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Abstract

Abstract

Platinum (Pt) and Pt nanoparticles are of great interest due to their high catalytic activity
in a number of chemical and electrochemical reactions. In recent years, aprotic ionic liquids
have gained much attention as an attractive alternative media for electrodeposition of various
metals and metal nanoparticles owing to their several excellent physicochemical and
electrochemical properties. Bis(acetylacetonato)platinum(Il) (Pt(acac),) is a well known
precursor for preparation of Pt nanoparticle. However, electrochemical reduction of Pt(acac),
has not been studied in depth in ionic liquids yet. In the present study, preparation of Pt
nanoparticles by electrochemical reduction of Pt(acac), has been attempted in aprotic
bis(trifluoromethylsulfonyl)amide = (TFSA")-based  ionic  liquids composed  of
trimethylhexylammonium (TMHA"), and pyrrolidinium cations with different alkyl chain
length, 1-butyl-1-methylpyrrolidinium (BMP"), 1-hexyl-1-methylpyrrolidinium (HMP") and
1-decyl-1-methylpyrrolidinium (DMP"). The aim of the present study is to understand the
formation mechanism of Pt nanoparticles from Pt(acac), and to have an insight on controlling
the size of the nanoparticles.

Chapter 1 presents a brief description about the metal nanoparticles, ionic liquids and
possibility of preparation of metal nanoparticles in ionic liquids.

Chapter 2 describes the general experimental techniques used in the present study.

In chapter 3, electrochemical reduction of Pt(acac), has been investigated in TFSA™-
based ionic liquids using various electrochemical techniques. Pt(acac), was found to exist as a
square planer complex in each ionic liquid. Pt(acac), was suggested to be reduced to metallic
Pt via a two-electron transfer process at a glassy carbon (GC) electrode. Deposition of Pt on a
stationary GC electrode was possible by electrochemical reduction of Pt(acac), in TMHATFSA
and BMPTFSA. In addition, Pt nanoparticles were obtained after cathodic reduction of
Pt(acac),, probably due to the hindrance of the surface process related to electrodeposition by
the accumulation of cations of the ionic liquid on the electrode surface.

Chapter 4 is concerned with the investigation of the effect of electrochemical
parameters on controlling the size of the Pt nanoparticles prepared by electrochemical
reduction of Pt(acac), in BMPTFSA, HMPTFSA and DMPTFSA. The average size of Pt
nanoparticles prepared by using a glassy carbon rotating disk electrode was found to be
independent of the electrode potential, rotation rate or current density. The average size of Pt

nanoparticles increased slightly with increasing the alkyl chain length of cations of the ionic



Abstract

liquid, probably related to the stabilization of the Pt nuclei by the ions of the ionic liquids.
Chapter 5 summarizes the present work and describes the perspectives on the control
of the size of the metal nanoparticles by careful choice of electrochemical parameters and the

ionic liquids.
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List of Symbols Used in This Study

Symbol Meaning

Re Reynolds number

Reg; Critical Reynolds number

| Radius of the rotating disk electrode
1) Rotation rate or angular velocity

v Kinematic viscosity

Vh Hydrodynamic boundary layer thickness
0 Diffusion layer thickness

D Diffusion coefficient

J Current density

n Number of electron transferred

F Faraday constant

C,* Bulk concentration

k Boltzmann constant

T Absolute temperature

n Viscosity coefficient

a Size of the diffusing species, in equation 3.1
c Constant, in equation 3.1

Perit Critical radius of the nuclei

M Molecular weight

% Surface tension

) Overpotential

0 Density of cluster

E Electrode potential

Epzc Potential of zero charge
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Chapter 1

General Introduction

1.1 Platinum and Platinum Nanoparticles

Platinum (Pt) is a silvery white lustrous metal and is sufficiently ductile and malleable
to be drawn into wire or rolled into the sheet. Pt possesses outstanding catalytic and electrical
properties and high resistant to corrosion. It is known that Pt was first discovered in the
sixteenth century in the Choco, Columbia. Pt occurs in the copper-nickel ore at a concentration
of 0.005 ppm of the Earth’s crust. Pt shows remarkable stability toward various chemical
reagents, does not form oxide film with exposure to air and dissolves only in aqua regia to form
chloroplatinic acid (H,PtCls). Pt can be obtained in various forms such as, Pt sponge, Pt black,
colloidal Pt and Pt nanoparticles.

Pt of bivalent or tetravalent states can form a number of very stable and inert complexes.
H,PtCls and K,PtCls are the most commonly used Pt(IV) complexes. The Pt(IV) complex
generally exists as an octahedral geometry. The example of Pt(IT) complexes, [PtX4]* (X: CI,
Br, I, SCN, CN) are available in the literature.' The great majority of the Pt(II) complexes are
square planar, however a few of them are of tetragonal or square pyramidal.' Pt are able to
form oxides like PtO, or PtO. A number of Pt(0) complexes like Pt(NH3)4 and Pt(Ph;P)4 (Ph:
phosphine) have also been reported.' The oxidation states +1 and +3 are the less common for
Pt. The existence of Pt(VI) complexes, such as PtFs or PtOFg has also confirmed. The oxidation
state +5 is confined to the ion [PtFs] , derived from the PtF¢. Several acetylacetonato complexes
of Pt(IT) such as, Pt(acac),, K[PtCly(acac)], K[PtCl(acac)], Na,[PtCly(acac),]-5H,O have been
reported by Werner in 1901.'

Pt is principally used in chemical and electrochemical catalysis, jewellery, refining
petroleum, magnetic or electric device, and corrosion resistant application. However, the high
cost of Pt makes the utilization of Pt in its bulk form limited. Therefore, an enormous research
has been focused in preparation of Pt in the form of nanoparticles with high catalytic activity.

Nanoparticles are particles with at least one characteristics dimension between 1 and

100 nm. Metal nanoparticles with larger surface area and high surface-to-volume ratio are of
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significant interest due to their size dependent electronic, optical, magnetic and chemical
properties, which are usually not witnessed with their bulk counterparts. Metal nanoparticles
possessing the size between 1-10 nm (in diameter) and narrow size distribution are often
referred also as “modern metal nanoparticles”.” Metal nanoparticles with small size distribution
are reported to act as an electron transfer mediators and are of vital importance in many
catalytic processes, such as hydrogenation reaction and oxidation of alcohol.” In recent years,
metal nanoparticles have received extensive attention because of their wide applications in
electrocatalysis, chemical sensors and optics.>* In this study, attention was focused on
preparation of metal (Pt) nanoparticles. Pt nanoparticles are being used as the key catalyst in
various application like fuel cell, biosensor, hydrogenation or dehydrogenation of various
organic species, pharmaceutical, and so on. The following sections presents a brief description

of the preparation of metal nanoparticles in different media.

1.2 Preparation of Metal Nanoparticles

Preparation of metal nanoparticles has been practiced for a long time. It seems that the
first experiments on preparation of metal (gold) nanoparticles reported by Faraday in 1857.°
Up to now, metal nanoparticles have been reported to be prepared via chemical or
electrochemical reduction from metal species in various organic or aqueous media.’ The size
and shape of the metal nanoparticles have been reported to be dependent on the type of medium,
reducing and stabilizing agents.

It is well known that metal nanoparticles prepared in the conventional solvents undergo
a thermodynamically favored process, agglomeration by diffusing together and coalescing,
which leads to formation of large metal particles. Therefore, nanoparticles must be stabilized
in order to prevent them from aggregating in the bulk solution. The stabilization of metal
nanoparticles can be achieved by electrostatic and/or steric protection.’ Steric stabilizing
reagents such as polymers, amines, alkanethiols, phosphines or surfactants are usually used to
prevent agglomeration of metal nanoparticles. Steric stabilizers are considered to be adsorbed
on the surface to metal nanoparticles by chemical or van der Waals interaction.® Ions are also
considered to have the capability to prevent agglomeration through electrostatic repulsion
among the nanoparticles adsorbed by the ions. Both steric and electrostatic stabilization can be
achieved by using bulky ions. The selection of stabilizers has to be made depending on the kind
of metal nanoparticles and their application. Recently, ionic liquids, salts having a low melting
point close to room temperature or even below, have been reported to have the ability to

disperse and stabilize various metal nanoparticles without any additional stabilizers.® Thus, a
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significant amount of work has been performed to find out new possibilities in preparation of

metal nanoparticles in ionic liquids.

1.3 Ionic Liquids

Tonic liquids, comprised entirely of ions, are liquid at ambient temperature.*'' Most
inorganic salts which are solid at ambient temperature become ionic liquids when the salts are
melted (liquefied) by applying heat to the system to offset the salt lattice energy. These ionic
liquids are usually called as molten salts. Typical temperatures of the molten salts lie in the
range of 450-1025°C and refractory materials are needed to contain these electrolytes. Beside
the inorganic salts, the salts consisting of organic cations and/or anions melt below ambient
temperature and are able to be used as conventional aqueous and organic solvents. These salts
having low melting point than ambient temperature were formerly termed as room temperature
molten salts or ionic liquids. Today, these salts which are liquid at ambient temperature are
simply known as ionic liquids.

It is widely recognized that the first ionic liquid, ethylammonium nitrate,
[EtNH;][NO;], having a melting point of 12°C, was discovered by Walden in 1914."
[EtNH;][NOs] was prepared by reacting concentrated nitric acid with ethylamine. Later, in

13,14 It

1948, an ionic liquid based on chloroaluminate anion was reported by Hurley and Weir.
was synthesized by mixing 1-butylpyrinidium chloride with aluminum trichloride (AICl;). In
1978, similar chloroaluminate anion-based systems were reported by Osteryoung et al."” and
Hussey et al.'® An enormous research on application of chloroaluminate (A1CI;)-based ionic
liquids as solvents was performed in 1980s, as AlICl; is a Lewis acid. The Lewis acidity of
these AlCl;3-based ionic liquids can be adjusted by changing the ratio of AICI; to the organic
salt. When the mole fraction of AICl; is greater 0.5, the mixture is acidic due to the presence
of extra AlCl; (Lewis acid) which consequently forms [ALLCl;]". When the mole fraction of
AICl; is smaller than 0.5, the mixture is regarded as basic due to the presence of R'CIl™ (Lewis
base) (R" is the organic cation). The neutral ones can be obtained by mixing equimolar amount
of AICl; with the organic salt. However, the moisture sensitivity of AlCls;-based ionic liquids
has limited their applications for practical use as AICl; reacts with water and release corrosive
HCL

In 1992, Wilkes and Zaworotko et al.'” reported a new non-chloroaluminate ionic
liquid, resistant to moisture, which was prepared by combining 1-ethyl-3-methylimidazolium
cation with tetrafluoroborate (BF4") or hexafluorophosphate (PF¢ ) anion. Since then, a wide

range of non-chloroaluminate ionic liquids have been developed by altering the combination
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of cations and anions. Although ionic liquids consisting of PFs anions are called hydrophobic,
it has been found that the properties of these ionic liquids are affected by moisture if they are
exposed to the air for a long time. Thus, synthesis of hydrophobic ionic liquids has attracted
interest in various fields. In 1996, ionic liquids consisting of hydrophobic anion like
bis(trifluoromethylsulfonyl)amide ((CF3SO,),N") and their derivatives have been investigated
by Bonhéte et al.'® and MacFarlane et al."”.

It is widely accepted that a million or limitless simple ionic liquids are theoretically
possible to be prepared by switching cations or anions, designing specific functionalities in the
cations or anions, mixing two or more ionic liquids.** The frequently used cations in ionic
liquids are tetralkylammonium [R4N]" or cyclic quaternary ammonium such as pyridinium,
imidazolium, piperidinium and pyrrolidinium. The anions, AICly, AlLCl;, BFs, PFe,
[N(CN).] , [CF3S03] , [N(CF3S03),] and [C;HsSO4] are some of the most common anions
used in the ionic liquids. The structures of typical cations and anions of the ionic liquids are
shown in Fig. 1.1.

Since ionic liquids are composed of only ions, they open the possibility to be
used as electrolytes in various electrochemical reactions. The physicochemical and
electrochemical properties of ionic liquids are mostly dependent of nature of the cations and
anions. Some of the important basic properties of ionic liquids are as follows.

1) Electrochemical Potential Window: Electrochemical potential window is the
voltage range over which the electrolyte is neither reduced nor oxidized at an
electrode. In electrochemistry, the potential window of an electrolyte is of great
importance. A series of studies on electrochemical potential windows of ionic
liquids have been reported for several electrode materials.”' The potential windows
for ionic liquids have been reported to remain in the range from 2 to 6 V. In general,
the potential windows of aprotic RTILs are considered larger among the ionic
liquids.*** Tonic liquids composed of amide anion, [N(CF3S0),]” (TFSA"), like
1-butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)amide (BMPTFSA)
and 1-methyl-1-propylpiperidinium bis(trifluoromethylsulfonyl)amide show the
potential windows of about 5.5 and 5.8 V, respectively.**** As aprotic ionic liquids
show a wide electrochemical potential window, they have been explored as an
attractive alternative medium for electrochemical studies.

2) Thermal Stability: There are some studies and reviews on thermal stability of ionic
liquids in the literature.”’ Recently reported ionic liquids are considered stable

enough for ordinary use at temperature range of 200 — 300°C.>' Wilkes et al.*®



3)

4)

5)
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reported that TFSA -based ionic liquid consisting of 1,2-dimethyl-3-
propylimidazolium are stable up to 457°C. Ionic liquids are generally known as
nonflammable and remain stable thermally at temperatures higher than organic
solvents.

Ionic Conductivity: A number of representative ionic liquids possess conductivity
in the range of 0.1 to 10 mS cm ' at room temperature.'"*"** On the other hand,
ionic liquids composing tetraalkylammonium, pyrrolidinium, piperidinium and
pyridinium cations exhibit lower conductivities like 0.1 to 5 mS cm'."" Although
ionic liquids offer reasonably good conductivity, their conductivities are much
lower in comparison to conventional aqueous electrolytes and some non-aqueous
electrolytes.

Vapor Pressure: In general, ionic liquids possess negligible vapor pressures and
therefore do not evaporate at ambient temperature and pressure.

Viscosity: Viscosity plays a vital role in conductivity, and thus, viscosity of the
ionic liquids is an important consideration in electrochemistry. The viscosities of
ionic liquids are typically within 10 to over 500 cP, which are much higher than
those of water (0.89 cP) and organic solvents, such as ethanol (1.07 cP) and acetone
(0.31 cP) at 25°C.*° However, the viscosity of the ionic liquids decreases

significantly with elevating temperature.

Among the various anions used to prepare aprotic ionic liquids, TFSA™ has received

special attention due to their high hydrophobicity, acceptable ionic conductivity and wide

electrochemical potential window. In the present work aprotic TFSA -based ionic liquids has

been used. Clearly, the TFSA -based ionic liquids have the potential to be used not only for

electrochemical but also for chemical investigations. Over the last few years, ionic liquids have

been investigated for manifolds applications such as in:

1y

2)

3)

Electrochemistry: Ionic liquids have been explored as electrolytes for deposition
of a range of metals or alloys, and electrochemical devices such as electric double-
layer capacitors and batteries.”’

Chemical Synthesis and Catalysis: Ionic liquids can be used as reaction media
and/or catalysis for a wide variety of chemical and electrochemical reaction such as
hydrogenation, asymmetric ring opening reaction, Friedel-Crafts reaction and

Diels-Alder reaction.?*?

Ionic liquids can also be used for separation and extraction
of materials.*’

Analytical chemistry and biochemistry: Ionic liquids have been used in sensing
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materials for organic vapors in a quartz crystal microbalance device, and medium
for GC and HPLC. ***°
4) Preparation of Nanoparticles: Ionic liquids have been explored to be a suitable

media for preparation of a wide variety of metal nanoparticles.*”*’

1.4 Preparation of Metal Nanoparticles in Ionic Liquids

Ionic liquids possessing excellent physicochemical and electrochemical properties as
described in the section 1.3 are considered to have ability to disperse a variety of metal
nanoparticle prepared from the starting reagents ranging from inorganic salts to metal-organic
precursors. Preparation of variety of metal nanoparticles has been reported in several ionic
liquids, in particular, in imidazolium-based ionic liquids."* To date, attempts have been
focused to prepare various transition metal and noble metal nanoparticles since most of them
are expensive and rare. According to previous reports, preparation of nanoparticles of noble
metals such as, Pt, gold, silver, palladium, ruthenium, iridium and rhodium, was possible in
various ionic liquids."™*

Up to now, several synthetic methods for nanoparticles using ionic liquids are available
in literature, such as chemical reduction, sputter deposition, electron beam irradiation, laser
ablation, plasma deposition, physical vapor deposition under vacuum, and electrodeposition.’"”
* The mechanism of formation and stabilization of metal nanoparticles in ionic liquids is still
a subject of intense debate. In general, the metal atoms or cluster formed from the precursor
are captured in the ionic liquids. A saturation of the metal atoms or clusters are achieved by
reduction of the metal precursor. The metal atoms undergo nucleation to form nuclei by
aggregation. The small nuclei forms coalescences by diffusion to form nanoparticles.
Nanoparticles once formed are considered to be surrounded by the cations or anions of the
ionic liquids. Ionic liquids possessing higher viscosity compared to the aqueous or organic
media limits the diffusion of the metal nuclei. Thus, larger metal nanoparticles are expected to
be formed in the highly viscous ionic liquids. On the other hand, bulkiness of the ions of the
ionic liquids surrounding the metal nanoparticles restricts the aggregation of the metal
nanoparticles, consequently dispersion of the nanoparticles is achieved. A schematic
illustration of formation and stabilization of the metal nanoparticles in the ionic liquids is
shown in Fig. 1.2.

Metal nanoparticles prepared by chemical reduction often required a suitable reducing
agent to reduce the metal species dissolved in the ionic liquid. Necessity of a proper reducing

agents often makes the chemical methods limited to be used for preparation of noble metal
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nanoparticles. The physical deposition method for preparation of metal nanoparticles utilizes
the involatility nature of the ionic liquids. Metal nanoparticles prepared under vacuum
condition are considered not always to be useful for the mass production of nanoparticles due
to the limited size of the vacuum chamber. Among these preparation methods of metal
nanoparticles, the electrochemical method is considered advantageous due to simple
instrumentation, lower energy consumption and no necessity of strong reducing reagents.
Previous attempts confirmed that metal nanoparticles are possible to be produced in ionic

40-44

liquids by simple electrochemical reduction. In this thesis, attention will be focused on

electrochemical preparation of metal (Pt) nanoparticles in aprotic TFSA -based ionic liquids.

1.5 Electrodeposition

Electrodeposition, a branch of electrochemistry, is a film growth process that consists
of formation of a metallic coating onto a base material via donation of electrons from electrode
to ions in an electrolyte.*” The electrode refers to the region, where the electrochemical process
of interest is occurring depending on the direction of current or electrode potential. The
electrodes are called as the cathode, where reduction occurs, or the anode, where oxidation
occurs. The corresponding techniques of electrodeposition are also known as electrolytic
deposition or electroplating.

Electrodeposition process involves immersion of the metal to be coated, in a vessel
containing the electrolyte, which contains a salt of the metal of interest, followed by applying
a charge from an external power supply on the metal to be coated. When the metal is immersed
in the electrolyte containing the metal species, a redox potential between the metal and metal
species is attained. The potential corresponded to this redox equilibrium is called the
equilibrium potential. Apparently, oxidation or reduction reactions do not occur at the
equilibrium potential. A negative shift in the electrode potential from the equilibrium potential
results in the reduction of metal species to metal.

Generally, in an electrochemical cell, the cathode is connected to the negative terminal
of the power supply, and metal ions in the electrolyte receive electrons from the negatively
charged substrate. The reduction process of charged particles, M" ejecrrolyte at the interface
between a solid metal electrode and a liquid electrolyte can be represented by the following

equation.

n+ —
M electrolyte tne — Mlattice (1 . 1)
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The anode, connected to the positive pole of the power supply, is also immersed in the
electrolyte. Anodes used in electrodeposition are often classified into two types; (1) soluble or
sacrificial and (2) insoluble anode. Soluble anodes serve as the sources of the metal ions which
are deposited at the cathode. The anode is also known as a counter/auxiliary electrode.
Although this two-electrode cell system is a viable setup, it has some drawbacks. Notably, it is
extremely difficult for an electrode to maintain a constant potential while passing current to
counter redox events at the electrode. To minimize this problem, the role of supplying electrons
and referencing potential is divided between two separate electrodes, a counter and a reference
electrode. The reference electrode is a half cell with a known potential. Its only role is to act as
reference in measuring and controlling the potential of the electrode.

The electrodeposition process occurs through several elementary steps. Four types of
fundamental subjects; (1) metal-solution interface where the deposition process takes place,
(2) kinetics and mechanism of the deposition process, (3) nucleation and growth processes of
the metal lattice (Miatice), and (4) structure and properties of the deposits are important in
electrodeposition.*® The metal ions are transferred to the electrode surface from the bulk by
diffusion. Metal ions are reduced by electron transfer (charge transfer) from the electrode
forming adsorbed atoms on the electrode surface (adatom). The atomistic process of
electrodeposition largely depends on the electrode surface condition. A real electrode surface
exhibits several defects such as, steps, kinks, and vacancies. Figure 1.3 illustrates a terrace-
step-kink model of electrodeposition of metals. The adatom may be adsorbed on electrode
surface at the terrace or the surface defect like kink or step. The attachment of the adatoms to
a foreign substrate preferentially occurs at surface defect, the kinks. Metal ions, which reduced
at the terrace or other places, may join with other diffusing atoms or diffuse to a kink site,
leading to the formation of metal crystal. Nucleation, generation of a nuclei of the adatoms

occurs by an increased supply rate of the metal ad-atoms.

1.6 Electrodeposition of Metals in Ionic Liquids.

The first experiment using ionic liquids as electrolytes was described by Hurley and
Wier, on the electrodeposition of aluminum in AlCl;-based ionic liquid in 1950s.'* Aluminum
as well as many relatively noble elements, such as silver, copper and palladium, could easily
be electrodeposited in these liquids. However, the major disadvantage of these AlCls;-based
ionic liquids is their corrosiveness and extreme sensitivity to moisture. Furthermore,
electrodeposition of various technologically important metals and alloys in AICl;-based ionic

liquids can not be performed without aluminum codeposition. Non-chloroaluminate ionic
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liquids, which are considered as water and air-stable, have received intense attention in the use
of ionic liquids in various fields. Among the ionic liquids, aprotic ionic liquids having high
hydrophobicity can be the more practical choice as electrolyte for electrodeposition of a variety
of metals.

Up to now, electrodeposition of a wide variety of metals and their alloys has been
investigated in a number of ionic liquids. Figure 1.4 shows a summary of the single metals and

921304799 1) this thesis, the possibility

alloys that have been electrodeposited in ionic liquids.
of deposition metal (Pt) via electrolysis has been examined in aprotic TFSA -based ionic
liquids. Deposition of metal by means of electrolysis can be obtained in aqueous and organic
media. However, in the case of electrodeposition in water, hydrogen evolution may occur in
parallel to metal deposition, which results in formation of hydrogen bubbles and stirring the
solution near the electrode. The evolution of hydrogen thus deteriorates the morphology of the
deposits and reduces the current efficiency. Organic media offer a few advantages over aqueous
solutions in electrolysis of metal species. However, most organic solvents are easy to volatilize,
therefore, triggering several environmental problems by their evaporation. The problem of
hydrogen evolution is expected to be solved in non-aqueous electrolyte like aprotic ionic liquid,
since there is no proton source. In recent years, the practical metal deposition has been
continued in harmless solvents, replacing toxic, flammable volatile organic solvents, for the
sustainable development of the world.

Preparation of various metal nanoparticles with narrow size distribution and different
shapes has also been reported to be possible by electrochemical reduction of the metal species

40-443152 Eor example, nanoscaled nickel and cobalt were able to be

in various ionic liquids.
deposited in aprotic amide type ionic liquid, BMPTFSA.*""** Formation of nanoparticles of
noble metals like silver, gold, palladium and platinum via electrolysis has also been reported
in TFSA -based ionic liquids.******!°? Metal nanoparticles were reported to be obtained as
dispersed in the ionic liquids after electrolysis. lonic liquids possessing pre-organized structure
have been reported to stabilize the metal nanoparticles on the basis of their ionic and/or steric
nature. Metal nanoparticles may be able to bind with the coordinating cations and anions of the
ionic liquids in the absence of capping or protective ligands or surfactants. The prepared metal

nanoparticles via electrolysis might be separated from the ionic liquid by simply heating with

carbon materials or adding some precipitating agent.>

1.7 Objective of the Study

Electrodeposition is a powerful tool for making metal film and/or nanoparticles because
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the grain size of the deposit can be adjusted by varying the electrochemical parameters, such
as overpotential, current density, bath composition and temperature. In recent years, ionic
liquids have attracted much attention due to their excellent physicochemical properties, as
describe in the section 1.3. In addition, ionic liquids have been known to have the ability to
disperse and stabilize metal nanoparticles without additional stabilizing reagents. Among the
aprotic ionic liquids, TFSA -based ionic liquids have been expected to be promising due to
their wide electrochemical potential window and acceptable ionic conductivity. However,
mechanism of metal electrodeposition in TFSA -based ionic liquids has not been studied in
depth. In order to use ionic liquids for electrochemical preparation of metal films and metal
nanoparticles, the fundamental knowledge like, reduction mechanism, nucleation and crystal
growth mechanism of metals in the ionic liquid should be studied in detail. Electrochemical
studies of various metals in TFSA -based ionic liquids are available in the literature. According
to the previous studies, it has been found that TFSA -based ionic liquids can be used as the
electrolyte for preparation of various metals and their nanoparticles and ionic liquids can act as
the stabilizers to prevent aggregation of nanoparticles.”

Pt and Pt nanoparticles are the true representative of the technologically important
materials due to their wide applications as catalyst in various chemical and electrochemical
reactions. Bis(acetylacetonato)platinum(II) (Pt(acac),) is a well known precursor for
preparation of Pt nanoparticles.”* However, electrochemical behavior of Pt(acac), has not been
studied in detail in ionic liquids yet. Moreover, studies concerning the electrochemical behavior
of metal acetylacetonato complexes even in organic solvents are very few. Although Pt
nanoparticles have been reported to be prepared from Pt(acac), in organic solvents,
electrochemical preparation of Pt from Pt(acac), has not been achieved yet. In this study,
deposition of Pt and preparation of Pt nanoparticles were attempted from Pt(acac), in TFSA"-
based ionic liquids composed of trimethylhexylammonium (TMHA"), and pyrrolidinium
cations, 1-butyl-1methylpyrrolidinium (BMP"), 1-hexyl-1-methylpyrrolidinium (HMP") and
1-decyl-1-methylpyrrolidinium (DMP"). The aim of the present study was electrochemical
preparation of Pt nanoparticles from Pt(acac), in ionic liquids.

A detailed electrochemical investigation of Pt(acac), has been carried out in
TMHATFSA, BMPTFSA, HMPTFSA and DMPTFSA. The possibility of electrodeposition of
Pt from Pt(acac), has been examined in the ionic liquids. In addition, preparation of Pt
nanoparticles was attempted by electrolysis in ionic liquids containing Pt(acac), using a
stationary glassy carbon electrode and glassy carbon rotating disk electrode. The electrolysis

experiments using the rotating disk electrode are expected to have precise control on the current

10
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density due to the controlled convection, hence Pt nanoparticles of uniform sizes might form
in the ionic liquid. The effect of electrochemical parameters, such as the current density and
electrode potential on controlling the the size of Pt nanoparticles has been investigated.

The average sizes of the metal nanoparticles are reported to be dependent on the kind
of the ionic liquid.** In the present study, the effect of kind of ionic liquids on the average size
of Pt nanoparticles has also been discussed. The control of the size of Pt nanoparticles by
careful choice of ionic liquids would be of great fundamental and scientific interest. The
ultimate purpose of the study is to elucidate the reduction mechanism of Pt(acac), and study

the effect of electrodeposition parameters on the average size of Pt nanoparticles.

1.8 Outline of the Work

Chapter 2 presents the general experimental techniques of the present study. A detail
description of synthesis and evaluation of TMHATFSA, BMPTFSA, HMPTFSA and
DMPTFSA has been provided in Chapter 2. Construction of electrochemical cell and electrodes
was also discussed.

In chapter 3, electrochemical reaction of Pt(acac), has been evaluated in TFSA -based
ionic liquids. The reduction mechanism of Pt(acac), to Pt(0) has been investigated using
various electrochemical techniques such as cyclic voltammetry and rotating disk electrode
(RDE) experiments. The diffusion coefficient of Pt(acac), in BMPTFSA at 50°C was calculated
from the RDE experiments. Potentiostatic electrolysis was conducted at various electrode
potential in ionic liquids containing Pt(acac), at 130°C. The deposit was analyzed by scanning
electron microscope (SEM) equipped with energy-dispersive X-ray (EDX) and X-ray
diffraction (XRD). A plausible mechanism of reduction of Pt(acac), to Pt(0) has been proposed
for the first time in TFSA -based ionic liquids.

Chapter 4 describes the preparation of Pt nanoparticles by electrochemical reduction of
Pt(acac), in BMPTFSA, HMPTFSA and DMPTFSA using a stationary glassy cardon (GC)
electrode and a glassy carbon rotating disk electrode (GCRDE). Potentiostatic reduction of
Pt(acac), using GCRDE was carried out with various rotation rates ranging from 250 to 5000
rpm, in order to understand the effect of rotation rate or current density on the average size of
Pt nanoparticles. Formation of Pt nanoparticles was confirmed by transmission electron
microscopy (TEM), EDX and electron diffraction. The influence of the kind of the ionic liquid
on the average size of Pt nanoparticles has also been discussed in Chapter 4.

Chapter 5 is the conclusions of the present study as well as the perspectives on control

of the size of the nanoparticles by varying the ionic liquids and electrochemical parameters

11
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such as, the electrode potential and current density.
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Figure 1.1 Various cations and anions of the widely studied ionic liquids.
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Figure 1.2 Schematic illustration of formation and stabilization of metal nanoparticles in ionic

liquids.

Figure 1.3 Terrace-step-kink model for electrodeposition of metals.
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Figure 1.4 Summary of the elements (red colored) electrodeposited as single metal and

or/alloys in the ionic liquids.

16



Chapter 2

Materials and Methods

2.1 List of Chemicals and Materials

Chapter 2 | Materials and Methods

The chemicals and materials used in this study are listed in Table 2.1.

Table 2.1 List of chemicals and materials.

Chemicals and materials Company
Bis(acetylacetonato)platinum(II) (Pt(acac),), 99.9 % Sigma-Aldrich
Trimethylhexylammonium bromide, TMHABr (>98%) Tokyo Chemical Industry
I-methylpyrrolidine, >95% Tokyo Chemical Industry
Butyl bromide, >98% Tokyo Chemical Industry
Hexyl bromide, >98% Tokyo Chemical Industry
Decyl bromide, >98% Tokyo Chemical Industry

Acetonitrile, 99.5%

Ethyl acetate, 99.5 %

Dichloromethane, 99.5%

Lithium bis(trifluoromethylsulfonyl)amide (LiTFSA)
Silver trifluoromethanesulfonate (AgCF3S0O3), >99.0%
Acetone d-6 containing 0.05 vol% tetramethylsilane (TMS)
Glassy carbon (GC)

Pt wire

Ag wire, 99.5%

Ag paste

Alumina powder

Rotating disk electrode (RDE, GC)

Copper rod

Copper wire

PTFE Membrane Filter

Copper grid (3.0 mm)

Kanto Chemical

Junsei Chemicals

Junsei Chemicals
Solvey

Aldrich

Wako

Tokai Carbon, GC-20SS
Sanwa Kinzoku

Sanwa Kinzoku
Tokuriki

Struers

Hokuto Denko

Nilaco

Nilaco

JGWP02500 Omnipore™
Oken Shoji

17
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The equipment used in this study is listed in Table 2.2.

Table 2.2 List of equipment used in this study.

Instruments

Company

Potentiostat/Galvanostat

Bipotentiostat

Glove box

Dynamic electrode
Dynamic electrode controller

Analytical balance

Magnetic stirrer

Karl Fischer coulometer

Nuclear magnetic resonance (NMR)
spectrometer

Ultraviolet-visible (UV-vis) spectrometer

Oscillating viscometer

Scanning electron microscope (SEM)
Energy dispersive X-ray analyzer (EDX)
X-ray diffractometer (XRD)

Transmission electron microscope (TEM)

Hokuto Denko, HABF-5001
Hokuto Denko, HSV-110
Hokuto Denko, HZ-7000
Miwa MFG, DBO-1KP-KO1 or DBO-1K-
SH

Hokuto Denko, HR201
Hokuto Denko, HR202
Mettler Toledo, AB204-S
Mettler Toledo, PB303

As ONE

Metrohm, 831 KF Coulometer
JEOL, ECA-500

JASCO, V-530

JASCO, V-770

Sekonic, VM-10A

Keyence, VE-9800

Oxford Instruments, IncaPental FETx3
Rigaku, Miniflex600

FEI, TECNAI F20

2.3 Preparation of the Electrolytes and Evaluation
2.3.1 Preparation of BMPTFSA, HMPTFSA and DMPTFSA

The bromides of dialkylpyrrolidinium, BMPBr, HMPBr and DMPBr were prepared by

the reactions of 1-methylpyrrodine with butyl bromide, hexyl bromide and decyl bromide,

respectively, in acetonitrile under N, atmosphere.'*
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N N
§ / + R-Br = \ / Br
I-methylpyrrolidine I-methyl-1-alkylpyrrolidinium bromide
(2.1)

Since the formation reaction of dialkylpyrrolidinium is exothermic, 1-methylpyrrolidine was
diluted with acetonitrile and alkyl bromides were added dropwise into the 1-methylpyrrolidine
and acetonitrile mixture in order to suppress elevation of temperature. The schematic
illustration of the reaction apparatus is shown in Fig. 2.1. The resulted bromides were
recrystallized by ethyl acetate three times. The final products were dried under vacuum at
100°C for 24 hours and stored in the glove box for further use.

Formation of these bromides was confirmed by NMR spectroscopy, as shown in Fig.
2.2. Acetone-d6 was used as the solvent to dissolve the bromides. The NMR spectra showed
signals only assignable to BMP', HMP" and DMP" cations. The very weak signals discernible
to water and acetone were observed in the NMR spectra may due to acetone-d6.>

The ionic liquids were prepared by interacting LITFSA with each dialkylpyrrolidinium

bromide in deionized water.

\ O 0]
N Br N \\S/N\S//
( ) +LiITFSA = / ~ g T Libr
FsC \\o O// CFs

(2.2)

The mixtures of each dialkylpyrrolidinium bromide and LiTFSA in deionized water

were stirred overnight at room temperature until two phases appeared. According to the above
reaction, the ionic liquid was formed and separated from the aqueous phase. The upper phase
was aqueous solution containing LiBr and the lower phase was crude ionic liquids. The water
phase was discarded by decantation. The prepared TFSA -based ionic liquids were extracted
into dichloromethane and then washed with deionized water for several times to remove
residual LiBr. The resulting ionic liquids were dried on a rotatory evaporator for 1 hour at 60°C

in order to remove dichloromethane. Finally, the prepared ionic liquids were dried under
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vacuum at 100°C for 24 hours. The obtained colorless transparent liquids were transferred in

to the glove box.

2.3.2 Evaluation of the Prepared BMPTFSA, HMPTFSA and DMPTFSA

Purity of the prepared BMPTFSA, HMPTFSA and DMPTFSA was checked prior to
use it for the electrochemical experiments. The water content of ionic liquids was checked by
Karl Fischer titration. The water contents were found to be below 10 ppm. The presence of
bromide or other impurities were examined by UV-vis spectroscopy and cyclic voltammetry.
Figures 2.3 and 2.4 show the UV-vis absorption spectra and cyclic voltammorgams of a Pt
electrode in the synthesized ionic liquids, respectively. The UV-vis absorption spectra of the
ionic liquids did not show any absorption for impurity in the ionic liquids. The cyclic
voltammograms of a Pt electrode in BMPTFSA, HMPTFSA and DMPTFSA showed that the
ionic liquids were stable within the examined potential range. No characteristics currents
assignable to impurities like bromide, oxygen or water were observed in the measured potential
range.*” The UV-vis absorption spectra and the cyclic voltammograms therefore indicated that
BMPTFSA, HMPTFSA and DMPTFSA were pure and suitable enough for use in the

electrochemical measurements.

2.3.3 Preparation of TMHATFSA and Evaluation

TFSA -based ionic liquid composed of tetraalkylammonium, TMHATFSA, was
prepared by the metathesis reaction of LiTFSA with the TMHABT in deionized water in the
same way as BMPTFSA, HMPTFSA and DMPTFSA .°

/\/\/\ﬁ/ *LITFSA = /\/\/\ﬁ/
‘\

O O ™~
] \\S/N_\ S//
o N\ e

(TMHABTY) (TMHATFSA) 2.3)

+ LiBr

The water content of TMHATFSA was below 10 ppm, checked by Karl Fischer titration. Purity
of the prepared TMHATFSA was checked by UV-Vis spectroscopy and cyclic voltammetry.

Figures 2.5 and 2.6 show the UV-vis absorption spectrum and cyclic voltammorgam of a Pt
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electrode of the prepared TMHATEFSA, respectively. No impurity was observed in the UV-vis
absorption spectrum. The cyclic voltammogram of a Pt electrode in TMHATFSA did not show
any characteristic current peak assignable to the impurities in the examined potential range.
These results suggested that the prepared TMHATFSA was pure for use in the afterwards

experiments.

2.4 General Experimental Techniques
2.4.1 UV-Vis Spectrometer
The UV-Vis absorption spectra of the ionic liquids containing Pt(acac), were recorded

with an air-tight quartz cell with a light path length of 1 mm using UV-Vis spectrometer.

2.4.2 Oscillating Viscometer
The viscosities of the electrolytes with and without containing 5 mM Pt(acac), were

measured using an oscillating viscometer (Accuracy: £5%) under dry N, atmosphere.

2.4.3 Glove Box
All the reagents were handled and stored in an argon-filled glove box with a continuous
gas purification apparatus. The concentrations of H,O and O; in the gas were less than 0.8 and

1 ppm, respectively.

2.4.4 Electrochemical Measurements

Electrochemical measurements were conducted using an air-tight three-electrode cell
with an aid of the potentiostat/galvanostat combined with a digital recorder or an automatic
polarization system. The air-tight cell was assembled in the glove box and electrochemical
measurements were conducted outside the glove box. Glassy carbon (GC) disk electrode (7.06
x 107 or 1.54 cm?®) was used as a working electrode. The surface of the GC electrode was
mirror-polished with 0.3 um and 0.05 um alumina powder and washed with distilled water and
finally dried before use. A reference electrode consisted of a silver wire immersed in the inner
electrolyte of BMPTFSA containing 0.1 M AgCF;S0Os. The inner electrolyte of the reference
electrode was separated from the bulk electrolyte with a porous glass (Vycor). The potential of
this reference was +0.43 V vs. ferrocene/ferrocenium redox couple.* A platinum wire was used
as the counter electrode. A two-compartment cell was used for electrodeposition experiments.
The compartments were separated by a porous membrane. Figure 2.7 shows the schematic

diagram of the one- and two-compartment electrochemical cells.
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2.4.4.1 Rotating Disk Electrode

Rotating disk electrode (RDE) measurements were conducted in the Ar-filled glove box
using a bipotentiostat. GC (7.06 x 10~ cm?) was used for the disk of the RDE. A platinum wire
was used as the counter electrode and separated from the test electrolyte by a glass filter. The
reference electrode was constructed in the same way, as described in the above section (2.4.4).
Figure 2.8 shows the schematic illustration of the RDE electrode and the electrochemical cells
used in the RDE measurements.

The RDE is the classical electrode used in the hydrodynamic electroanalytical method.
There have been many examples of hydrodynamic systems such as, where the electrode itself
in a motion (e.g. RDE) or where the electrolyte flows over a stationary electrode. The RDE has
several advantages including: (1) the rapid establishment of the limiting steady-state current,
(2) precise and reproducible current over the electrode surface under controlled convection, (3)
minimal effect of double layer charging current on the steady-state current in the RDE
measurements and (4) the constant thickness of the diffusion layer developed near the electrode
under a constant rotation rate.” Since, the thickness of the diffusion layer is constant throughout
the electrode surface, the electrode is uniformly accessible to the electroactive species that are
supplied from the bulk electrolyte. Thus, a uniform current density is attained across the
electrode surface. In the absence of convection, the thickness of the diffusion layer continues
to grow with time, consequently the current approaches to zero with the elapse of time. On the
other hand, at the RDE the reactants are constantly being taken to the electrode surface by flow
of the electrolyte and the current decays to a steady-state value.

The RDE electrode typically consists of a disk (e.g. GC, Pt, gold etc) embedded into a
rod of an insulating material (e.g. teflon, epoxy resin or other plastics), as shown in Fig. 2.8.
The rod is attached to a motor directly by a rotating shaft and is rotated about its vertical axis
at a certain angular velocity, @ (s). In this study, a commercially available glassy carbon
rotating disk electrode (GCRDE) was used.

There have been two types of fluid flow generally accounted in the hydrodynamic
system, namely the laminar flow and the turbulent flow. When the fluid flow is steady and
smooth and occurs as if separate layers of fluid involve a steady motion, then the flow is termed
as laminar. Contrarily, when the fluid flow involves unsteady and and chaotic motion, the flow
is said to be turbulent. Figure 2.9 displays a schematic illustration of the laminar and turbulent
flow of the fluid. In RDE, the hydrodynamic equations of convective diffusion have been

solved rigorously for the laminar flow. The dimensionless variable, the Reynolds number, Re,
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relates the characteristics length which is the radius of the disk (7y), the characteristics fluid

velocity, wr; , and the kinematic viscosity, v, of a system of interest by the following equation.’
Re = wri/v (2.4)

The onset of the turbulent flow is determined at a critical Re, Re,,, larger than about 2 x 10°.

When Re < Re,,, the flow remains laminar. In the case of Re > Re,,, the flow becomes turbulent.

In order to determine mass transfer coefficient, the RDE generally involves in recording the

volammograms at a low scan rate for a range of rotation rates.

When the electrode is rotated, the spinning disk drags the fluid (electrolyte) at its
surface along with it and flings the fluid outward from the center to the radial direction by the
centrifugal force. The thickness of the liquid dragged by a rotating disk is known as the
hydrodynamic boundary layer thickness (yy,), and laminar flow of the fluid is established in
this layer. The y;, can be represented by the following equation.’

yh = 3.6 (V/w)'? (2.5)

The theoretical treatment of a convective system is based on the concentration profile of the
reactant towards the RDE, the diffusion layer developed with thickness 6, in the hydrodynamic
boundary layer. The convection maintains the concentration of the reactants uniform and equal
to the bulk concentration beyond the certain distance from the electrode, 6. No electrolyte
movement occurs within the distance § and the mass transfer is governed by the diffusion of
the reactant. For the RDE, the thickness of the stagnant layer near the electrode surface, 6 can
be given by the equation as follows.”

8§ = 1.61DY2w=1/2y1/6 (2.6)
The limiting steady-state current density, j, attained in a RDE is generally proportional to the
square root of the angular velocity or the rotation rate, '?, as expressed by the Levich equation
as follows.’

j = 0.62nFD?3w/2y=1/o(} (2.7)
According to the Levich equation, the plot of j vs. w"? gives a straight line passing through the
origin. The value of D can be calculated from the slope of the Levich plot. Overall, the RDE
provides an efficient and reproducible mass transport under controlled convection, hence the

electrochemical measurements can be done with high precision.

2.4.5 Characterization of the Deposits
The deposits obtained by electrolysis were analyzed by a SEM and EDX spectrometer

and XRD after washing with acetonitrile. The nanoparticles prepared by electrolysis were
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characterized by TEM equipped with an EDX spectrometer. The TEM sample was prepared
by dropping the ionic liquid after electrolysis onto a collodion-supported copper grid and
washed with dry acetonitrile in order to remove the excess ionic liquid. The sample was dried

before the analysis.
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Figure 2.1 Schematic illustration of the apparatus for synthesis of dialkylpyrrolidinium
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Figure 2.4 Cyclic voltammograms of a Pt electrode in BMPTFSA, HMPTFSA and DMPTFSA

at room temperature. Scan rate: 50 mV s .

28



Chapter 2 | Materials and Methods

Figure 2.5 UV-Vis absorption spectrum of neat TMHATFSA.

Figure 2.6 Cyclic voltammogram of a Pt electrode in TMHATFSA at room

temperature. Scan rate: 50 mV s '
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electrochemical cells.
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Figure 2.8 Schematic illustration of the RDE electrode (left) and electrochemical cell (right)

for RDE experiments.

(a)

Figure 2.9 (a) Laminar and (b) turbulent flow of the liquid.
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Chapter 3

Electrochemical Behavior of Pt(acac), in Some

Amide-Type Ionic Liquids

3.1 Introduction

Pt and Pt nanoparticles are known to be as excellent catalysts for various chemical and
electrochemical reactions, as described in Chapter 1." Deposition of Pt film/ nanoparticles or
their alloy has been practiced from several complexes by chemical reduction, vapor deposition,
electroless deposition and electrodeposition. Among the preparation methods,
electrodeposition has been proved promising due to their simple instrumentation, and having
capability on controlling morphology of the deposits by simply choosing the electrochemical
parameters. The first experiment on electrodeposition of Pt has been reported by Elkington in
1837.% Since the introduction of Pt electroplating, Pt deposition has been researched intensively
due to their wide application in electrocatalysis. To date, efforts have been focused on
preparation of Pt catalysts with high surface area to achieve high catalytic activity. Deposition
of Pt film/nanoparticle via electrochemical means has been reported in aqueous solutions, so
far.”” However, the previous attempts on electrodeposition of Pt in aqueous solutions were
often accompanied with hydrogen evolution due to the high catalytic activity of Pt. The co-
deposition of hydrogen during Pt electrodeposition leads to embrittlement of Pt. This
necessitates the utilization of non-aqueous electrolytes including ionic liquids. The hydrogen
evolution reaction is expected to be lessened in non-aqueous media.

Room temperature ionic liquids have attracted intensive interest in recent years as an
alternative medium for deposition of metal due to their unique physicochemical and
electrochemical properties as described in Chapter 1.° It has been also reported that a wide
variety of metal nanoparticles are able to be prepared in ionic liquids with controlled size and
morphology.”"! Electrodeposition of Pt and its alloys has been reported in some ionic liquids.'*
' Abbott et al. investigated electrodeposition of Pt and Pt-Al alloys in
AlCls/benzyltrimethylammonium chloride ionic liquid.'?. Preparation of Pt-Zn and nanoporous

Pt by anodic dissolution of Pt-Zn alloys was reported by Huang et al. in Lewis acidic ZnCl,/1-
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ethyl-3-methylimidazolium chloride ionic liquid."> He et al. studied electrodeposition of Pt in
1-butyl-3-methylimidazolium tetrafluoroborate and hydrophobic 1-butyl-3-
methylimidazolium hexafluorophosphate containing chloroplatinic acid hexahydrate and the
electrocatalytic effect of Pt on the methanol oxidation.'"* Yu et al.'” describes a potential
controllable electrochemical method for preparation of Pt nanoparticles from H,PtClg in 1-
butyl-3-methylimidazolium hexafluorophosphate. Deposition of Pt from [Pt"Brs]* and
[Pt"Bre]* in the TFSA ™ ionic liquid composed of BMP" has been confirmed by potentiostatic
cathodic reduction."

Metal acetylacetonato complexes are well known as a precursor of metal nanoparticles

20,21 . . :
% Electrochemical studies on various

22-24

and homogeneous and heterogeneous catalysts.
acetylacetonato complexes of metals have been reported in some organic electrolytes.
However, only a few studies have been reported on the electrochemical behavior of metal

25,26 ..
“” Yoshii and coworkers reported

acetylacetonato complexes in ionic liquids, so far.
electrochemical preparation of palladium (Pd) nanoparticles from
bis(acetylacetonato)palladium(II) (Pd(acac),) in BMPTESA.?’ Pt(acac), is widely studied as
precursor for preparation of Pt nanoparticles by chemical reduction.”” Wang et al.'' reported
on preparation of Pt nanoparticles by chemical reduction of Pt(acac), in TFSA -based ionic
liquid consisting of 1-butyl-3-methylimidazolium (BMIM'). However, the reduction
mechanism of Pt(acac), has not been investigated in ionic liquids. To obtain Pt deposition as
well as Pt nanoparticles with desired morphology and size the electrochemical study of
Pt(acac), in ionic liquids is of great interest. In this chapter, electrochemical behavior of
Pt(acac), has been investigated systematically in TFSA -based ionic liquids composed of
TMHA" and some different pyrrolidinium cations, 1-R-1-methylpyrrolidinum (R: butyl, hexyl

and decyl) using various electrochemical techniques in order to elucidate the reduction

mechanism of the Pt(acac); in ionic liquids.

3.2 Experimental
3.2.1 Preparation of the lonic Liquids

TMHATFSA, BMPTFSA, HMPTFSA and DMPTFSA were prepared by the processes
as described in the Chapter 2. The prepared ionic liquids were pure enough and as well suitable

to be used as electrolyte.
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3.2.2 Preparation of Pt(acac),/Ionic liquids

0.0197 g of Pt(acac), was dissolved into 10 mL of TMHATFSA, BMPTFSA,
HMPTFSA and DMPTFSA and stirred at 60°C for several hours in order to obtain 5 mM
Pt(acac); in the electrolytes. A pale yellow transparent liquid was obtained after dissolution of

Pt(acac); in each ionic liquid.

3.2.3. Electrochemical Measurements
A three-electrode cell was used for all the electrochemical measurements with the aid
of a potentiostat/galvanostat. Electrolysis experiments were conducted using a double

compartment cell. The handling of the reagents was carried out in the argon-filled glove box.

3.2.4 Characterization of the Deposits
The electrodeposits were characterized by SEM, EDX and XRD after washing the
deposits with acetonitrile. TEM was used for observation of the metal nanoparticles in the

electrolyte after potentiostatic cathodic reduction. TEM samples were prepared as described in

Chapter 2.

3.3 Results and Discussion
3.3.1 Reduction of Pt(acac),; in TMHATFSA
3.3.1.1 Spectroscopic Study of Pt(acac), in TMHATFSA

Coordination structure of the metal species is an important factor for investigating the
electrochemical behavior of the metal ions in the electrolyte. The structure of Pt(acac), has
been reported to be square planar using X-ray diffraction by Onuma et. al.”® Figure 3.1 shows
the UV-Vis spectrum of TMHATFSA containing 0.1 mM Pt(acac), at room temperature. Four
well-defined absorption bands with maxima at 343, 286, 252 and 224 nm were observed in the
UV-Vis spectrum. The absorption bands of Pt(acac), were identical with those observed in
ethanol® and dichloromethane®. The solvent independent feature of Pt(acac), was attributed
to existence of Pt(acac), with square planar geometry. Thus, Pt(acac), was considered to
dissolve in TMHATFSA without changing its coordination environment. The absorption
spectra data of Pt(acac), in various media are summarized in Table 3.1. The structure of
Pt(acac), complex is shown in Fig. 3.2. It has been reported that the metal-ligand covalency of

1. In the

the group 10(IT) metal increases with an increase in the atomic number of the meta
case of Pt(acac),, Pd(acac), and Ni(acac),, the separation between the pairs of occupied and

unoccupied molecular orbitals increases with increasing the atomic number of the metal, hence
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the interaction between the allowed transition states decreases in Pt(acac),.”” Based on the

3% the assignment of absorption spectrum of Pt(acac), complex was

previous studies
considered to be more complicated compared to that of Pd(acac), and the absorption bands of

Pt(acac), was not assigned.

Table 3.1 UV-Vis spectra data of Pt(acac), in various media. (Wavelength: nm)

Wavelength /nm  Wavelength / nm Observed ¢/  Calculated €/

(Pt(acac), in (Pt(acac), in L mol' cm™ Lmol' cm™
TMHATFSA) Ethanol®) (This study) (Ref. 29)
224 226 2.9 x 10* 1.2 x 10*
252 252 2.2 x 10" 1.1 x 10*
286 286 1.7 x 10* 0.7 x 10*
343 344 9.0 x 10° 3.9 x 10’

€: Molar absorption coefficient

3.3.1.2 Electrochemical Behavior of Pt(acac), in TMHATFSA

Figure 3.3 shows the cyclic voltammograms of a GC electrode (7.06 x 10 cm?) in
TMHATFSA containing 5 mM Pt(acac), at various temperatures. Two distinct cathodic current
peaks were observed around —1.7 and —2.7 V during the initial cathodic scan. Three anodic
current peaks around —0.5, 0, and +0.25 V were observed during the anodic scan. The cathodic
and anodic current peaks were only observed in the presence of Pt(acac),. The cathodic current
peak at —1.7 V was assigned to reduction of Pt(acac), since Pt deposit was obtained on the GC
electrode after potentiostatic cathodic reduction at —1.7 V, as discussed below. On the other
hand, no deposit was confirmed by SEM and EDX on a GC electrode after potentiostatic
cathodic reduction at —2.7 V in TMHATFSA containing 5 mM Pt(acac),. The appearance of
the electrolyte was found to change from pale yellow to reddish black after potentiostatic
cathodic reduction at both —1.7 and —2.7 V. The change in appearance of the ionic liquid

19,27,31-36 :
921, However, formation of Pt

suggested formation and dispersion of metal nanoparticles.
nanoparticles was not confirmed by TEM observation of the ionic liquid after electrolysis at —
2.7 V. Since the cathodic decomposition of TMHATFSA is excluded at —2.7 V, the cathodic
reaction may be ascribed to some cathodic reaction of Pt(acac), and/or acac .

From Fig. 3.3, it can be seen that the cathodic peak current density at —1.7 V increased

with elevating temperature. This increase in the current density is probably related to the
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decrease in the viscosity of the ionic liquid. The peak current density is generally dependent on
the square root of the diffusion coefficient of the electroactive species. According to Stokes-
Einstein equation, the diffusion coefficient, D, is related to the viscosity, 1, and the size of the
diffusing species, a, by the following equation.

kT

cna

D=

(3.1)

—1/2

Thus, the peak current density is expected to linearly depend on 7'~ (the square root of

fluidity). Figure 3.4 shows the dependence of the peak current density on 7 "2

. A proportional
relation between the peak current density and 1'% was indicative of that the electrode reaction
is governed by the diffusion of Pt(acac), in the ionic liquid.

The anodic current peak around —0.5 V was assigned to oxidation of the reduced species
at —2.7 V, since the anodic current peak was not observed when the preceding cathodic scan
was reversed at —1.9 V, as shown in Fig. 3.5. The anodic current peaks around 0 and +0.25 V
might be due to oxidation of acac™ and/or other reduced products generated at —1.7 V in the
ionic liquid. Furthermore, the cyclic voltammograms of a GC electrode covered with
electrodeposited Pt in TMHATFSA without Pt(acac), shown in Fig. 3.6 gave no anodic current
below +0.5 V, indicating Pt is not oxidized in the measured potential region. Thus, the anodic
current peaks at 0 and +0.25 V are considered oxidation of acac’, which was liberated by
reduction of Pt(acac), during the preceding cathodic scan. From Fig. 3.6, the cathodic current
observed around —2.8 V is probably related to the higher electrocatalytic activity of
microstructured Pt deposited on the GC electrode against cathodic decomposition of

TMHATFSA.

3.3.1.3 Electrode Reactions of Pt(acac), in TMHATFSA

Figure 3.7 shows the CVs of a GC electrode at 130°C in TMHATFSA containing 5 mM
Pt(acac), with various scan rates. Although only cathodic current peaks were observed at —1.7
V at lower scan rates, an anodic current peak appeared around —1.6 V when the scan rate was
increased to 1000 mV s', suggesting formation of some unstable intermediate species of Pt
during reduction of Pt(acac),.’” Hirota et al.®® reported formation of monovalent Pd
intermediate species, [Pd(acac),]”, during reduction of Pd(acac), in an organic solvent, N, N-
dimethylformamide. The monovalent species of Pd were considered to be reduced irreversibly
to Pd and acac™. Formation of intermediates during reduction of various metal acetylacetonato

complexes has been also reported by several groups.”>***** Anderson et al.*' proposed that
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the electroreduction of a series of metal acetylacetonates, Ni(acac),, Co(acac)s, Fe(acac)s,
Cr(acac); and Cu(acac); in acetonitrile involved an electron transfer process followed by a
chemical reaction (an EC reduction mechanism) during which the reduced metal
acetylacetonates dissociated to a neutral actylacetonate complex and acac. Reduction of
Ni(acac), was explained by an irreversible two electron transfer reaction. Fe(acac); and
Co(acac); showed a quasi-reversible reduction in acetonitrile. A similar result was also
observed in polarography of oxovanadium(IV) complexes with acetylacetonate, VO(acac),, in
acetonitrile®*. Reduction of VO(acac), exhibited a single step cathodic reduction with a two-
electron transfer reaction in the presence of excess acetylacetone.”* Besides these,
spectroelectrochemical study of Fe(acac); also showed that this complex undergoes an EC
reduction.* According to the previous studies, a general reduction and decomposition of metal
acetylacetonates were summarized as follows."!

M(acac), + me = [M(acac),]"

[M(acac),]" = [M(acac), ] + m acac”
Where, M = Co(1l), Fe(I1I), Ni(I).

[M(acac),] + e — [M(acac),] — [M(acac), ;] +acac”

[M(acac),] +e — [M(acac),,]z_ — [M(acac),_2] + 2acac”
Where, M = Cu(Il), Cr(III).
Assuming formation of a monovalent Pt species, [Pt(acac),], by the cathodic reduction at —1.7
V, the anodic current peak at—1.6 V is considered related to oxidation of [Pt(acac),] other than
the electrodeposited Pt. Thus, on the basis of the previous studies, the cathodic reduction of
Pt(acac), at —1.7 V the electrode reaction can be represented as follows.

Pt(acac), + e = [Pt(acac),]” (3.2)

Since the anodic current peak was observed only at a fast scan rate, [Pt(acac),] is
considered unstable in the ionic liquid. Furthermore, Pt deposit was obtained at —1.7 V,
indicating Pt is expected to form by disproportionation of [Pt(acac),] to Pt, acac™ and Pt(acac)s.

38,43
Several research groups™

reported that reduction of metal acetylacetonato complexes
generally involve in a reversible one electron transfer reaction, which led to formation of an
intermediate species followed by the irreversible dissociation of the intermediate to the metal,
acac  and the starting complex. According to the previous studies the reduction of [Pt(acac),]”
can be represented as follows.

2[Pt(acac),] — Pt + Pt(acac), + 2acac” (3.3)
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3.3.1.4 Electrodeposition of Pt in TMHATFSA

In order to confirm deposition of Pt, potentiostatic electrolysis was conducted at —1.7
V on a GC electrode using a two-compartment cell in TMHATFSA containing 5 mM Pt(acac),.
The temperature was set at 130°C. The applied electric charge was 2 C. An electrodeposit was
obtained on a GC electrode by potentiostatic cathodic reduction at—1.7 V in TMHATFSA with
Pt(acac),. The electrode surface was found to be covered with a granular deposit from the SEM
image of the electrode, as shown in Fig. 3.8(a) and (b). The EDX spectrum of the deposits
showed the presence of Pt in the deposits, as shown in Fig. 3.8(c). XRD pattern of the deposits
obtained on the GC electrode, shown in Fig. 3.8(d), gave no diffraction peak assignable to
metallic Pt, probably due to the smaller grain size and/or little amount of the electrodeposit.
The UV-Vis spectra of TMHATFSA with Pt(acac), before and after electrolysis are shown in
Fig. 3.9. The UV-Vis spectrum of the electrolyte after potentiostatic electrolysis showed the
decrease of the absorbance corresponding to Pt(acac),. The results suggested the cathodic
current peak around —1.7 V is corresponded to the reduction of Pt(acac), to Pt(0). In addition,
the appearance of the electrolyte turned from pale yellow to reddish black after potentiostatic
cathodic reduction, shown in Fig. 3.10, suggesting formation and dispersion of Pt nanoparticles

in the ionic liquid.

3.3.1.5 Formation of Pt Nanoparticles in TMHATFSA

In order to check the possibility of formation of Pt nanoparticles at different electrode
potentials, potentiostatic electrolysis was conducted at —1.7 and —2.5 V on a GC electrode in
TMHATFSA containing 5 mM Pt(acac),. In contrast to the case in electrolysis at —1.7 V, no
deposit was obtained on the GC electrode after potentiostatic cathodic reduction at —2.5 V in
TMHATFSA containing 5 mM Pt(acac), at 130°C. However, the pale yellow transparent
electrolytes turned to reddish black once after electrolysis at both —1.7 and —2.5 V, suggesting
formation of Pt nanoparticles dispersed in the electrolyte.'”*”*'*" Figure 3.11 shows the TEM
images of the nanoparticles obtained in the TMHATFSA after electrolysis at —1.7 V (Fig.
3.11(a))and 2.5 V (Fig. 3.11(b)) at 130°C. The electron diffraction images of the nanoparticles
obtained in TMHATFSA after electrolysis at —1.7 and —2.5 V are shown in Fig. 3.11(c-d). The
d-spacing value calculated from the electron diffraction diagram was 0.226 nm, which was
close to that for (111) plane of Pt, 0.227 nm (ICDD-00-004-0802). The nanoparticles were
confirmed to be Pt by EDX spectra, as shown in Fig. 3.12. Therefore, the nanoparticles were

identified as metallic Pt. The Pt nanoparticles dispersed in the ionic liquids were found to be
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stable in the ionic liquid at least for one month in the glove box without addition of any
stabilizer.

Figure 3.13 shows the size distributions of Pt nanoparticles obtained in TMHATFSA
after electrolysis at —1.7 and —2.5 V at 130°C. The average sizes of Pt nanoparticles obtained
after electrolysis at —1.7 and —2.5 V were calculated to be 3.5 + 0.7 and 1.5 = 0.4 nm,
respectively, indicating the average particle size was dependent of the electrode potential. The
size dependence of Pt nanoparticles on the electrode potential may be related to the difference
in the interfacial structure of the electrode and ionic liquid and/or reduction pathway of

Pt(acac),.

3.3.2 Electrochemical Behavior of Pt(acac), in BMPTFSA, HMPTFSA and DMPTFSA
Electrochemical behavior of Pt(acac), has also been investigated in TFSA -based ionic
liquids consisting of pyrrolidinium cation with different alkyl chain length, BMP", HMP" and
DMP" using various electrochemical techniques. Figure 3.14 shows the UV-Vis spectra of
BMPTFSA, HMPTFSA and DMPTFSA containing 0.1 mM Pt(acac),. Four absorption
maxima at 343, 286, 252 and 224 nm were consistent with those observed for tetra-coordinated
Pt(acac), complex in TMHATFSA® and organic solvents, such as ethanol” and
dichloromethane®. Thus, Pt(acac), existed as a square planar complex in each ionic liquid.
Following sections describe the electroreduction of Pt(acac), in TFSA -based ionic liquids

comprised of pyrrolidinium cations.

3.3.2.1 Electrorechemical Behavior of Pt(acac), in BMPTFSA

Figure 3.15 shows the cyclic voltammograms of a GC electrode in BMPTFSA
containing 5 mM Pt(acac), at various temperatures. The scan rate was 50 mV s '. A cathodic
current peak was observed around —1.7 V in the measured potential region from +0.1 to —2.3
V. The observed cathodic current peak around —1.7 V was corresponding to reduction of
Pt(acac),, since no cathodic current was observed in the ionic liquid without addition of
Pt(acac),. The cathodic peak current density increased with elevating temperature, probably
reflecting decrease in the viscosity.”’ Figure 3.16 shows the dependence of the cathodic peak
current density on the 177"*. A linear relationship was observed between cathodic peak current

density and 1 "

, the electrode reaction is diffusion controlled. On the other hand, the anodic
current was observed at the potential more positive than —1.7 V during anodic scan. Since,

oxidation of Pt did not take place in the ionic liquid within the measured potential range, the
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anodic current might be related to oxidation of the reduced products of Pt(acac), other than
metallic Pt.

In order to confirm the reduction of Pt(acac), to Pt(0), potentiostatic electrolysis was
carried outat—1.7 V in BMPTFSA containing 5 mM Pt(acac),. A granular deposit was obtained
on the GC substrate by potentiostatic electrolysis, as shown in SEM image in Fig. 3.17(a). The
deposit on the GC substrate was confirmed to be Pt by the EDX spectrum, as shown in Fig.
3.17(b). However, XRD pattern of the deposit did not show the diffraction peak corresponding
to metallic Pt, possibly because of the small grain size or small amount of deposit. Furthermore,
the appearance of the electrolyte turned from pale yellow into reddish black after electrolysis,

suggesting formation of Pt nanoparticles in the ionic liquid.

3.3.2.2 Evaluation of Electrode Reaction of Pt(acac), in BMPTFSA

Electrode reaction of Pt(acac), has been studied in BMPTFSA by using cyclic
voltammetry and RDE measurements. Figure 3.18 shows the cyclic voltammogram of a
stationary GC electrode in BMPTFSA containing 5 mM Pt(acac);, in a wider potential range, —
2.7 to +0.3 V, with a scan rate of 50 mV s at 50°C. The linear sweep voltammogram of a GC
electrode in neat BMPTFSA at 50°C was also shown in Fig. 3.18. A well-defined cathodic
current peak appeared around —1.7 V during the cathodic potential sweep, which has already
been assigned to reduction of Pt(acac), to Pt. The steep onset of the cathodic current around —
2.6 V in the voltammogram was ascribed due to the cathodic decomposition of BMPTFSA.

Figure 3.19 shows the cyclic voltammograms of a stationary GC electrode in
BMPTFSA containing 5 mM Pt(acac), with various scan rates at 50°C. While there were only
the cathodic current peaks around —1.7 V in the voltammograms at the slower scan rates, a
noticeable anodic current peak appeared around —1.6 V at the faster scan rates, like 1000 and
2000 mV s'. The anodic current peak observed around —1.6 V only at faster scan rates
suggested formation of some dissolved intermediate species of Pt, which was produced near

the electrode during the preceding cathodic sweep.””*>**

The possible anodic reactions around
—1.6 V could be the oxidation of either the intermediate species or dissolution of the deposited
Pt. However, cyclic voltammograms of a Pt electrode and a Pt deposited on a GC electrode
gave no anodic current peak in BMPTFSA without Pt(acac), in the potential range from —3.0
to +1.0 V, indicating Pt was not oxidized in the examined potential range (data not shown).
Furthermore, acac™ has been reported to be oxidized at a more positive potential, +0.44 V vs.

SCE (=~ —0.12 V vs. Ag|Ag(I)), in an organic electrolyte”, implying the anodic current around
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—1.6 V was unable to be ascribed to oxidation of acac™ formed as a result of reduction of

Pt(acac),.

3.3.2.3 Rotating Disk Electrode Voltammetry of Pt(acac), in BMPTFSA

From the electrochemical point of view, the advantage of RDE is that mass transport of
the electroactive species to the electrode surface can be controlled precisely by fixing the
rotation rate and the steady-state current achieved rather quickly, as described in Chapter 2.
Figure 3.20 shows the linear sweep voltammograms of a GCRDE in BMPTFSA containing 5
mM Pt(acac), at a rotation rate of 500 rpm by scanning potential from —1.4 V to —-2.0 (Fig.
3.20(a)) and -2.7 V (Fig.3.20(b)). The temperature was set at 50°C during the RDE
measurements. From Fig. 3.20, it can be seen that the cathodic current density increased
gradually until it reached a steady-state value at around —1.8 V. According to the cyclic
voltammetric results described above, the limiting steady-state current density at —1.8 V may
be ascribed to the reduction of Pt(acac), to [Pt(acac),]. A further increase in the cathodic
current density at the electrode potential from around —2.3 to —2.7 V, implied some cathodic
reactions are occurring at the more negative potential. The cathodic reaction at the more
negative potential may be related to the further reduction of [Pt(acac),] and/or acac™. On the
other hand, in the case of voltammetric measurements using the GCRDE with such a slower
scan rate, like 1 mV s, the electrode surface area may increase with the elapse of time due to
the deposition of Pt on the GC electrode surface. The increase in the electrode surface area may
also contribute to the increase in the steady-state limiting current at more negative potential
region, as observed in the voltammogram shown in Fig. 3.20(b). To avoid such complexity and
to obtain a precise steady-state limiting current values, the current densities were measured at
the electrode potentials of —1.8 and —2.5 V with different rotation rates for a short time period,
30 sec.

Figure 3.21 shows the current density recorded on the GCRDE in BMPTFSA
containing 5 mM Pt(acac), at —1.8 and —2.5 V with various rotation rates for 30 sec. From Fig.
3.21, the increase in the steady-state current density with increasing the rotation rate was related
to decrease in diffusion layer thickness. The observed steady-state current density at —1.8 and
—2.5 V was analyzed according to Levich equation in order to examine the cathodic reaction
process. According to the Levich equation, the limiting current density () is proportional to the
square root of the angular velocity or rotation rate (w'"?), as shown in Eq(2.7) in Chapter 2.%

Figures 3.22(a) and 3.22(b) show the dependence of the limiting current density with the w'?
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at the potentials of —1.8 and —2.5 V, respectively. The proportional relationship between the
limiting steady-state current density and w'? suggested that the cathodic reduction of Pt(acac),
in BMPTFSA was a diffusion controlled process.

Assuming that an intermediate species, [Pt(acac),], forms at —1.8 V and that it is able
to be reduced at a more negative potential, the steady-state current density at —2.5 V is expected
to be higher than that at —1.8 V, since both Pt(acac), and [Pt(acac),] are reduced at —2.5 V.
However, there was apparently no change in the steady-state current densities for the potentials
of —1.8 and —2.5 V at the same rotation rate, therefore formation of the intermediate species
was considered unlikely. The possible explanation of the electrode reaction is that reduction of
Pt(acac), with a two-electron transfer at both —1.8 and —2.5 V. The anodic current observed
only at faster scan rates is considered to be attributed to oxidation of deposited Pt in the
presence of sufficient free acac™ liberated during reduction of Pt(acac), at the interface between
the electrode and the electrolyte. On the other hand, the concentration of acac™ near the
electrode is expected to decrease by diffusion of acac™ to the bulk with a decrease in the scan
rate, resulted in suppression of oxidation of Pt. Therefore, reduction of Pt(acac), was
considered represented by the following equation.

Pt(acac), + 2¢ — Pt + 2acac” (3.5)
Assuming the two-electron transfer reduction, the diffusion coefficient of Pt(acac), at 50°C in
BMPTFSA was estimated to be 1.3 x 10”7 c¢m” s from the Levich plots in Fig. 3.22. The
diffusion coefficient of the square planer Pd(acac), complex at 25°C was reported to be 2.1 x
10° cm? s in acetonitrile.*® The Stokes-Einstein product (D1/T) of the Pd(acac), complex at
25°C was calculated to be 2.4 x 10 % g ecm s> K™', according to the viscosity of acetonitrile
reported in the literature®’. The estimated D1/T value of Pt(acac), in BMPTFSA at 50°C was
1.9 x 10" g cm s K, indicating that the estimated diffusion coefficient of Pt(acac), is
reasonable. From the above results it can be concluded that although there is similarity in the
electrochemical behavior of Pt(acac), with those observed for various acetylacetonato metal
complexes in organic electrolytes, the apparent reduction of Pt(acac), in ionic liquids can not
be explained based on the previous studies. In contrast to the previous works, the present study
demonstrates that the reduction of Pt(acac), occurred through a simple charge transfer reaction

without formation of any intermediate complex.
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3.3.2.4 Cyclic Voltammmetry of Pt(acac), in BMPTFSA, HMPTFSA and DMPTFSA

Figure 3.23 shows the voltammograms of a stationary GC electrode at 50°C in
HMPTFSA and DMPTFSA with and without Pt(acac), at a scan rate of 50 mV s'. In the
voltammograms, a cathodic current peak was observed around —1.7 V in each ionic liquid
containing Pt(acac),. In contrast to BMPTFSA, no deposit was obtained on the electrode
surface after electrolysis at both —1.7 V in HMPTFSA and DMPTFSA containing 5 mM
Pt(acac),, however, Pt nanoparticles formed in each ionic liquid after electrolysis. Since, the
voltammetric results observed in HMPTFSA and DMPTFSA were similar with those in
BMPTFSA, Pt(acac), was considered to be reduced in the similar way in all these ionic liquids.

Figure 3.24 shows the cyclic voltammograms of a stationary GC electrode in
BMPTFSA, HMPTFSA and DMPTFSA containing 5 mM Pt(acac); at a higher scan rate, 1000
mV s '. Although no significant anodic responses were observed in the voltammograms
recorded in BMPTFSA (Fig. 3.18), HMPTFSA and DMPTFSA (Fig. 3.23) containing 5 mM
Pt(acac), at a slow scan rate, 50 mV s ', an anodic current peak appeared around —1.6 V only
at a higher scan rate in each ionic liquid during the anodic scan. The voltammograms recorded
in BMPTFSA, HMPTFSA and DMPTFSA were consistent with those in TMHATFSA.>"*
The cathodic peak current density was found to be in the order of BMPTFSA > HMPTFSA >
DMPTFSA. The difference in the peak current density reflects the difference in the viscosity
coefficient of the ionic liquids, as listed in Table 3.2. Figure 3.25 shows the dependence of
peak current density on the reciprocals of the viscosity coefficients of the ionic liquids. The
cathodic peak current density at —1.7 V was inversely proportional to the reciprocals of the
viscosity coefficient of the ionic liquid, suggesting the cathodic peak current density was

determined by diffusion of Pt(acac),.

Table 3.2 Viscosities of various ionic liquids.

Ionic liquid Observed viscosity at ~ Calculated viscosity at Ref.
25°C/mPas 25°C /mPas

BMPTFSA 80 85 [48]

HMPTFSA 100 93 [49]

DMPTFSA 175 150 [49]

Overall, the voltammetric results of Pt(acac), in TFSA -based ionic liquids composed
of tetraalkylammonium cation, TMHA", and some different pyrrolidinium cations, BMP’,

HMP" and DMP’, at various temperatures were identical with one another. Therefore, it can
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be concluded that the reduction of Pt(acac), occurs through the same, the two-electron transfer

reaction (Eq (3.5)), in all the ionic liquids used in this study.

3.4 Conclusions

Electrochemical behavior of Pt(acac), complex has been investigated in aprotic TFSA™
-based ionic liquids consisting of different cations, TMHA", BMP', HMP" and DMP".
Pt(acac), was found to exist as a square planer complex in each ionic liquid. Pt(acac), was
found to be reduced to metallic Pt via electrolysis in each ionic liquids. The reduction of
Pt(acac), was suggested to occur with a two-electron transfer process without formation of any
intermediate species by RDE measurements. The electrode reduction was considered to be
governed by the diffusion of Pt(acac), in the ionic liquids. No significant change in the
reduction current density of Pt(acac), in BMPTFSA at a constant rotation rate for the electrode
potentials of —1.8 and —2.5 V in the RDE voltammograms reflected reduction of Pt(acac),
follows the same strategy at these potentials. The reduction current density was suggested to
be controlled by the diffusion of Pt(acac), in ionic liquid. The diffusion coefficient of Pt(acac),
at 50°C was calculated to be 1.3 x 10 ¢cm® s' in BMPTFSA. Electrodeposition of Pt was
possible by potentostatic electrolysis at —1.7 V TMHATFSA and BMPTFSA containing
Pt(acac),. A granular deposit obtained on the GC substrate was identified as Pt by EDX. In
addition, Pt nanoparticles are able to be prepared by electrochemical reduction of Pt(acac); in
TMHATFSA at —1.7 and —2.5 V. In contrast to the electrolysis at —1.7 V, no deposit obtained
on the electrode surface at —2.5 V probably related to the influence of the electrode potential
on the electrode/electrolyte interface. The average size of the Pt nanoparticles obtained after
electrolysis at —1.7 and —2.5 V was estimated to be 3.5 + 0.7 and 1.5 + 0.4 nm, respectively,
suggested the size of the nanoparticles is dependent of the electrode potential. The TFSA™-
based ionic liquids could therefore be employed as a suitable medium for deposition of Pt and

preparation of Pt nanoparticles with controlled size by simple cathodic reduction.
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Figure 3.1 UV-Vis spectrum of TMHATFSA containing 0.1 mM Pt(acac),

length: 1 mm.

Figure 3.2 Structure of Pt(acac)s.

. The light path
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Figure 3.3 Cyclic voltammograms of a GC electrode in TMHATFSA containing 5 mM

Pt(acac), at various temperatures. Scan rate: 50 mV s .
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Figure 3.5 Cyclic voltammograms of a GC electrode TMHATFSA containing Pt(acac),
reversed at —3.1 V (dashed line) and —1.9 V (solid line). Temperature: 50°C. The Scan rate was
50mVs.

Figure 3.6 Cyclic voltammograms of a Pt electrode (solid line) and Pt deposited on the GC
electrode (dashed line) in TMHATFSA without Pt(acac), at room temperature. Scan rate: 50

-1
mVs .
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Figure 3.7 Cyclic voltammograms of a GC electrode in TMHATFSA containing 5 mM

Pt(acac), with various scan rates. Temperature: 130°C.
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Figure 3.8 (a), (b) SEM images, (¢c) EDX spectrum and (d) XRD pattern of the electrodeposit
obtained on the GC substrate after electrolysis at —1.7 V in TMHATFSA containing 5 mM
Pt(acac),. Temperature: 130°C. The electric charge was 2C.
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Figure 3.9 UV-Vis spectra of the TMHATFSA containing Pt(acac), before (dashed line) and
after (solid line) potentiostatic electrolysis at —1.7 V at 130°C.

Figure 3.10 Change in the color of the electrolyte before (left) and after (right) electrolysis at
—1.7 V at 130°C.
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Figure 3.11 TEM images of the nanoparticles obtained after electrolysis in TMHATFSA
containing 5 mM Pt(acac); at (a) —1.7 and (b) —2.5 V. Temperature: 130°C. Electron diffraction

images of the nanoparticles are shown in Fig. (¢) and (d).
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Figure 3.12 (a) STEM image and (b) EDX spectrum of the nanoparticles obtained after
electrolysis TMHATFSA containing 5 mM Pt(acac), at —1.7 V at 130°C. Peaks corresponding
to Cu and Si were derived from the TEM grid.
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Figure 3.13 Size distributions of the Pt nanoparticles obtained after electrolysis TMHATFSA
containing 5 mM Pt(acac), at potentials of (a) —1.7 and (b) —2.5 V. Temperature: 130°C.
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Figure 3.14 UV-Vis spectra of BMPTFSA, HMPTFSA and DMPTFSA containing 0.1 mM

Pt(acac),. Light path length: 1 mm.
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Figure 3.15 Cyclic voltammograms of a GC electrode in BMPTFSA containing 5 mM
Pt(acac), at various temperatures. Scan rate: 50 mV s . Cyclic voltammogram of the neat

BMPTFSA was recorded at room temperature.

Figure 3.16 Dependence of the peak current density on the 1 "'>. Data were derived from Fig.

3.15.
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Figure 3.17 (a) SEM image and (b) EDX spectrum of the deposits obtained on the GC substrate
after electrolysis at —1.7 V in BMPTFSA containing 5 mM Pt(acac),. Temperature: 130°C.
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Figure 3.18 Cyclic voltammogram (solid line) of a stationary GC electrode in BMPTFSA
containing 5 mM Pt(acac), with a scan rate of 50 mV s™'. The linear sweep voltammogram of

a GC electrode in neat BMPTFSA is also shown as dashed line. Temperature: 50°C.
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Figure 3.19 Cyclic voltammograms of a GC electrode in BMPTFSA containing 5 mM

Pt(acac); at various scan rates. Temperature: 50°C.
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Figure 3.20 Linear sweep voltammograms of a GCRDE in BMPTFSA containing 5 mM
Pt(acac), by scanning the potential from —1.4 to (a) —2.0 and (b) —2.7 V at a rotation rate of 500

rpm. Temperature: 50°C. Scan rate: 1 mV s '

Figure 3.21 Current density at a GCRDE in BMPTFSA containing 5 mM Pt(acac); at (a) —1.8

and (b) —2.5 V with various rotation rates. Temperature: 50°C.
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Figure 3.22 Relation between the steady-state current density on the square root of angular
velocity, w'"?, for a GCRDE at 50°C. The potentials were (a) —1.8 V and (b) —2.5 V. Data were
derived from the Fig. 3.21(a) and 3.21(b).
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Figure 3.23 (a) Cyclic voltammogram (solid line) of a stationary GC electrode in HMPTFSA
containing 5 mM Pt(acac), with a scan rate of 50 mV s™'. The linear sweep voltammogram of
a GC electrode in neat HMPTFSA is also shown as dashed line. (b) Cyclic voltammogram
(solid line) of a stationary GC electrode in DMPTFSA containing 5 mM Pt(acac), with a scan
rate of 50 mV s'. The linear sweep voltammogram of a GC electrode in neat DMPTFSA is

also shown as dashed line. Temperature: 50°C.
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Figure 3.24 Cyclic voltammograms of the GC electrode in BMPTFSA, HMPTFSA and
DMPTFSA containing 5 mM Pt(acac), at a scan rate of 1000 mV s '. Temperature: 130°C.

Figure 3.25 Dependence of the peak current density on the reciprocal of the viscosity

coefficient of the ionic liquid.
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Chapter 4

Electrochemical Preparation of Pt Nanoparticles

from Pt(acac), in Ionic Liquids

4.1 Introduction

Pt nanoparticles have received considerable interest owing to their outstanding catalytic
activity and electrical properties. Pt and Pt nanoparticles have been widely used as catalyst in
a number of chemical and electrochemical reactions as described in Chapter 3. However, the
high production cost of Pt makes its utilization limited in many fundamental and industrial
process. Therefore, Pt is often used as catalyst in the form of nanoparticles. Pt nanoparticles
can be prepared by chemical reduction in aqueous or organic media.' However, metal
nanoparticles dissolved in the aqueous and organic solvents are generally unstable, as described
in Chapter 1.” In order to prevent aggregation, the nanoparticles are usually stabilized using
stabilizing reagents such as, quaternary ammonium salts, polymers, surfactants or
polyoxoanions, which offer electronic and/or steric protection.* These additional processes
often make the production of metal nanoparticles complicated and costly.’

Ionic liquids have been introduced as a suitable media for preparation and stabilization
of the metal nanoparticles due to their excellent physicochemical properties as described in the
Chapter 1.*%" Tonic liquids can also allow an easier product separation and recycling process.”
The involatility characteristics of the ionic liquids can be utilized to avoid the environmental
problems associated with the volatile and toxic organic solvents. In addition, ionic liquids can
stabilize the metal nanoparticles through their ionic nature and steric properties without
addition of any protective stabilizers.® There are number of papers about preparation and
stabilization of metal nanoparticles in an ionic liquids, as described in Chapter 1.°** Tsuda and
coworker studied the catalytic activity of Pt nanoparticles prepared in ionic liquid by sputtering
deposition.” Kimura et al."> described preparation of gold nanoparticles by laser ablation in
imidazolium-based ionic liquids. Scheeren et al.** reported the preparation of Pt nanoparticles
by decomposition of Pty(dba); (dba: dibenzylideneacetone) in 1-butyl-3-methylimidazolium

tetrafluroborate or hexafluorophosphate ionic liquids. Despite all the preparation methods
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developed, electrochemical preparation of metal nanoparticles has been proven to be promising
due to their simpler instrumentation, lower production cost, and no necessity of strong reducing
reagents. Several metal nanoparticles have been prepared in ionic liquids by simple

electrochemical reduction of the metal species.”™>

There have been a few reports on
electrochemical preparation of Pt nanoparticles in ionic liquids.***” Zhang et al. investigated
electrodeposition of Pt nanoparticles from [PtCls]* and [PtCly]* in N, N-diethyl-N-methyl-N-
(2-methoxyethyl)ammonium tetrafluoroborate ionic liquid.*® Electrochemical preparation of Pt
nanoparticles from Pt-bromo complex was confirmed in an aprotic ionic liquid, BMPTFSA.*’

Acetylacetonato-metal complexes are well known precursor for preparation of metal

%39 Wang et al.’® reported preparation Pt nanoparticles from Pt(acac), in

nanoparticles.
BMIMTFSA by chemical reduction. However, electrochemical preparation of Pt from
Pt(acac), has not been studied in TFSA -based ionic liquids. In this chapter, electrochemical
preparation of platinum nanoparticles in TFSA -based ionic liquids composed of pyrrolidinium
cations having different alkyl chain length, BMP', HMP" and DMP" has been described by
means of electrolysis using a GC stationary electrode and a GCRDE. RDE has been introduced
for electrochemical preparation of Pt nanoparticles, since RDE generally offers uniform current
distribution and mass transport of the species dissolved in the electrolyte. The aim of the study
was toward understanding formation mechanism of Pt nanoparticles and the influence of
electrochemical parameters, such as electrode potential, current density and rotation rate, on
the average size of Pt nanoparticles. The average size of the metal nanoparticles prepared in

ionic liquids has been reported to be dependent on the kind of the ionic liquid.'"** Thus, the

ultimate goal was to understand the effect of kind of the ionic liquid on the average size.

4.2 Experimental

Potentiostatic electrolysis was carried out on a stationary GC and GCRDE using a three-
electrode cell with the aid of a potentiostat/galvanostat. When using stationary GC electrode,
the counter electrolyte was separated from the sample electrolyte by a PTFE membrane. In the
case of electrolysis using GCRDE, the counter electrode was placed in the neat ionic liquids,
which was separated from the sample electrolyte by a glass filter. The reference electrode was
the same as described in Chapter 2.

The prepared nanoparticles obtained in the ionic liquids after electrolysis were
examined by TEM, EDX and electron diffraction. TEM samples were prepared as described in
Chapter 2.
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4.3 Results and Discussion
4.3.1 Electrochemical Preparation of Pt Nanoparticles Using a Stationary GC Electrode
Figure 4.1 shows the current density observed during potentiostatic electrolysis at —1.7
and —2.5 V on a stationary GC electrode in BMPTFSA containing 5 mM Pt(acac),. The
temperature was 130°C. The steady-state current density values at —1.7 and —2.5 V were
identical from Fig. 4.1. Generally, the supply rate of the metal adatoms increases with lowering
the potential. On the other hand, the concentration of the metal species decreases at the
electrode/electrolyte interface with lowering the potential, as the mass transfer rate is finite.
Then the reduction current is considered determined by the flux of the metal species transferred
by diffusion from the bulk to the electrode, giving a steady-state current value. Under an
extreme negative potential, the concentration of the metal species near the electrode/electrolyte
interface becomes nearly zero and the flux of the metal species becomes maximum, which is
called the limiting current. The obtained limiting current does not increase with further
lowering the potential. Since the steady-state current values were identical at —1.7 and -2.5 V,
the applied potentials were considered negative enough to give the limiting value. Thus, it can
be concluded that the reduction of Pt(acac), at both —1.7 and —2.5 V was governed by diffusion
of Pt(acac); in the ionic liquid, which has also been confirmed by RDE in the Chapter 3.
While a granular electrodeposit of Pt was obtained on the GC electrode after electrolysis
at —1.7 V, no deposit was observed after electrolysis at —2.5 V. The color of the electrolyte
changed from pale yellow to reddish black after electrolysis at both —1.7 and —2.5 V. It has
been reported that the appearance of ionic liquids often becomes black by formation and

23-25.27.2831-33 TEM observation confirmed the formation of

dispersion of metal nano-particles.
Pt nanoparticles in the BMPTFSA after electrolysis as shown in Fig. 4.2. Electron diffraction
diagrams of the Pt nanoparticles obtained after electrolysis at —1.7 and —2.5 V are presented in
Figs. 4.2(c) and (d), respectively. The d-spacing value of the nanoparticles were calculated
from the distance between the spots in the electron diffraction diagram. The estimated d-
spacing values of the nanoparticles prepared by electrolysis at —1.7 and —2.5 V were 0.224 and
0.223 nm, respectively. The observed d-spacing value was close to that of Pt(111), 0.227 nm
(ICDD-00-004-0802). The nanoparticles obtained in the electrolyte were also confirmed as Pt
by EDX spectra as shown in Figs. 4.2(e)-4(f). The peak corresponding to Cu was derived from
the TEM grid. The observed Pt nanoparticles were found to be stabilized in the electrolyte with
high dispersibility without any additional stabilizing reagent.

Metal nanoparticles have been explained to be formed due to the accumulation of the

bulky organic cations of the ionic liquid on the negatively charged electrode surface. >>>27*%!-
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3 In general, the electrode surface is always in contact with the constituents of the electrolytes.
In the case of aqueous solutions, the electrode is considered covered with the solvent (water)
molecules, as shown in Fig. 4.3(a). The solvated metal ion is usually unable to approach the
electrode surface beyond a few layers of water molecules at the electrode surface. On the other
hand, anions present in the solutions, which are not solvated with water molecules, may
adsorbed at the electrode surface. The adsorbed anions on the electrode surface are called the
specifically adsorbed anions. The structure of the electrode/electrolyte interface may affect the
surface processes related to electrodeposition. The nature of the electric double layer in ionic
liquids has not been revealed yet precisely. There are several reports describing the electric
double layer structure in ionic liquids.**>® Since the ionic liquid is composed of only cations
and anions, the electrode surface in the ionic liquid is considered to be always in contact with
the ions. Figure 4.3 (b) and (c) illustrates a schematic representation of the electric double layer
in ionic liquids. When the electrode potential is at the potential of zero charge (PZC), the
fraction of cations is equal to that of the anions near the electrode surface, as shown in Fig.
4.3(a), since there is no excess charge between the electrode/ionic liquid interface. In the case
of the potential more negative than its PZC, the fraction of cationic species is expected to
increase at the electrode/ionic liquid interface in order to compensate the excess negative
charges, as illustrated in Fig. 4.3(c), which can be regarded as specifically adsorbed cation.
These layer of cations may act as blocking layer for the incoming metal species toward the
electrode, while the electron transfer reaction is expected to occur by tunneling. The surface
processes related to electrodeposition, like adsorption, surface diffusion, nucleation and crystal
growth of metal ad-atoms are considered hindered by the accumulated cations on the negatively
charged electrode surface resulting in the formation of metal nanoparticles.

In the case of reduction of Pt(acac), complex in BMPTFSA, since Pt(acac), considered
existed as a neutral species, BMP" is the only cation in the electrolyte, which can participate in
the charge compensation at the electrode surface. When a negative potential is applied, the
surface of the electrode is expected to be covered by BMP", which consequently prevents
deposition of Pt on the electrode surface and leads to formation of Pt nanoparticles dispersed
in BMPTFSA. The nucleation and growth of Pt nuclei produced from Pt(acac), via electrolysis
were considered to occur in the ionic liquid phase. The Pt nanoparticles were found to be
dispersed in the ionic liquids probably due to the stabilization of the nanoparticles by cations

and/or anions of the ionic liquids.
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4.3.1.1 Effect of Electrode Potential on the Size of Pt Nanoparticles

Figure 4.4 shows the size distributions of Pt nanoparticles observed in TEM images,
shown in Fig. 4.2, after electrolysis at —1.7 and —2.5 V in BMPTFSA containing 5 mM
Pt(acac),. The average sizes (in diameter) of Pt nanoparticles obtained in BMPTFSA after
electrolysis at —1.7 and —2.5 V were estimated to be 2.6 + 0.7 and 1.8 = 0.7 nm, respectively.
The average size of the Pt nanoparticles was found to decrease with lowering the applied
potential even though the steady-state current densities were identical at these potentials, as
shown in Fig. 4.1. The potential dependence of the average sizes of Pt nanoparticles may be
related to the difference in the stability of the nuclei attached on the electrode surface or the
interfacial structure between the electrode and the ionic liquid. A granular Pt deposit was
obtained on the electrode surface after electrolysis at —1.7 V, as described in Chapter 3. A part
of the Pt nuclei formed on the electrode may detach from the electrode surface to the bulk and
dispersed in the electrolyte. Growth and nucleation of Pt nuclei formed by reduction of
Pt(acac), at —1.7 V may occur electrode surface and as well as ionic liquid phase, which may
result in a wide distribution in the average size of Pt particles. In the case of electrolysis at —
2.5 V, no deposit was obtained on the electrode surface probably due to the increased
population of BMP" at the electrode surface, which hindered the accessibility of Pt(acac), to
the electrode surface, consequently resulted in formation of Pt nanoparticles of smaller average

size.

4.3.1.2 Effect of Kind of Ionic Liquid on the Size of Pt Nanoparticles

It has been reported that the size of the metal nanoparticles may depend on the kind of
the ionic liquid.* In order to examine the effect of kind of ionic liquid on the average particle
size, potentiostatic electrolysis was carried out at —1.7 and -2.5 V in HMPTFSA and
DMPTFSA containing 5 mM Pt(acac), at 130°C. In contrast to the BMPTFSA, no deposit was
obtained on the GC substrate after potentiostatic cathodic reduction in HMPTFSA and
DMPTFSA containing 5 mM Pt(acac); at —1.7 V. On the other hand, electrolysis at —2.5 V in
each ionic liquid containing Pt(acac), also gave no deposit on the GC substrate. Figure 4.5 shows
the current density observed during cathodic reduction at —1.7 V on a stationary GC electrode
in HMPTFSA and DMPTFSA with Pt(acac),. The steady state current densities in HMPTFSA
and DMPTFSA were about —0.18 and —0.12 mA cm >, respectively. The gradual decrease in
the current densities with the elapse of time reflected a decrease in the concentration of

Pt(acac), in each ionic liquid. The difference in the steady-state current density was considered
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related to the difference in the viscosity of the ionic liquid. The pale yellow transparent
electrolytes turned to reddish black after electrolysis at both —1.7 and —2.5 V, suggesting
formation and dispersion of Pt nanoparticles, >>2>25-1-33

Figure 4.6 shows the TEM images and electron diffraction images of the nanoparticles
obtained in the HMPTFSA and DMPTFSA after electrolysis at —1.7 (Fig. 4.6(a)-(b)) and —2.5
V (Fig. 4.6(c)-(d)). The insets of the Fig. 4.6(a)-(d) shows the electron diffraction diagrams of
the prepared nanoparticles obtained in HMPTFSA and DMPTFSA. The analysis of the
nanoparticles was performed as discussed above.

Figure 4.7 illustrates the size distributions of Pt nanoparticles obtained in HMPTFSA
and DMPTFSA after potentiostatic electrolysis at —1.7 and —2.5 V. Table 4.1 summarizes the
average Pt particles sizes obtained in ionic liquids using a stationary GC electrode. From Table
4.1, it can be seen that the average particle size tends to decrease with lowering the electrode
potential. This phenomenon may be explained by difference in the double layer structure with
different electrode potential as described above. In the case of cathodic reduction at—1.7 V, the
charge transfer of Pt(acac), may occur at the electrode surface.

From Table 4.1 it can be noticed that the average size of Pt nanoparticles increases with
an increase in the alkyl chain length. It has been reported that the size of nanoparticles prepared
by sputter deposition'' increases with an increase in the alkyl chain length of organic cation.
Hatakeyama and coworker'' described the size dependence of the gold (Au) nanoparticles
prepared by sputter deposition in BF4 -based ionic liquids consisting of imidazolium cations
with different alkyl chain lengths, namely, 1-ethyl-3-methylimidazolium (Comim"), 1-butyl-3-
methylimidazolium (C4mim") and 1-methyl-3-octylimidazolium (Cgmim") by difference in the
viscosity of the ionic liquids. Larger Au nanoparticles were formed in CsmimBF,. The size of
Au nanocluster tends to increase with an increase in the alkyl chain length of the ionic liquids.
In the case of CgmimBF, the metal nanoparticles are considered unable to disperse faster due
to the high viscosity of the ionic liquid, consequently larger particles are formed. Gutel et al.”’
has also reported that the size of metal (ruthenium) nanoparticle prepared by chemical
reduction in TFSA -based ionic liquids composed of imidazolium cations increased with the
alkyl chain length of cations of the ionic liquids. Beside the chemical and sputter deposition of
metal nanoparticles, the average size of the Pd nanoparticles prepared via electrolysis on a GC
substrate in ionic liquids with [PdBr4]* tends to increase with an increase in the alkyl chain
length.* Therefore, the average particles size may be dependent also on the reduction pathway
of the precursor. In the case of electrochemical preparation, it has been reported that the critical

radius of it of Pd and Ni nanoparticles prepared by electrodeposition in organic electrolytes
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related to the current density, since the critical radius, 7., of nuclei at the electrode surface is
a function of the overpotential, ¢, according to the equation as follows.*®
- 2My
crit nF¢p

4.1)

Therefore, rit is inversely dependent on the overpotential, which is directly related to the
current density when the overpotential is small and the electrode reaction is governed by
charge-transfer process. An increase in the overpotential results in an increase in the current
density, leading to an increase in the number density of formed nuclei and a decrease in the
radius of the individual nuclei. In the present study, however, the dependence of the size of
nanoparticles on the potential is unable to be explained by Eq. (4.1), since the overpotentials
were large enough to give the limiting current value. On the basis of the electrochemical
measurements discussed in Chapter 3, the steady-state current density was controlled by
diffusion of Pt(acac),. Thus, the dependence of the average particle size with kind of the ionic
liquid expected related to the steady-state flux of the metal adatoms to the electrode surface.*
As described in Chapter 3, the flux of the Pt adatoms is expected to be in order of BMPTFSA
> HMPTFSA > DMPTFSA. Therefore, the larger particles can be obtained with increasing
alkyl chain length of the cation of the ionic liquid.

Table 4.1 Average sizes (in diameter) of Pt nanoparticles obtained by electrolysis on a

stationary GC electrode in ionic liquids containing Pt(acac), at 130°C.

Ionic liquids Average size/nmat—1.7V ~ Average size/ nm at 2.5V
BMPTFSA 26=0.7 1.8 0.7
HMPTFSA 41+12 1.5+£0.5
DMPTFSA 43+0.7 1.8+0.5

4.3.2 Electrochemical Preparation of Pt Nanoparticles Using a GCRDE

Potentiostatic electrolysis was conducted using the GCRDE in BMPTFSA containing
5 mM Pt(acac), at —1.8 and —2.5 V with different rotation rates, namely, 250, 500, 1000, 2000,
3000 and 5000 rpm. The temperature was set at 50°C during the electrolysis experiments. The
electric charge was 2.4 C. While no deposit was obtained on the GCRDE surface after
electrolysis at —2.5 V at 50°C, the color of the electrolyte was found to turn from pale yellow
to reddish black after electrolysis at both —1.8 and —2.5 V.
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TEM images of the BMPTFSA containing Pt(acac), after electrolysis at —1.8 and —2.5
V confirmed formation and dispersion of the Pt nanoparticles, as shown in Fig. 4.8 and 4.9,
respectively. Formation of nanoparticles was confirmed in the same way as described above.
Pt nanoparticles formed electrochemically were found not to aggregate or precipitate in the
ionic liquid without addition of any stabilizer.

The mechanism of electrolytic formation of Pt nanoparticles using a GCRDE is not
completely clear yet. In the case of potentiostatic electrolysis using the GCRDE, the Pt nuclei
once formed on the rotating disk electrode are considered to detach from the electrode surface
to the bulk and surrounded by the bulky cations and/or anions of the ionic liquid.

The size distributions of Pt nanoparticles obtained in BMPTFSA after potentiostatic
cathodic reduction at —1.8 and —2.5 V with various rotation rates are shown in Fig. 4.10 and

4.11, respectively. The average sizes of Pt nanoparticles are also listed in Table 4.2.

Table 4.2 The average sizes (in nm) of Pt nanoparticles prepared by electrolysis in BMPTFSA
containing 5 mM Pt(acac), using a GCRDE with different rotation rates. Temperature: 50°C.

Rotation / rpm Average size /nmat—1.8 V  Average size/nmat-2.5V
250 22+09 23038
500 2.1+0.6 22+0.6
1000 2.1x0.8 2.1+0.7
2000 1.9+0.6 1.8 0.6
3000 1.8+0.7 1.8+0.5
5000 2.1+0.6 2306

4.3.2.1 Effect of Electrode Potential on the Size of Pt Nanoparticles

From Table 4.2, it can be seen that the average size of Pt nanoparticles is independent
of the reduction potential In the present study, the current density at —1.8 and —2.5 V reached
its limiting value regardless of the rotation rate as seen in Levich plots, described in the Chapter
3. The size of the Pt nanoparticles prepared by electrolysis was expected primarily affected by
the limiting steady-state current density, which is proportional to the flux of the metal species
to the electrode.’> However, no profound change in the average size of Pt nanoparticles with
the potential reflected that the average size of Pt nanoparticles is unable to be explained by the
theory based on nucleation at the electrode surface. The viscosity of the ionic liquids may also

affect the size of the nanoparticles."'
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4.3.2.2 Effect of Rotation Rate on the Size of Pt Nanoparticles

From Table 4.2, there was no significant change in the average particle size of Pt
nanoparticles with varying the rotation rate, which eventually determined the current density.
It is generally expected that more metal nuclei can be generated under a higher current density,
since the concentration of metal species is constant in each condition and the amount of metal
to be deposited is constant, the formed nuclei have to be smaller in size. In the case of
electrochemical preparation of Pd nanoparticles by reduction of [PdBr4]*, the average particles
size was considered related to the current density.’> However, no dependence of the average
size of Pt nanoparticles on the rotation rate, which determined the current density, implied the

current density was not the major factor determining the average size of the nanoparticles.

4.3.2.3 Effect of Kind of Ionic Liquid on the Size of Pt Nanoparticles

In order to examine the effect of the kind of the ionic liquid on the average size of Pt
nanoparticles, potentiostatic electrolysis was conducted at —1.8 and —2.5 V on the GCRDE in
HMPTFSA and DMPTFSA containing 5 mM Pt(acac), with a rotation rate of 1000 rpm. The
temperature was 50°C. TEM images of the nanoparticles prepared by electrolysis in HMPTFSA
and DMPTFSA are shown in Fig. 4.12.

The size distributions of the electrochemically prepared Pt nanoparticles in HMPTFSA
and DMPTFSA based on the TEM images in Fig. 4.12 are shown in Fig. 4.13. The average
sizes of Pt nanoparticles obtained in BMPTFSA, HMPTFSA and DMPTFSA by potentiostatic
reduction on the GCRDE at —1.8 and —2.5 V with the rotation rate of 1000 rpm are also listed
in Table 4.3.

Table 4.3 Average sizes (in diameter) of Pt nanoparticles obtained by electrolysis on a GCRDE

in ionic liquids containing Pt(acac); at the rotation rate of 1000 rpm. Temperature: 50°C.

Ionic liquids Average size/nmat—1.7V ~ Average size/ nm at 2.5V
BMPTFSA 2.1x0.8 2.1+0.7
HMPTFSA 2.8%0.8 25+0.7
DMPTFSA 3.0+0.8 26+0.8

The average particle size of Pt nanoparticle obtained after electrolysis tends to increase
slightly with an increase in the alkyl chain length of cation of the ionic liquid. Similar

dependence of the average sizes of Pt nanoparticles on the kind of ionic liquid was noticed in
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the case of electrolysis using a stationary GC disk electrode, as discussed in the Section. 4.3.1.2.
According to the results obtained in this chapter, it can be concluded that the average size of
Pt nanoparticles is considered dependent not on the current density but on the kind of ionic

liquid.

4.3.3 Mechanism of Formation of Pt Nanoparticles from Pt(acac); in lonic Liquids

From the results described in the Chapters 3 and 4, it can be said Pt nanoparticles are
able to be prepared in all the ionic liquids used in this study, namely, TMHATFSA, BMPTFSA,
HMPTFSA and DMPTFSA. Pt nanoparticles were obtained by electrolysis at different
potentials in each ionic liquid containing Pt(acac),. In the case of the electrolysis at the higher
reduction potential (e.g. —1.7 or —1.8 V), a fraction of the cations of the ionic liquids are
expected to be accommodated on the electrode surface. Reduction of Pt(II) to Pt(0) may occur
at the electrode surface and/or the interface between the electrode and ionic liquids. Saturation
and nucleation of the Pt adatoms might occur at the electrode surface and/or the electrode/ionic
liquid interface. The difference in the nucleation site may cause a wide distribution in the
average size of Pt nanoparticles. On the other hand, at the more negative reduction potential
(e.g. —2.5 V), the electrode surface is expected to be covered mostly by the cations of the ionic
liquids. Therefore, reduction of Pt(acac), to Pt adatoms and nucleation of the Pt adatoms may
occur at the electrode/ionic liquid interface only. Pt nanoparticles with narrow sizes and size
distributions may form at the more negative reduction potential. Pt nuclei once form
coalescence by diffusion to form Pt nanoparticles in the ionic liquids. A similar explanation of
formation of Pt nanoparticles can be made in the case of the rotating electrode, where there is
a continuous flow of the electrolyte. When the GCRDE was rotated at a constant rotation rate,
a stagnant layer with the thickness of d formed near the electrode surface in the hydrodynamic
boundary layer, where the mass transport is controlled by the diffusion of the electroactive
species, as described in the Chapter 2. The values of the y,, and § estimated for the different
rotation rates according to the Eq (2.5) and Eq (2.6), respectively, are listed in Table 4.4. Since,
the values of 6 were in the range of several um, Pt nanoparticles could be formed in the fixed
layer developed near the electrode surface. Pt nuclei once formed detach from the electrode
surface or the electrode/electrolyte interface fixed near electrode surface by the centrifugal
force of the rotating electrode to the bulk and surrounded by the ions of the ionic liquids. Figure
4.14 shows a schematic illustration of formation of Pt nanoparticles by electrochemical

reduction of Pt(acac); at different electrode potentials in the ionic liquids.
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Table 4.4 Evaluation of the y; and J at various rotation rates.

Rotation rate / rpm Vn / pm o0/ um
250 3600 13.6
500 2500 9.61
1000 1800 6.80
2000 1300 4.81
3000 1100 3.93
5000 800 3.04

The average size of Pt nanoparticles is considered to be determined by the resident
period of the nanoparticles in the “growth region” (or diffusion layer) at the interface between
the electrode and ionic liquid, assuming the nanoparticles grow by collision in the growth
region before stabilization in the bulk. The resident period is expected to be prolonged with an
increase in the viscosity. The viscosity of the ionic liquid was considered to affect the diffusion
of the Pt nuclei. Pt nuclei cannot diffuse faster in the highly viscous ionic liquid, hence larger
Pt particles form by the aggregation of Pt nuclei. The viscosity of the ionic liquid generally
increases with increase in the alkyl chain length of the cations. Thus, larger nanoparticles are
expected to be formed in the ionic liquids with longer alkyl chain length in the cations. This

hypothesis was supported by the results discussed in this Chapter.

4.3.4 Stabilization of Pt Nanoparticles in lonic Liquids

Nanoparticles obtained in each ionic liquid was found to be dispersed and stabilized
without addition of any stabilizing reagent. The origin of stabilization of the nanoparticles in
ionic liquids has been studied by several research groups and is still the subject of controversial

4,7,8,39-41
debates.*”"%¥

Initially, the classic Derjaugin, Landau, Verwey, and Overbeek (DLVO)
theory of electrostatic colloidal stabilization was evoked to explain the ability of ionic liquid
to stabilize metal nanoparticles.* In DLVO theory, anions were considered to bind with metal
nanoparticles surface, forming an anion layer, as shown pictorially in Fig. 4.15. The
aggregation of the nanoparticles was considered prevented by the coulombic repulsion of the
between the adjacent anion adsorbed nanoparticles. This DLVO model was, however ruled out
by Finke et al.*' since, the theory was not designed to account for counterions effect with

multiple charges nor sterically stabilized systems. Therefore, an understanding of the nano-

structural organization of the ionic liquids is of prime importance for studying the interaction
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between ionic liquids and metal nanoparticles. Today, it is known that ionic liquids form an
extended hydrogen-bond networks of cations and anions connected together by hydrogen
bonds resulting in a structural organization or supramolecular network. The pre-organized
network of the ionic liquids can be used for ordering the nanoscale structure of the species.
Now, it has also been proposed that ionic liquids, in particular imidazolium-based ionic liquids,
present a polar domain formed by the head groups of cations and anions, and a non-polar
domain alkyl chain of the cations.** The polar and non-polar domain are considered to undergo
aggregation which affects their ability to interact with other species. The degree of organization
and the size of the non-polar domains in imidazolium-based ILs are reported to be dependent

on the length of the side alkyl chain. Redel et al.”>*

reported that the sizes of chromium,
molybdenum and tungsten nanoparticles were directly dependent on the size of the anions of
the ionic liquids. Metal nanoparticles were considered stabilized by the formation of anioic and

% Dupont et al.” reported that

cationic layers (core-shell) surrounding the metal nanoparticles.
the metal (iridium and rhodium) particles of smaller size can be stabilized by the anionic
aggregate, whereas larger particles may be stabilized by the cationic aggregates of the ionic
liquids. Gutel et al.”’” reported that the size of the ruthenium nanoparticles prepared by
decomposition of a neutral precursor (n*-1,5-cyclooctadiene)(n’-1,3,5-cyclooctatriene)
ruthenium (0) was determined by the size of non-polar aggregation in TFSA-based ionic liquids
composed of imidazolium cation. The size of the non-polar aggregation increases with
increasing the alkyl chain length of the cations. Pensado and coworker*® reported that
ruthenium nanoparticles of 2 nm in size in can be stabilized by the interaction between the 1-
butyl-3-methylimidazolium(C4C,im") cation and the metal surface in C4C;im’/TFSA™. Luska
et al.* described the stabilization of ruthenium nanoparticles in a series of TFSA -based ionic
liquids consisting of phosphonium cation was related to the interaction of cation and anion with
the metal surface within the supramolecular aggregate of the ionic liquid. Up to now, the ionic
aggregation in pyrrolidinium-based ionic liquids has not been revealed. Scheeren and
coworker” reported that Pt nanoparticles prepared in imidazolium-based ionic liquids
consisting of [BF4]™ or [PF¢] anions were stabilized by the enclosure of the nanoparticles by
the anions of the ionic liquids in the first shell. The second shell was consisted of the cations
of the ionic liquids. The alkyl chain of the cation was considered to be projected outward from
the surface of the ion adsorbed metal nanoparticles. Based on the previous reports, it can be
said that the enclosure of Pt nanoparticles by either cations or anions of the ionic liquids are

mainly responsible for the stabilization of the Pt nanoparticles in the ionic liquids. Figure 4.16
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shows the schematic illustration of stabilization of Pt nanoparticles in the ionic liquids. Steric
stabilization of Pt nanoparticles can be attained by the long alkyl chain attached to the
pyrrolidinium ring, impeding the nanoparticles from approaching each other in the ionic liquid,

as shown in Fig. 4.16.

4.4 Conclusions

Electrochemical preparation of Pt nanoparticles has been investigated systematically in
BMPTFSA, HMPTFSA and DMPTFSA by potentiostatic cathodic reduction on a stationary
GC electrode and GCRDE. Metal nanoparticles are considered to form by the accumulation of
the cations of ionic liquids on the electrode, which inhibit the surfaces processes of the Pt
adtoms on the electrode surface. RDE measurements showed that the average particle size is
independent of electrode potential. In the case of electrolysis using GCRDE the Pt nuclei are
considered to detach from the electrode surface to bulk immediately after being formed by
reduction of Pt(acac),. Nucleation and growth of the Pt nanoparticles were suggested to occur
in the electrode/ionic liquid interface. The nanoparticles were found to be dispersed in the ionic
liquid may due to the stabilization of Pt nuclei by the cations and/or anions of the ionic liquids
surrounding the metal nuclei. Pt nanoparticles with diameter of 2 nm (more or less) can be
obtained by electrochemical reduction of Pt(acac), at —1.8 and —2.5 V using a GCRDE at 50°C.
The current density or rotation rate have no profound influence on the average sizes of Pt
nanoparticles. The slight increase in the average particle size of Pt nanoparticles with
increasing the alkyl side chain length of the ionic liquids is indicative of dependence of the
average size on the kind of the ionic liquid. The viscosity of the ionic liquid might have an
influence on controlling the particle sizes of Pt. Smaller Pt nanoparticles were formed in the
ionic liquid with lower viscosity, suggesting faster diffusion of the Pt nuclei restricts the
aggregation of the nuclei approaching each other. Stabilization of Pt nanoparticles was
explained by the adsorption of cations and/or anions of the ionic liquids on the surface of the
nanoparticles. The crystal growth of Pt nanoparticles was suppressed due to the confinement
of the Pt nanoparticles by the ions of the ionic liquids. The Pt nanoparticles formed by
electrolysis might be separated from the ionic liquid by either simply heating with carbon
materials or adding some precipitating agent. The Pt nanoparticles prepared in the ionic liquid

are expected to be utilized in various chemical or electrochemical catalytic reactions.
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Figure 4.1 Current density observed during electrolysis on a stationary GC electrode at —1.7

and —2.5 V in BMPTFSA containing 5 mM Pt(acac),. Temperature: 130°C.
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Figure 4.2 TEM images of the nanoparticles dispersed in the electrolyte prepared by
electrolysis on a stationary GC electrode in BMPTFSA containing 5 mM Pt(acac); at (a) —1.7
V and (b) —2.5 V. Figures (c) and (d) show the electron diffraction images of the nanoparticles
obtained after electrolysis at —1.7 and —2.5 V, respectively. Temperature:130°C. EDX spectra

of the Pt nanoparticles are shown in Figs. (e) and (f).
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(a)

(b)

Figure 4.3 Schematic illustration of the electric double layer in (a) aqueous system, (b) ionic

liquids (£ = Epzc) and (c) ionic liquids (£ > Epzc).
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Figure 4.4 Size distributions of the nanoparticles obtained after electrolysis on a stationary GC
electrode in BMPTFSA containing 5 mM Pt(acac), at (a) —1.7 V and (b) -2.5 V.
Temperature:130°C.

&4



Chapter 4 | Electrochemical Preparation of Pt Nanoparticles from Pt(acac), in Ionic Liquids

Figure 4.5 Current density observed during electrolysis on a stationary GC electrode at —1.7

V in HMPTFSA and DMPTFSA containing 5 mM Pt(acac),. Temperature: 130°C.
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10 1/nm

10 1/nm

Figure 4.6 TEM images of the nanoparticles prepared by electrolysis at —1.7 and —2.5 V on a
stationary GC electrode in HMPTFSA and DMPTFSA containing 5 mM Pt(acac),. Insets of
the figures show the electron diffraction images of the nanoparticles obtained in HMPTFSA
and DMPTFSA after electrolysis at —1.7 and —2.5 V. Temperature: 130°C.
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Figure 4.7 Size distributions of the nanoparticles prepared by electrolysis at —1.7 and —2.5 V
on a stationary GC electrode in HMPTFSA and DMPTFSA containing 5 mM Pt(acac),.
Temperature: 130°C.
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Figure 4.8 TEM images of the nanoparticles prepared by electrolysis at —1.8 V on a GCRDE
in BMPTFSA containing 5 mM Pt(acac), at different rotation rates. Temperature: 50°C.
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Figure 4.9 TEM images of the nanoparticles prepared by electrolysis at —2.5 V on a GCRDE
in BMPTFSA containing 5 mM Pt(acac), at different rotation rates. Temperature: 50°C.
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Figure 4.10 Size distributions of the nanoparticles prepared by electrolysis at —1.8 V on a
GCRDE in BMPTFSA containing 5 mM Pt(acac), at different rotation rates. Temperature:
50°C.
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Figure 4.11 Size distributions of the nanoparticles prepared by electrolysis at —2.5 V on a
GCRDE in BMPTFSA containing 5 mM Pt(acac), at different rotation rates. Temperature:
50°C.
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Figure 4.12 TEM images of the nanoparticles prepared by electrolysis on a GCRDE in
HMPTFSA and DMPTFSA containing 5 mM Pt(acac), at —1.8 and —2.5 V with a rotation rate
of 1000 rpm. Temperature: 50°C.
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Figure 4.13 Size distributions of Pt nanoparticles prepared by electrolysis on a GCRDE in
HMPTFSA and DMPTFSA containing 5 mM Pt(acac), at —1.8 and —2.5 V with a rotation rate
of 1000 rpm. Temperature: 50°C.
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(a) (b)

Figure 4.14 Schematic illustration of the formation mechanism of Pt nanoparticles by
electrochemical reduction of Pt(acac); in the ionic liquids at the (a) higher reduction potential

and (b) more negative reduction potential.

Figure 4.15 Schematic representation of the electrostatic stabilization of the metal
nanoparticles. The partial positive charge shown on the surface of the metal nanocluster
resulted from the electrostatic charge mirror generated by the attraction of anions to the

nanocluster surfaces.
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<>

Steric
Stabilization

Figure 4.16 Schematic representation of the stabilization of Pt nanoparticles by the cations or

anions of the ionic liquids.
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Chapter 5

Conclusions and Perspectives

5.1 Conclusions

Electrochemical preparation of Pt nanoparticles from Pt(acac), was attempted in TFSA™
-based ionic liquids consisting of TMHA", BMP", HMP" and DMP". A plausible mechanism
of formation of Pt nanoparticles by electrochemical reduction of Pt(acac), was proposed for
the first time in ionic liquids.

Pt(acac), existed as a square-planer complex without changing its coordination in
TMHATFSA, BMPTFSA, HMPTFSA and DMPTFSA. Pt(acac), was found to be reduced to
metallic Pt in each ionic liquid. Reduction of Pt(acac), was suggested to occur with a two
electron-transfer reaction, by RDE.

Deposition of Pt was possible by potentiostatic electrolysis at a stationary GC electrode
in TMHATFSA and BMPTFSA containing Pt(acac),. On the other hand, no deposits obtained
on the electrode surface with lowering the potential was probably related to the difference in
the structure of electrode/ionic liquid interface with the electrode potential. Pt nanoparticles of
1-5 nm in diameter were formed and dispersed in each ionic liquid by cathodic reduction of
Pt(acac),. Formation of metal nanoparticles has been explained by the hindrance of the surface
process such as surface diffusion, crystallization and nucleation of the metal adatoms by the
accumulation of cations of ionic liquids on the negatively polarized electrode. The average size
of Pt nanoparticles tends to decrease with lowering the electrode potential. The size dependence
of Pt nanoparticles on the electrode potential probably related to the increase in the population
of cations of the ionic liquids on the electrode at the more negative potential. Nucleation of Pt
nuclei may occur only at the electrode/ionic liquid interface during electrolysis at the more
negative reduction potential. The difference in the nucleation and growth sites of Pt nuclei at
the different electrode potentials might bring a change in the size distributions of Pt
nanoparticles. Pt nuclei diffuse from the electrode surface or the electrode/ionic liquid interface
to the bulk and are surrounded by the cations and/or anions of the ionic liquids. The enclosure

of Pt nanoparticles by the ions of the ionic liquids may lead to a suppressed crystallization and
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growth of the nanoparticles.

Pt nanoparticles were also able to be prepared by electrochemical reduction of Pt(acac),
using a GCRDE in BMPTFSA, HMPTFSA and DMPTFSA. In the case of electrolysis using
the GCRDE in ionic liquids containing Pt(acac),, there was no significant variation in the
average sizes of Pt nanoparticles with the electrode potential. Generally, the nucleation of the
electrodeposits is considered affected by the current density. Interestingly, Pt nanoparticles
prepared by the electrochemical reduction of Pt(acac), precursor at different electrode
potentials with different current densities show an ordered size distribution of Pt nanoparticles.
In the present study, Pt nanoparticles with the average sizes of about 2 nm were obtained after
potentiostatic reduction of Pt(acac), at different electrode potentials regardless of the rotation
rates, which determined the current density. The controlled convection allows a uniform
current distribution over the electrode surface, which may contribute in formation of Pt
nanoparticles with controlled sizes and narrow size distributions.

The average sizes of Pt nanoparticles prepared using both the stationary GC and
GCRDE, tend to increase with increasing the alkyl chain length of the ionic liquid, implying
size of the of the Pt nanoparticles may be dependent on the kind of the ionic liquid. The resident
time of Pt nanoparticles in the electrode/ionic liquid interface, may be the key factor to
determine the average sizes of Pt nanoparticles, which is expected to be prolonged with an
increase in the viscosity of the ionic liquids. Thus, the viscosity of the ionic liquid might play
an important role on controlling the size of the Pt nanoparticles. Ionic liquid with lower
viscosity allows Pt nuclei to diffuse faster, hence the aggregation of the nuclei becomes limited.
Therefore, smaller Pt nanoparticles were formed in the ionic liquids with lower viscosities. The
dispersibility of Pt nanoparticles after electrolysis in each ionic liquid is probably related to the
stabilization of the nanoparticles in theses electrolytes. Stabilization of Pt nanoparticles occurs

probably due to the enclosure of the nanoparticles by the cations and/anions of the ionic liquids.

5.2 Perspectives

Preparation of Pt nanoparticles from Pt(acac), complex was confirmed in TMHATFSA,
BMPTFSA, HMPTFSA and DMPTFSA. Pt nanoparticles with high dispersibility were
obtained in the ionic liquids after electrolysis at various electrode potentials. However, the
factors which determine the size of Pt nanoparticles has not been clarified completely.
Furthermore, a detailed investigation of the effect of several electrodeposition parameters on
the size distribution of nanoparticles is necessary in order to optimize the preparation condition

of metal nanoparticles in ionic liquids. In order to verify the influence of ionic liquids on
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controlling the size of nanoparticles, a series of ionic liquid with different cations can be
introduced to prepare Pt nanoparticles.

Pt nanoparticles with the controlled and narrow size distributions were obtained as
dispersed in BMPTFSA, HMPTFSA and DMPTFSA by cathodic reduction of Pt(acac), using
a GCRDE. Pt nanoparticles were prepared at a series of rotation rates. It has been found that
the size of Pt nanoparticles prepared using the GCRDE, can be controlled within a defined
current density range. Therefore, it is expected that metal nanoparticles with well-ordered size
distribution might be prepared from various metal-acetylacetonato complex using the RDE
under controlled convection.

Pt nanoparticles are known to have high catalytic activity towards a number of
important reactions. Pt nanoparticles dispersed in the ionic liquids are considered separable by
simply heating with carbon materials or precipitating reagents like ethanol. The Pt
nanoparticles after separating from ionic liquids can be utilized as catalysts in chemical or
electrochemical reactions. On the other hand, it is known that the ionic liquids can be used as
media in various catalytic reactions. Thus, the ionic liquids containing Pt nanoparticles are also
expected to be utilized as media in various catalytic or electrocatalytic reactions.

Overall, the present study reported a facile method of preparing Pt nanoparticles by
simply reduction of Pt(acac), precursor via electrochemical means in some TFSA -based ionic
liquids in the absence of any electrostatic/steric stabilizing reagents like surfactants or
polymers. The dependence of the average size of Pt nanoparticles on the kind of the ionic
liquids, suggesting metal nanoparticles are able to be prepared with desired sizes and shapes

by the careful choice of the ionic liquid.
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