@ (b)
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S gl o 2.
it 0300V
£ £
i w13
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0 2 4 6 8 10 0 2 4 6 8 10
¥ Time/s . Time/s
" () « (d)
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= o -0.043 V
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0 2 4 6 8 10 0 3 6 9 12 15
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Figure 5.5 The potentiostatic current transients at (a) -0.300 (b) -0.200 (c) -0.100 and
(d) -0.043 V in the (i) absence (pink circles) and (ii) presence (saffron circles) of
TBABF,. The solid lines (colour of each line is not visible indistinguishably because of

overlapping among them) are the fitted lines according to SM, SRWBS and HT models.
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Figure 5.6 The optimized fitted parameters viz. jy, T, Log D, Log N and “a” obtained by
fitting through SM, SRWBS and HT models for each potentiostatic transient. Here

(Absent) and (Present) represent the absence and presence of TBABFy, respectively.

It is known that jo and 1 are inversely proportional to the resistance of the
electrolyte solution, thus they increased upon addition of TBABF, in the electrolyte.
The TBA" ions in the bulk electrolyte do not affect the diffusion of Ag,, ions in the
solution. However, TBA" ions compete with Ag,," ions to occupy the active sites on
the electrode at negative potentials. Moreover, the adsorption of TBA" ions onto the
electrode surface blocks the active sites as well as introduces their electrostatic
interaction with the Ag,," ions. Therefore, the kinetics of electrocrystallization and

subsequently the number of nuclei decrease in presence of TBA" ions. The schematic
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representations of the difference of electrocrystallization in the absence and presence of

TBA" ions are shown in Figure 5.7.

Normal Electrode Surface During Electrocrystallization
# supporting ions

# Silverions

B Silver nuclei

| Active sites on
slactrode surface

~&~ TBA' ions

Without stabilizer With stabilizer

Figure 5.7 Schematic representation of the difference of electrocrystallization in the

+ .
absence and presence of TBA " ions.

As was discussed earlier, the accurate fits for each current transient were
obtained for SM, SRWBS and HT models. However, for same current transient, the
values of jo, T, Ny and “a” differed from model to model. The variations in the values of
Ny and “a” are quite significant. Similar observations were also reported elsewhere /81,
88]. We considered it worthwhile to perform a statistical analysis using PCA for SH,

SM, SRWBS and HT models with the values given in Table 5.2.

Figure 5.8 shows the distribution of SH, SM, SRWBS and HT models on PC1 vs.
PC2 in the (a) absence and (b) presence of TBABF,. It can clearly be seen that the four
models are devoid of any correlation due to dispersion in the values of the important

parameters such as Ny and “a”.
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Table 5.2 The values of the fitted parameters used for PCA.

D/ (10° cm?s?) Ns/ (10° cm?) aNo/ (10° cm?s™)
Model Potential (V)
03]-02]-01|-031]-02]-01]-03]|-02 | -01
SM | 4.40|3.60|3.60| 3.60 | 0.610 | 0.190 | 273 | 3.37 | 0.331
In presence | SRWBS | 440 | 3.60 | 3.60 | 340 | 0450 | 0.190 | 181 | 1.80 | 0.397
of TBABF, HT | 440330350 3.00 | 0390 |0.190 | 203 | 1.72 | 0.57
SH |440|3.10|280| 470 | 0.480 | 0.310 | 130 | 0.96 | 0.37
SM  [3.60|3.90|3.70 | 1.30 | 0.390 | 0.200 | 2.54 | 0.644 | 0.306
In absence of | SRWBS | 3.60 | 3.90 | 3.80 | 0.810 | 0.340 | 0.034 | 1.90 | 0.602 | 0.039
TBABF, HT | 3.40 | 3.60 | 3.70 | 0.540 | 0.290 | 0.035 | 2.33 | 0.716 | 0.042
SH |3.50|3.40 | 250 0580|0320 | 0.081 | 1.60 | 0.46 | 0.022
2 aN, (0.100v) @ OHT 21 (b oHT aN, (0.200V)
(a) ( ) D(-0.100 V)
] aN, (-0.300 V)
14 11
—- D(-0.100 V) — D(-0.200 V)
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Figure 5.8 The distribution of SH, SM, SRWBS and HT models on PC2 vs. PCI in the

(a) absence and (b) the presence of TBABF, The loadings of each parameter are

shown by the distance of the black points from the origin. In (a) D (-0.300 V) is not

shown in the calculation because it had same values for the four models.
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Further, Figure 5.9a shows the AFM topography (5 pm x 5 um) of the AgNPs
deposited at -0.300 V for 10 s in the absence of TBABF,. The approximate density of

nuclei (Np) was found to be 2.8x10° cm™

, which is much underestimated by SM
(~3.0x10° cm™@), SRWBS (~3.6x10° cm™) and HT (~3.4x10° cm™) models. Similar
result was observed for the AFM topography (5 um % 5 um) of the AgNPs deposited at
-0.300 V for 10 s in the presence of TBABF4 (Figure 5.8b). The approximate density of
nuclei was found to be 5.1x10* cm™, which is much underestimated by SM (~1.3x10°
cm?), SRWBS (~8.1x10° c¢m?) and HT (~5.4x10° cm™) models. Although the

calculated values are far from the reality, a significant decrease in the number of nuclei

was also observed in the presence of TBABF, and it supports the former discussions.

5 um

5 um

Lire fit 15nm
Line fit 10.4nm

Topography range

Figure 5.9 The AFM topography (XY) of the AgNPs deposited on GC at -0.300 V for
10 s in (a) the absence and (b) the presence of TBABF, The vertical bar at the top

right of each image represents the z-profile of the XY image.

There are a few reports which similarly observed higher nuclei density by
scanning electron microscope than those calculated from the models /90, 223-225] and
no attempt was made to evaluate the value of Ny for other cases. We note that, in the

presence of TBABF,, the particle size (in XY-direction) increases while it decreases
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along the Z-direction. The exact reason of this is not known at present and it will be
explored in more details in the future. Further, the GC electrode, polished to mirror
finish, inherently contains scratches of a few nano- to micro-meter widths. The
interfacial Gibbs energy of these scratches would be much more than the planes of GC.
Therefore, more number of nuclei is located around the scratches (Figure 5.9). It also
supports that the assumption of constant nucleation rate is not valid in the reality of
electrochemical nucleation [226-229]. Thus the higher rate of nucleation at the
scratches can lead to higher number of nuclei around them. However, we note that the
microscopic picture of the small segment of the electrode may not give the true
quantitative nuclei density of the entire GC surface because of (1) dispersion in the
particle size, (2) overlaps between the neighbouring nuclei and (3) cluster formation

around the scratches.

Based on the above statistical analysis of data and the absence of any
correlation among the different models, the following observations can be made.
(1) The researchers should be careful in attaching any extra significance to the
numerical values of jo, T, D, Ny, “a” of any system only based on the quality of fitting.
(2) The true density of nuclei significantly differs from the calculated values from the
models. (3) The compatibility of the realistic nucleation and growth mechanism with
the (a) nucleation rate law (Eg. 1.27) along with the assumption of the constant
nucleation rate, (b) assumptions of the diffusion zones [230-232] and (c) the
compatibility of the Avrami’s theory should be revaluated. The present study, therefore,

corroborates the need to revise electrochemical nucleation and growth /221, 233].
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5.3. Conclusion

The above study shows that the electrocrystallization of silver nuclei in presence of
TBA" ions is governed by the activation overpotential. The TBA" ions in the bulk
electrolyte do not affect the diffusion of Ag,, ions in the solution. However, TBA"
ions compete with Ag,, ions to occupy the active sites on the electrode at negative
potentials. Moreover, the adsorption of TBA" ions onto the electrode surface blocked
the active sites as well as introduced, to some extent, an electrostatic interaction with
the Ag,, ions. Therefore, the kinetics of electrocrystallization and subsequently the
number of nuclei decreased in presence of TBA" ions. The PCA showed that the SH,
SM, SRWBS and HT models do not correlate among themselves; though these four
models were originated from the same nucleation law of electrocrystallization and

Avrami’s theorem with different arguments, which make physical sense.
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Summary of Key Findings

This dissertation presents different strategies for the template-free
electrosynthesis of lead, gold and silver nanoparticles. The discrete and monodispersed
capped hemispherical metal nanoparticles can be produced on a low surface energy
conductive substrate by following these strategies. Though detailed investigation of the
metal(deposited)-substrate pair has to be performed to design the efficient strategy,
because the thermodynamics and surface kinetics parameters play key roles in the
electrochemical nucleation and growth of metal nanoparticles on the substrate. Hence,
this study would be useful for designing systems of controlled size for fundamental
studies and practical purposes in the field of material sciences and condensed-matter

physics.

The novel potentiostatic triple pulse strategy (PTPS) was developed for room
temperature template-free electrosynthesis of lead nanoparticles (PbNPs) from aqueous
solution of Pb(I1). The chemisorbed oxygen covers the surface of PONP. This is the first
effort for the electrosynthesis of PbNPs (without any adlayer of Pb) on a template free
substrate. The cause of improvement in the particle size and size dispersion in PTPS
compared to conventional potentiostatic double pulse strategy (PDPS) was also

revealed.

Novel multiple potentiostatic pulse strategy (MPPS) and multiple galvanostatic
pulse strategy (MGPS) were developed for the template free electrosynthesis of gold
nanoparticles (AuNPs) on a GC electrode. Excellent control of the particle size
dispersion was achieved in both the routes of synthesis. The AuNPs showed excellent
sensitivity and lowest limit of detection (57 ng L™ or 274 pM) for the determination of

Pb(Il) at ultratrace levels by square wave anodic stripping voltammetry (SWASV). The
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stability, repeatability, reproducibility and accuracy of the analytical response were
found to be satisfactory for the analytical purposes. The AuNPs also showed excellent
electrocatalytic reduction of U(VI) in 1 M H,SO,4. This is the first report on the
electrocatalysis of UY'0,*" in 1 M H,SO, at AuNPs supported on glassy carbon
electrode. The quantum chemical calculations were performed to understand the
mechanism of electrocatalysis at molecular levels. The highest observed values of the
charge transfer coefficient as well as the rate of electron transfer at AuNPs are
attributed to the highest density of states of 5d-band of gold and its strong interaction
with the LUMO contributed by U-5f,xsy orbital of [UY'0,(;'-0S0s)(;°-0,S0y),

2H,0]?, predominant stable species of UY'0,* in 1 M H,SO0,.

The surface protecting agent, viz. tetrabutylammonium tetrafluoroborate
(TBABF,4) can be used for avoiding chemisorptions of oxygen on the surface of
nanoparticles. However, the presence of surface protecting agent slowed down the
kinetics of electrocrystallization of AgNPs because of the induction of activation
overpotential at the electrode-electrolyte interface and subsequently the number of
nuclei on the electrode surface decreased in presence of TBA" ions. Therefore, the
electrochemical strategy for the synthesis of metal nanoparticles in the presence of any
surface protecting agent is expected to be vastly different compared to the strategy
designed for synthesizing metal nanoparticles in the absence of this agent. This study
also revealed that enough artifacts exist in the optimized values of the number of
nuclei; nucleation rate etc. following SH, SM, SRWBS, and HT models (i.e. models of
the electrochemical 3D multiple nucleation and growth) and these models deviate far
off from the reality. Therefore, enough need exists to develop new electrocrystallization

model or to modify the existing models of electrocrystallization.
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