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Abstract 

Over the past 20 years, nanoparticle (NP) investigations by single entity electrochemistry (SEE) 

have become increasingly popular owing to simultaneous acquisition of both catalytic and 

dynamic NP information. Typically, NPs travel through solution under Brownian motion. When 

metal NPs randomly collide with an ultramicroelectrode (UME) they can usually be detected 

through either of two charge transfer processes: (i) complete oxidation of the NP or (ii) 

electrocatalytic amplification (ECA). In the latter, the metal NP acts as a catalytic surface lowering 

the driving force of reaction (i.e., necessary applied potential), greatly enhancing the measured 

current signal. Owing to their random motion, NPs impact the surface and then move way or are 

consumed which generates a ‘current spike’ with a characteristic profile in the recorded 

chronoamperogram (i-t curve). Herein, Pt and LiBH4 nanocrystals (NCs) prepared in 

trihexyltetradecylphosphonium bis(trifluoromethylsulphonyl)imide (P66614NTf2), an ionic liquid 

(IL), were studied at both solid/IL (UME) and soft (water|IL) micro-interfaces. Pt NPs showed 

electrocatalytic activity for borohydride oxidation reaction (BOR) and methanol oxidation reaction 

(MOR) through ECA. Also, this method was used for calculating the size of LiBH4 dielectric 

nanocrystals (NCs) by integrating the i-t curve beneath the current spikes, which compared 

favourably to NP sizes determined from TEM micrographs. 
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Chapter 1 

State-of-the-art in electrochemical stochastic impacts 

 

1.1. Single Entity Detection 

 

Single entity detection is defined as the act of studying one entity at a time;1 where an ‘entity’ 

typically means a single molecule, nanoparticle, live cell, etc. Unlike ensemble measurements, 

observing small quantities of a system individually can provide better understanding of rare 

subpopulations, hidden intermediates, and unique reaction pathways/dynamics. In ensemble 

methods, like dynamic light scattering (DLS), large entities usually overshadow the existence and 

reactivity of smaller ones and important systemic information can be lost.2 

Indeed, with recent technological advancements, this emerging field has grown to include single 

entity electrochemistry (SEE) techniques that push the lower end of the detection limit from the 

micron to the nanoscale in terms of object size. This is a promising area of research which exploits 

non-faradaic and faradaic processes for ion or charge transfer to obtain physical insight into how 

single entities behave. Resistive pulse sensing, whose earliest incarnation was the Coulter Counter 

method, is one of the pioneering examples, and nano-impact electrochemistry (NIE) is a recent 

example of SEE.1 In fact, when applied to metal and dielectric nanoparticles (NPs) these methods 

can provide information about size, charge, and catalytic properties. Two dominant SEE methods 

are reviewed below along with ionic liquids, ionic solvents which provide a novel media for SEE 
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analysis, and liquid|liquid interfacial electrochemistry, a recent platform for a host of SEE 

detection methods. The latter has only recently been applied to SEE investigations and has revealed 

fascinating new mechanistic and kinetic insights into nanoparticle interactions. 

 

1.1.1. Resistive-pulse sensing 

Resistive-pulse sensing is defined as a SEE technique for counting and sizing particles in an 

ionic solution. The earliest form of resistive-pulse sensing was the Coulter Counter method 

developed by Wallace H. Coulter.3 The Coulter principle is based on ionic current flowing through 

a pore positioned between two chambers containing electrolyte solutions. As an object (bacteria 

or live cell) passes through the pore, the ionic current is disrupted and can be measured.4 The 

degree to which the current is blocked or enhanced (Δi) is proportional to the size of the object 

occluding the orifice and was originally used to count bacteria and live cells in solution. It has 

recently been adapted for smaller and smaller objects such as in the study of NPs and biomolecules 

(see Figure 1.1). For example, in 1996, Kasianowicz et al.5 revealed the first experiment in Coulter 

Counter-based resistive-pulse sensing with the demonstration of single-stranded DNA detection 

using a biological α-hemolysin pore.   
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Figure 1.1: Cartoon of a nanoparticle (NP) blocking a pore eliciting a resistive pulse in the ionic 

current signal. 

 

In this method, increasing the speed of particle’s translocation could decrease the measurement 

sensitivity.6 For example, in nanopore-based DNA sequencing methods, the voltage is applied 

across the pore to drive the DNA molecules to enter the pore. When DNA passes through the 

nanopore, the ionic current decreases similar to resistive pulse sensing/the Coulter Counter method 

discussed above. By monitoring this current change, a specific DNA sequence can be obtained. 

Controlling the speed of DNA translocation through the pore is very challenging and often occurs 

too quickly for contemporary instrumentation to discriminate between individual base-pairs.7 The 

speed of DNA translocation depends on the viscosity of the solution. 

 Since most of the ILs have high viscosity, the translocation speed in IL would be slower 

than in other solvents. Because of that, in the past decade, ILs have been investigated for DNA 
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sequencing applications. For example, Kulkarni et al.8 in 2016 studied the effect of 1-butyl-3-

methylimizolium chloride (BMIM-Cl) IL on hetero-nucleotide sequence d(ACGT)5 translocation 

speed through a graphene nanopore compared with KCl as a conventional electrolyte. As a result, 

the distribution of BMIM+ was much higher than K+ near the nanopore. Therefore, the electrostatic 

interaction between BMIM+ and the negative charge of d(ACGT)5 could reduce the speed of DNA 

translocating through the nanopore. Also, they suggested that the speed of DNA translocation 

would be reduced by using a solid-state nanopore and viscose IL. 

    J. Feng et al.9 solved the problem of DNA translocation across two-dimensional materials 

like molybdenum disulphide (MoS2) by using an IL. An interesting outcome of their work was that 

by dissolving the 𝛌-dsDNA in BMIM-PF6 in the cis-chamber (where DNA is initially placed) and 

KCl in water in the trans-chamber (where DNA translocates to) after applying the potential, the 

motion of DNA became 10-50 times slower across the 2.8 nm MoS2 pore. They found that an 

increase in the noise during translocation may be due to electrostatic interaction between the 

cationic BMIM+ and DNA phosphates.  

 

1.1.2. Nano-Impact Method 

The nano-impact method is a novel electrochemical technique used to study single NP 

stochastic collisions at an electrode surface, typically employing an ultramicroelectrode (UME), 

i.e., an inlaid disc electrode with a diameter of <25 μm. This method is based on the Brownian 

motion of NPs. This means that NPs in solution randomly collide with the electrode surface. The 

results of these collisions can be recorded electrochemically by chronoamperometry (CA) as 

current ‘spikes’. The change in current is brought about through one of a handful of different 

electrochemical processes, including capacitive, blocking, direct faradaic, and mediated faradaic.10 
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Each electrochemical possibility is described in the following sections. However, from NP 

impacts, the size, concentration, degree of aggregation, and catalytic reactivity can often be 

obtained. Moreover, this method can provide a useful way to study electrocatalysis at single metal 

NPs.   

 

1.1.2.1. Direct Faradaic Collision 

In this mechanism, the particle is oxidized or reduced at the electrode and during this redox 

reaction electrons transfer between the particle to the electrode. If one assumes complete 

oxidation/reduction of the particle, then the size of the particle can be calculated as a function of 

the amount of charge transferred since,  

            (1.1) 

Then the total charge transferred (Q) can be determined. Next, by assuming that the particle 

geometry is perfectly spherical, the radius of the particle (rNP) can be obtained from the following 

equation,10-12 

                                                                                                   (1.2) 

where ρ, n, Mw, and F are the density, number of electrons transferred, molecular weight of the 

material composing the NP, and Faraday’s constant, respectively.  

For example, Tanner et al.13 in 2016 studied the effect of chloride ion on the direct oxidation of 

silver NPs in 1-butyl-3-methylimizolium tetrafluoroborate ([BMIM][BF4]) through the nano-

dQi
dt

dQ idt

Q idt

=

=

= ò

34
NP3

w

r n FQ
M

p r
=
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impact method. They accelerate Ag oxidation by adding Cl– and compared the electrochemical 

sizing of Ag NPs with the SEM method and found excellent agreement between the two methods. 

This is a critical finding as electrochemical methods are easier and cheaper to employ, while SEM 

techniques require specialized training, sampling methods, and high cost of operation. A similar 

study was also performed using Au NPs, in 2012.14 They determined the Au NP impacts at a glassy 

carbon electrode (GCE) with an anodic particle coulometry method in the presence of acidic 

solvents. By measuring the current transient of Au NP oxidation impacts at a GCE and from cyclic 

voltammetric (CV) records, they found that AuCl!" and AuCl#" complexes were the main 

contributors to the oxidative transient. Therefore, this method was not only used for detecting the 

size and number of NPs but was also used to study the mechanism of NP oxidation.  

 

1.1.2.2. Meditated Faradaic Impacts 

Meditated faradaic impacts, also known as electrocatalytically amplified (ECA) impacts, are 

when the particle acts as an electrocatalyst; however, unlike the direct faradaic collision, they are 

not consumed during the reaction. This can result in 10× or 20× current enhancement as the NP 

collides with the UME surface. 

For example, Xiao et al.15 in 2007 used the ECA method for observing electrochemically the 

collisions of Pt NPs at a carbon fiber (CF) UME. Pt NPs electrocatalyzed the reduction of protons 

to H2(g). The diagram in Figure 1.2 shows the characteristic movement and associated signal as 

NPs in solution (A) collide with the electrode surface (B), then act as electrocatalysts mediating a 

redox reaction which generates a sudden current increase. Then, as they diffuse away from the 
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electrode surface (C), this results in an exponential decay in the i-t profile. In this way, information 

can be gained about the dynamics and kinetics of the process at the single-particle level. 

Although ECA is a powerful method to study the electrocatalytic behaviors of NP, it is also 

used to detect other aspects of electrochemical properties of NPs. For example, Fernando et al.16 

in 2013 expanded the ECA method to the detection of TiO2 NPs by exploiting the 

photoelectrochemical properties of anatase. They considered photooxidation of MeOH by TiO2 

NPs at Pt UME to observe the photogenerated electron mechanism. 

 

 

 

 

Figure 1.2: Schematic of the effect of electrocatalytically amplified impact events. NPs travel 

through the solution (A) and randomly collide with the electrode surface (B). They act as 

electrocatalysts for redox reactions and leave the surface (C). 
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1.1.2.3. Capacitive Impact 

In the case of capacitive impacts, the electron transfers through two ways: electrolyte interface 

and particle impact’s charging. In both, there is no redox reaction; however, the charge distribution 

at the interface is changed and is in essence a non-faradaic process. If a NP is absorbed at a 

liquid|liquid interface, it disrupts the back-to-back double electric layers.17 For example, 

Stockmann et al.18 studied LiBH4 nanocrystal (NC) stochastic impacts at a water|ionic liquid 

micro-interface. They proposed that NCs absorbed at the interface and generated the capacitive 

response either through H2 bubble formation via hydrolysis of LiBH4 or directly through NC 

adsorption. Also, Poon et al.19 by using the nano-impact method, studied graphene NPs (GNPs) at 

cylindrical carbon fiber wire and they observed spikes in the i-t curves in response to capacitive 

impact of GNPs. From the GNPs impacts, they determined the potential of zero charge and 

diffusion coefficient of GNPs. 

 

 

1.1.2.4. Blocking Impact 

In the blocking impacts mechanism, the particle collides and binds to the electrode surface 

inhibiting any redox processes from taking place. In this way, these types of NPs are non-

conductive/non-reactive and essentially shield or deactivate the electrode surface. If redox 

reactions are taking place at the UME, blocking particles will inhibit this process and decrease the 

observed current until the particle is consumed or leaves the electrode. 

In 2004, Lemay et al.20 used ferrocene methanol (FcCH2OH) as a redox mediator at a Au UME 

in the presence of carboxylated latex beads. By biasing the potential above FcCH2OH’s oxidation 
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potential a steady state current was generated. As polymer beads adsorbed onto the Au UME 

surface, its reactive surface area was slowly decreased and periodic drops in the observed i-t 

profile, or current steps were recorded. Beads effectively blocked mass transport of FcCH2OH to 

the surface. 

 

1.2.  Ionic Liquid 

Ionic liquids (IL) are defined as salts with melting points below 100°C and are typically 

composed of large organic cations and anions. Exact estimation of when IL was discovered is 

impossible because the definition of what is an IL has been changed over the years. In many 

sources in the literature,21-22 the first IL was thought to have been synthesized in 1927. During the 

Friedel–Crafts reactions, an organic liquid salt was synthesized and comprised of a carbocation 

with tetracholoroaluminate anions. 

 

1.2.1.1. Properties of ILs 

IL properties are tied to their structure and the pairing of different anions and cations together.23 

Long-range Coulombic interactions combined with hydrophobic, van der Waals, and other 

intermolecular interactions provide a holistic view of IL fluidic properties. Most ILs exhibit high 

viscosity and a low melting point;24 however, they also have high thermal stability, high electrical 

conductivity, and low vapor pressure, all of which are strongly dependent on their anion and cation. 

For example, Pringle et al.,25 in 2013, studied the physical properties of a room temperature IL 

(RTIL) with bis(trifluoromethanesulfonyl)imide (NTf2–) as a fluorinated anion. As a result, they 



 

10 

 

found that fluorinated anions increase viscosity, as well as thermal and electrochemical stability 

of RTIL. 

Besides, some anions are commonly cited as a reason for hydrophobic ILs. In Figure 1.3 a few 

common anions that produce hydrophobic ILs are shown. These kinds of ILs are famous for use 

as solvents in dehydration reactions,26 and moisture- sensitive reactions. 

 

 

Figure 1.3: Some commons anions producing hydrophobic ionic liquids. 

 

During this research program, the tetraalkylphosphonium-based IL (P66614NTf2) was used 

because it is hydrophobic but also has a reasonable viscosity at room temperature, while being 

highly electrochemically stable. Its structure is shown in Figure 1.4. 

Stockmann et al.27 in 2012 measured the density, viscosity, and conductivity of both 

trihexyltetradecylphosphonium tetrakis(pentafluorophenyl)borate (P66614TB) and P66614NTf2 and 

compared these values with those obtained using cyclic voltammetry (CV) and 

ferrocene/ferrocenium (Fc/Fc+) redox couple at varying temperatures. The results showed that by 
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increasing the temperature from 25 to 90 °C the viscosity was reduced from 332.3 to 36.3 mPa s 

for P66614NTf2 and from 179993.8 to 245.7 mPa s for P66614TB. 

 

 

 

Figure 1.4: Chemical structure of P66614NTf2. 

 

1.2.1.2. Applications of ILs 

1.2.1.2.1. ILs for Synthesis the Metal NPs 

In the past 20 years, ILs have attracted much attention as solvents for the preparation of metal-

NPs for different catalytic reactions. Overall, the low interfacial tension in ILs generates highly 

monodisperse NPs. The cations and anions that constitute an IL form an electrostatic shell around 

the NP, preventing NP aggregation.28 For example, Rossi et al.29 in 2004 synthesized RuO2 NPs 

with diameters averaging 2.4±0.5 nm by dissolving RuCl3 in an imidazolium IL [BMI.PF6] and 

using NaBH4 as a reducing agent. They found that the resulting RuO2 NPs could act as recyclable 

solid catalysts to hydrogenate C=C bonds under mid conditions. 
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Also, Dupont et al.30 used the same IL to synthesize Ir NPs by employing ligand reduction to 

enhance the biphasic and hydrogenation of various olefines. TEM imaging showed that the Ir NPs 

were ~2 nm in diameter. 

 

1.2.1.2.2. ILs in Electrochemistry 

In addition, some ILs can dissolve both organic and inorganic components. This feature turns 

ILs into ideal solvents for homogeneous catalysis. 31-32  

Because of their high conductivity, wide thermal stability, and a large window of 

electrochemical stability, ILs are known as suitable electrolytes for electrochemical applications 

like rechargeable batteries and energy storage devices.33 For example, using an IL as the electrolyte 

in lithium-based batteries increases the cycling stability and decreases flammability. Aluminum-

based batteries using aqueous electrolytes suffer from aluminum hydroxide formation on the Al 

surface, so ILs could be a suitable alternative for the aqueous electrolyte.34 

 

1.3. Liquid|Liquid interface vs. Solid|Liquid Interface 

 

Many electrochemical techniques employ solid/electrolyte interfaces to study a range of charge 

transfer processes. This history dates back 150 years, when Helmholtz35 introduced the double 

layer phenomena, i.e., the water and supporting electrolyte structure at the solid 

electrode/electrolyte surface.36 

Solid electrodes are used in a broad range of electrocatalytic mechanisms. For example, 

recently, Su et al.37 demonstrated the single Ni atom electrocatalytic mechanism for oxygen 
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reduction reaction using operando synchrotron spectroscopies at solid|liquid interface. Single Ni 

atoms released from the electrode surface formed isolated-zigzag Ni$
(!"&)(N! active site that could 

catalyze oxygen reduction reaction.  

In 1970, Gavach et al.38 showed that the liquid|liquid interface can be polarized as well as the 

electrode|electrolyte interface. The liquid|liquid interface, also known as an interface between two 

immiscible electrolyte solutions (ITIES), can be between water|oil (w|o). In the past 20 years, the 

ITIES has found many applications in extraction processes, chemical sensing, and the detection of 

ionic species. In contrast to the solid|electrolyte interface, both electron transfer (ET), ion transfer 

(IT), and facilitated ion transfer (FIT) processes can be studied at the liquid|liquid interface (Figure 

1.5).  

 

 

Figure 1.5: Schematic representation of ET, IT, and FIT at liquid|liquid interface. At the ITIES, 

the electron or ion can be transferred across the liquid|liquid interface (ET and IT). In some cases, 

the ion, after transferring, forms an ion-complex (FIT). 
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1.4.  Scope of the Thesis 

Since NPs play increasingly vital roles in human life, the study of NP behavior is important. 

SEE is a powerful method to detect and characterize NPs as well as evaluate their dynamic 

behaviour. The goal of this work was to investigate electrochemical interactions of single Pt NP at 

both hard and soft interfaces within an IL. 

In Chapter 2, the synthesis of tiny and low dispersity Pt NPs in P66614NTF2 IL as solvent and 

LiBH4 as reducing agent is demonstrated. Also, experiments of 1.2 M LiBH4 dissolved in 

P66614NTF2 at a CF UME provide evidence of the presence of LiBH4 nanocrystals (NCs). The size 

of the NCs was determined through the faradaic nano-impact method by assuming that all LiBH4 

NCs were completely oxidized at the CF UME surface. In addition, the electrocatalytic behavior 

of Pt NPs for BH4 oxidation reaction (BOR) in IL is also described. 

In Chapter 3, preliminary investigations of LiBH4 NC and Pt NP impacts at a micro liquid|liquid 

interface are described. By measuring the current with time for Pt NPs-IL solution in the presence 

of LiBH4, Pt NP catalytic pathways are proposed for both BH4– as well as CH3OH oxidation.  

Finally, Chapter 4 a summary of the results and a perspective of NP investigations in an IL 

medium at both solid|solution and IL|water interfaces is presented. 
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Chapter 2 

Single entity electrochemical detection of as-prepared metallic and 

dielectric nanoparticle stochastic impacts in a phosphonium ionic 

liquid 
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2.2. Introduction 

In its simplest form, and as recently described by Baker,1 single entity electrochemistry (SEE) is 

the act of studying/detecting one “entity” at a time using electrochemical means and has become 

of increasing interest owing to the technological developments in low current instrumentation. 

“Entities” in this case encompasses a broad range of materials on the molecular, micron, and 

nanoscale,1, 2 including metal3 and inorganic nanoparticles (NPs);4-8 biomolecules9-12 and live 

cells/bacteria;13-15 vesicles;16 and single molecules.17-19 SEE investigations have expanded from 

the usual solid electrode/electrolyte interface, often performed using a nano or ultramicroelectrode 

(UME),20 and now include soft, liquid|liquid interfaces.4, 5, 21-23 

Metal and dielectric NPs, however, are of interest owing to their unique catalytic5 and optical24-

27 properties. Movement of metal and dielectric NPs through solution under Brownian motion 

results in stochastic impacts at the UME surface which are recorded as ‘spikes’ typically in the 

current-time (i-t) domain, i.e., with chronoamperometry (CA). The change in current can be owing 

to capacitive, blocking as well as direct or mediated faradaic processes.2 In the latter two, direct 

faradaic impacts can lead to the consumption/dissolution of the NP through an oxidative/reductive 

process,28 while for mediated faradaic impacts the NP remains unchanged; however, it behaves as 

a site for electrocatalyzing a heterogeneous reaction. Xiao et al.3 reported one of the first cases of 

the latter, electrocatalytic amplification (ECA) of Pt NPs impacting a carbon fibre (CF) UME and 

catalyzing the H2 evolution reaction (HER). The frequency of NP impacts can also be linked to 

the concentration of NPs in solution. 

Later, Compton’s29 and Kanoufi’s4 groups investigated NP impacts within an ionic liquid phase 

(IL). ILs are molecularly large organic salts with melting points below 100°C that can enhance 
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catalysis. They are also excellent media for growing small (<20 nm diameter) and low dispersity 

(<±2-5 nm) NPs30-32 and have numerous advantageous physicochemical properties, e.g., high 

thermal and electrical stability, that make them highly desirable, designer solvents.30 Tanner et 

al.’s study of NP impacts employed a hydrophilic imidazolium based IL with the Ag NPs prepared 

and modified in an aqueous solution, then transferred to the IL phase.29 Ag NPs were detected via 

direct faradaic electron transfer; whereby, addition of chloride ions enhanced Ag NP oxidative 

dissolution to Ag+. NPs are often prepared in an IL using lithium borohydride (LiBH4) as a 

reducing agent30, 31, 33 and lack capping agents which can enhance their reactivity. However, 

Kanoufi’s group4 showed the presence of LiBH4 nanocrystals (NCs), which formed from residual 

LiBH4 after the tetrahydrofuran (THF) molecular solvent, used to deliver the LiBH4, was removed 

under high vacuum with heating. NCs were detected by capacitive impacts at an immiscible 

aqueous|IL micro-interface.4 Similarly, Banerjee et al. demonstrated that excess LiBH4 likely 

helped stabilize metal NPs for long-term storage; however, it also behaved as a catalyst.33 LiBH4 

is also of interest as an inorganic, solid-phase hydrogen storage alternative and in direct 

borohydride fuel cells via the 8e– borohydride oxidation reaction (BOR).34 Therefore, the 

electrocatalytic contribution of both LiBH4 NCs and Pt NPs within an IL is of significant interest. 

These studies also highlight the need to understand the fundamental role that additions of 

molecular solvents to the IL phase play in solubility, chemical reactivity, and catalysis. ILs have 

been shown to possess a supramolecular structure with contact ion pairs or aggregates of IL ions.35-

38 Indeed, Bryant et al. recently proposed that ion aggregates act as templating regions for NP 

synthesis within ILs.38 

Herein, LiBH4 NCs as well as Pt and Au NPs were prepared in a tetraalkylphosphonium IL, 

trihexyltetradecylphosphonium bis(trifluorosulfonyl)imide (P66614NTf2). NC and NP impacts were 
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recorded at a CF-UME. In the former, NC oxidation was shown to be aided by additions of THF, 

which is hypothesized to enhance the mobility of NPs and NCs as well as solubilize LiBH4 and its 

oxidation products. This likely occurs by reducing the overall viscosity of the IL phase, but also 

by disrupting its supramolecular fluidic nature. Pt NPs were shown to electrocatalyze the BOR 

through ECA impacts. 

2.3. Theory 

 

 

Figure 2.1: Illustration of the 2-dimensional, axial symmetric geometry employed within the 

Comsol Multiphysics Software as described by the dashed line. The boundary conditions are 

indicated along the outside edges, such that the glass sheath surrounding the carbon fibre was 

considered insulating, while the outside boundaries were ‘concentration’ to represent the 

continuous solution. The electrode surface boundary contained the equations for Butler-Volmer 

kinetics for ferrocene (Fc) oxidation/reduction. 
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Simulations were performed using Comsol Multiphysics Software (version 5.6) employing finite 

element method in a 2-dimensional, axial symmetric geometry. The geometry has been described 

in detail elsewhere39 and is shown schematically in Figure 2.1. However, briefly, the simulation 

consisted of one domain in which diffusion was calculated assuming Fick’s laws as per, 

      

        (2.1) 

 

 Where  and  are the diffusion coefficient and concentration of species i with charge z and 

 is the Laplacian operator presented in cylindrical coordinates. The heterogeneous electron 

transfer reaction (equation 2.1) at the electrode boundary was defined using Butler-Volmer kinetics 

with rate constants kf and kb for the forward and backward reaction detailed by equations 2.3 and 

2.4, respectively, 

          (2.2) 

        (2.3) 

        (2.4) 

Where k° is the standard rate constant, α is the transfer coefficient, while f = nF/RT who are the 

usual thermodynamic constants with n = 1 electrons transferred. A quasi-reversible k° of 10–5 m s–
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throughout unless otherwise indicated. Eappl. and E°′ are the applied potential, which was a 

triangular wavefunction,40 and the standard redox potential for the Fc+/Fc redox couple – assumed 

to be 0.6 V vs. the quasi-RE employed in the IL phase. The current at the electrode boundary was 

calculated by, 

        (2.5) 

A triangular mesh was employed and optimized for an ideal case verified against the theoretical 

steady state current (iss) from equation 2.6 (described below) with k° = 1 m s–1, α = 0.5, = 1 mM, 

and DFc = 10–9 m2 s–1, until the simulated iss varied by <0.1% versus the theoretical one. 

2.4. Results and Discussion 

Figure 2.2A dashed, purple and solid, red traces depict the initial cyclic voltammograms (CVs) 

recorded in 1.2 M LiBH4 dissolved in P66614NTf2 using either a 25 μm diameter Pt or 7 μm 

diameter carbon fibre (CF) inlaid disc ultramicroelectrode (UME), respectively. In both cases, 

there is a large irreversible anodic wave with onset potentials at roughly 1.0 and 1.7 V (vs. quasi-

RE) at Pt and CF UMEs, respectively, that is not present in the absence of LiBH4 (black, dashed 

curve in Figure 2.2A); therefore, this response is likely the borohydride oxidation reaction (BOR). 

Assuming a hemispherical diffusion regime where the magnitude of the steady state current (iss) 

for an inlaid disc electrode is described by,41, 42  

           (2.6) 

where rd is the electrode radius, n is the number of electrons transferred, F is Faraday’s constant, 

Dj is the diffusion coefficient of species j, and  is the initial/bulk concentration of species j. Thus, 
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one can calculate the expected iss assuming a modest diffusion coefficient for BH4– in P66614NTf2 

of 1×10–11 m2 s–1 to be 16 and 57 nA at the CF and Pt UME, respectively. The latter is in fair 

agreement with the anodic steady state curve in Figure 2.2A; however, the CF UME response is 

much lower than expected and peak-shaped. While BOR is a multi-step process that is highly pH 

dependent, the overall reaction can be described generally by equations 2.7 and 2.8 in the case of 

direct oxidation or hydrolysis, respectively,4, 43-45 

LiBH4 + 8OH– → LiBO2 + 6H2O + 8e–       (2.7) 

LiBH4 + (2+x)H2O → LiBO2∙xH2O + 4H2      (2.8) 

Moreover, it has been shown that solubility within an IL is enhanced when the solute is a 

salt/ionic and shares a common ion with the IL, or suppressed if it does not.46 Additionally, the 

viscosity of P66614NTf2 was observed to be higher qualitatively in the presence of LiBH4. 

Moreover, as previously shown by Kanoufi’s group using Back-Absorbing-Layer-Microscopy 

(BALM),4 the LiBH4 oxidation products deposit onto the surface of the electrode and are likely 

insoluble themselves, passivating the electrode.  

During borohydride oxidation at the Pt UME, a cross-over event was recorded in the CV during 

the return, cathodic scan at ~2.6 V (Figure 2.2A). Such events are common in fuel cell 

investigations using Pt based anodes where large overpotentials often lead to oxidation of surface 

bound carbon monoxide, afterwards, and during the return scan, the Pt surface is free of -CO 

making the electrode more electrocatalytically active.47-49 Previous reports have also recognized 

that Pt electrodes and NPs are good electrocatalytic surfaces for BOR.4, 43, 44 However, no current 

enhancement was observed at the Pt UME. Both the lack of a steady state current profile at the CF 

UME and absence of current enhancement at the Pt UME can be explained by a passivation 
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mechanism caused by the borohydride oxidation products. This mechanism likely also explains 

the unconventional shape of the i-V response recorded at the Pt UME. 

Figure 2.2A(a) also shows the CV responses for the second and third scans (green and blue traces, 

respectively) at a CF UME immersed in 1.2 M LiBH4 in P66614NTf2. With successive scans the 

borohydride oxidation peak at roughly 2.5 V (vs. quasi-RE) decreases which agrees with an 

electrode surface being passivated. Figure 2.2A(b) shows magnified plots of the third scan in the 

presence so LiBH4 as well as the dashed, black trace without LiBH4 added. These data could also 

suggest that the local concentration of LiBH4 in the vicinity of the UME is irreversibly oxidized 

and consumed. This may be due to the high viscosity50 of the IL or alternatively, as discovered 

recently by Kanoufi’s group,4 LiBH4 could be sequestered as nanocrystals (NCs) within the IL 

phase. 

Therefore, the lack of catalytic current enhancement at the Pt UME and the peak-shaped wave 

and lower-than-expected current response at the CF UME are likely due to two factors: (i) the 

generation of LiBH4 oxidation products that passivate the electrode surface, and (ii) LiBH4 being 

bound as NCs lowering the dissolved BH4– concentration. 

The voltammetric response of 5 mM ferrocene (Fc) dissolved in P66614NTf2 in the presence of 

1.2 M LiBH4 is shown in Figure 2.2B, where the red, blue, and green curves are for the first to 

third scan, while the black, dashed curve is in the absence of LiBH4. In the absence of LiBH4, the 

Fc+/Fc redox response is reversible and during the anodic scan follows a steady state current 

response. For simplicity, the potential scale in Figure 2.2B has been referenced to the Fc redox 

couple (Fc+/Fc).51, 52 The large peak-shaped response in the presence of LiBH4 in scan 1 that 

decreases in magnitude with subsequent scans is likely owing to the re-reduction of Fc+ to Fc by 

dissolved BH4– nearby the electrode surface through an EC′ mechanism (see Figure 2.2C, E = 
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electrochemical and C′ = catalytic). Again, LiBH4 oxidation products (e.g., LiBO2) passivate the 

electrode surface resulting in a peak-shaped wave during the initial scan and a decrease in the 

current signal with subsequent scans.  

 
 

Figure 2.2: (A, a) Cyclic voltammograms (CVs) recorded using an inlaid disc ultramicroelectrode 

(UME) in P66614NTf2 with 1.2 M LiBH4; the purple, dash-dot curve was performed using a 25 μm 

diameter Pt UME (first scan), while all other CVs were recorded using a 7 μm diameter carbon 

fibre (CF) UME, including the 1st to 3rd scans as indicated inset. (b) Contains magnified plots of 

the 3rd scan at a CF UME and the black, dashed curve that was measured without LiBH4 added 

from (a). (B) CVs obtained using 5 mM ferrocene (Fc) in P66614NTf2 in the presence of 1.2 M 

LiBH4 for the 1st to 3rd scans (red, blue, and green curves, respectively), as well as without LiBH4 

(black dashed line) using a CF UME; red arrow indicates the 1st scan plotted against the right-axis. 
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(C) EC′ (E = electrochemical, C′ = catalytic) mechanism of Fc re-reduction by BH4– in the vicinity 

of the UME during the i-V scans depicted in Figure 2B. (D) CV response with 1.2 M LiBH4 in 

P66614NTf2 after addition of 40 μL of THF in air. A scan rate of 0.050 V s–1 was used throughout; 

black, solid arrows indicate scan direction, while the dashed, purple and solid red arrow indicates 

the axes plotted against. 

 

After addition of 40 μL of THF to 1 mL of the 1.2 M LiBH4 in P66614NTf2 solution (Figure 2.2D), 

current oscillations could be observed beginning at ~1.0 V (vs. quasi-RE) during the forward, 

anodic scan. It was hypothesized that these could be owing to LiBH4-NC impact events that were 

made possible by THF either lowering the overall viscosity of the IL phase or enhancing the 

solubility of LiBH4 and LiBO2 by disrupting the IL supramolecular structure. To quantify the 

change in viscosity (η) the Stokes-Einstein equation was used along with Fc dissolved in the IL 

phase, 

                           (2.9) 

where kB is the Boltzmann constant (1.381×10–23 J K–1) and rj is the hydrodynamic/spherical radius 

of the electroactive/solute species, in this case, Fc. The hydrodynamic radius is affected by 

numerous factors, such as solvent effects;53 however, as a first approximation the value determined 

by Compton’s group (~0.32 nm),54, 55 which is near the crystallographic radius (0.27 nm) of Fc 

was employed.56 With this in mind, the system was monitored using cyclic voltammetry and 

chronoampermetry where the latter were fit using the following function developed by Shoup and 

Szabo,50, 57 
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      (2.10) 

Where t is time and τ is a dimensionless coefficient. 

Figure 2.3A-C shows the CVs obtained after 0, 40, and 100 μL additions of THF to 1 mL of IL; 

inset in Figure 2.3A is an example of the CA recorded by applying a potential step from 0 to 1.0 V 

(vs. quasi-RE) and curve fit using equation 2.10. 

 

  

 

 

Figure 2.3: Red traces are CVs recorded using a CF UME (rd = 3.5 μm) immersed in 1 mL of 

P66614NTf2 containing 10 mM of Fc at a scan rate of 0.020 V s–1 with no THF added (A) and after 

( )
( ) 1/2

*

1/2 0.7823

2

4

0.7854 08863 0.2146
4

j j d

d

I nFD c r f

f e
Dt
r

t

t

t t

t

-- -

=

= + +

=



 

30 

 

40 (B) and 100 μL (C) additions of THF. Inset in (A) is an i-t potential-step from 0 to 1.0 V (vs. 

quasi-RE). Black dashed traces are simulated responses according to the Comsol program 

described in above while changing  and  as detailed in Table 2.1.  

 

CVs in Figure 2.3 show a sigmoidal wave during the anodic scan which is indicative of radial 

diffusion to the inlaid disc UME; however, at low THF volumetric additions the backward cathodic 

scan has a peak-shape. It has been shown that asymmetries frequently arise in the diffusion 

coefficients between the oxidized and reduced forms even in molecular solvents. Martin and 

Unwin demonstrated that chronoamperometric recordings during scanning electrochemical 

microscopy (SECM) probe approach curves can be sensitive to unequal diffusion coefficients in 

relatively low viscosity molecular solvents like acetonitrile.58 These results were later extended to 

IL/electrode interfaces in which the magnitude of the difference in Dj between oxidized and 

reduced forms can increase dramatically.59, 60 Indeed, these data are similar to those observed by 

Buzzeo et al.60 for one e– reduction of O2 [𝑂! + 𝑒" ⇌ 𝑂!"] in an imidazolium and 

tetraalkylammonium IL in which  was determined to be two orders of magnitude greater than 

, i.e., 1.48×10–10 m2 s–1 vs. 4.66×10–12 m2 s–1, in the latter, tetraalkylammonium IL. To achieve 

the peak-shaped response during the backward, cathodic scan,  was set to an order of 

magnitude smaller than  in the Comsol simulation, e.g., 0.03 and 0.39×10–10 m2 s–1 for and 

, respectively. Table 2.1 provides a list of the results from the voltammetric and 

chronoamperometric investigation of the Fc+/Fc redox couple including, iss obtained from the 

anodic CV scan, the diffusion coefficients calculated using equation 2.9 (D-iss), D determined from 
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curve fitting the chronoamperogram (CA) using equation 2.10 (Shoup and Szabo[57]), as well as 

and  optimized from overlays of simulated CV curves onto the experimental ones (see 

Figure 2.3 dashed curves). The values of  where in good agreement across the three different 

methods. η was calculated for each THF addition using and  determined from the 

simulation. Interestingly, η calculated using for no THF added is very close to the previously 

measured viscosity of P66614NTf2, 332.3 mPa s,50 and close to the manufacturer listed value. 

Nevertheless, these data provide a semi-quantitative measure of the change in viscosity with small 

additions of a polar organic solvent; whereby, after a 1% (v/v%) addition, the viscosity of the 

mixture has decreased by 50% vs. the IL alone, while after 10% (v/v%) addition, the viscosity has 

decreased 85%.  

  

FcD Fc
D +

FcD

FcD Fc
D +

Fc
D +
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Table 2.1: Results from the Fc+/Fc voltammetric/chronoamperometric and computational 

investigation shown in Figure 2.3. Here, iss refers to the experimental steady state current for Fc 

oxidation for each volume of THF added to the 1 mL solution in P66614NTf2. Diffusion coefficients 

were determined using the experimental steady state current (D-iss) and curve fitting of the i-t 

response with the method by Shoup and Szabo,38,58 as well as from the Comsol simulation (sim.) 

for both Fc and Fc+ as indicated. Viscosity (η) was calculated using the Stokes-Einstein equation 

as described in the main text using both DFc and  obtained from the simulated CV overlays. 

 

Fc
D +
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Figure 2.4: Chronoamperograms (CAs) performed at 1.5 V (vs. quasi-RE) using a CF UME (7 μm 

diameter) with 1.2 M LiBH4 in P66614NTf2 as well as with 0, 20, and 40 μL of THF added for panels 

A-C in air. Inset are magnified segments of the respective i-t response curves. [D] Histogram of 

rNC calculated using equation 2.11 and the integration of the peaks in the i-t response curves from 

panel B 20 μL injection of THF. The red trace is the product of a Gaussian curve fitting. 



 

34 

 

 

To further investigate the presence of NC impact events, CAs were recorded in P66614NTf2 

solutions of 1.2 M LiBH4; Figure 2.4 depicts the i-t curves obtained with 0 (A), 20 (B), and 40 μL 

(C) of THF added to the IL phase when exposed to air. Without THF added, no current oscillations 

were observed and the root mean square (rms) of the noise, ±0.197 pA (Figure 2.4A, inset), could 

be determined; see the Appendix A for details on rms calculation. However, after addition of 20 

or 40 μL, the frequency (f) of the proposed impacts increased. Within the first 60 seconds an f = 

2.0 s–1 was observed, which shifted to 0.4 s–1 in the region of 60-120 s for the 20 μL THF addition. 

This agrees with the passivation of the electrode surface described above by the borohydride 

oxidation products. In between THF additions the UME was removed and polished using alumina 

oxide polishing pads. The frequency showed little change with subsequent additions of THF, 1.15 

versus 1.2 s–1 over the 120 s pulse duration for the 20 and 40 μL additions, respectively. The 

relatively constant frequency is likely owing to the highly dynamic environment and reactivity of 

the NC; whereby, as they decrease in size, more LiBH4 becomes solubilized and the effective NC 

concentration decreases counteracting any increased mobility the NC gain as their average radius 

(rNC) decreases. While speculative, this could be confirmed by in situ optical monitoring; however, 

this is beyond the scope of the present work. By integrating the i-t transient of each impact event, 

the charge transferred (Q) can be calculated and is related to rNC, assuming they are perfectly 

spherical,2, 4, 28, 61 by, 

           (2.11) 

where n was assumed to be ~8 based on equation 2.7, ρ is the density of LiBH4(s) (0.666 g cm–

3), and Mw is the molecular weight of LiBH4 (21.84 g mol–1). In this way, the histogram in Figure 
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2.4D, was obtained for the 20 μL THF addition. The rNC distribution was fit using a Gaussian 

equation which had a peak at 7.1 nm and represents the average NC radius. A subsequent addition 

of THF (40 μL total) resulted in a decrease in the average rNC to roughly 5.7 nm (data not shown). 

Since the reaction vial was exposed to air, it is likely that the NCs were slowly being oxidized and 

reduced in size through homogeneous reaction with adsorbed atmospheric water. 

  

 

Figure 2.5: Magnified CAs illustrating peak-shape and duration from Figure 2.4 for 20 (A) and 

40 μL (B) additions of THF. 

 

Figure 2.5A and 2.5B show further magnified images of the CA curves from Figure 2.4 to 

illustrate further detail of the impact events. Typical impacts lasted between 0.020 s and 0.850 s 

with an average duration of ~0.112 s, which is well above the instrumental sampling 

interval/frequency of 800 μs/1250 kHz employed throughout.  

Next, NP and NC in IL samples were imaged using TEM as described above. Figure 2.6A shows 

the TEM micrograph obtained after PtCl2 reduction by LiBH4 in P66614NTf2, and contains small 



 

36 

 

(~2.2 nm diameter), spherical Pt NPs which were of low dispersity. This Pt NP radius was used to 

calculate [Pt NP] assuming 100% conversion of PtCl2. Figure 2.6B however, shows the larger 

LiBH4 NCs present if the sampling solvent is carefully deoxygenated and sampled under inert 

atmosphere. LiBH4 NCs were roughly spherical and averaged 5.1 nm in diameter, i.e., rNC = 

~2.6 nm. Histograms of the NC diameter distribution have been shown inset in Figure 2.6 The 

LiBH4 NC radii observed using TEM are roughly half that calculated using the oxidative, 

electrochemical impact analysis. This is likely owing to the highly reactive nature of the LiBH4 

NCs in molecular solvent and when exposed to water. Thus, some NCs are reduced in size during 

transfer to the TEM grid and their size is highly dynamic. These values are in fair agreement with 

those reported by Kanoufi’s group,4 i.e., ~10 nm in diameter by TEM. 

 

 

 

Figure 2.6: TEM micrographs of [A] Pt NPs and [B] LiBH4 NCs. Inset are histograms of particle 

size distribution. 
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Moving forward, Figure 2.7 shows CAs recorded using a CF UME in the presence of varying 

concentrations of Pt NPs: 3.2×1016, 1.0×1011, and 1.3×1010 NP cm–3, for panels A-C, respectively. 

In all cases there was an effective concentration of lithium borohydride, [LiBH4]eff ≈ 1.2 M. With 

Pt NPs present, current spikes were observed without needing to add THF, and the frequency of 

impacts increased concomitantly with Pt NP concentration; however, again, the frequency 

decreased with time. Using the viscosity of P66614NTf2 (332.3 mPa s)50 and the Stokes-Einstein 

relationship the diffusion coefficient (DNP) of the Pt NPs was calculated, which in-turn was used 

to estimate the frequency (f) of impacts to an inlaid, planar UME by,2, 61 

           (2.12) 

where rd is the radius of the CF UME (3.5 μm) and cNP is the NP concentration. In this way, the 

calculated frequencies at cNP = 1×1011 and 1.3×1010 NP cm–3 were 0.78 and 0.09 s–1, while the 

experimentally observed values were 0.67 and 0.05 s–1, respectively. While these values are in 

good agreement, the lower-than-expected experimental values agree with the proposed electrode 

passivation by LiBH4 oxidation products. These data, combined with previous reports for Pt 

electrocatalysis of BOR, indicate that the current spikes in Figure 2.7 are likely Pt NP stochastic 

impacts.  

Figure 2.8 shows plots of the peak intensity (A) and duration (B) against their time of 

occurrence/location within the CA curve for [Pt NP] = 1.03×1011 Pt NP cm–3 (Figure 2.7B). The 

frequency of impacts decreases with time, along with the peak intensity; however, the duration of 

impact events remains high. These data agree with the proposed passivation mechanism that limits 

Pt NPs reactivity with each impact event. Inset are histograms depicting the distribution of peak 

intensities and durations which have been fit using a Gaussian equation with peaks at 4.9 pA and 

0.093 s for Figures 2.8A and 2.8B, respectively. Figure 2.8C illustrates the plot of peak intensity 

NP NP4 df D c r=
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versus duration; in which, there does not appear to be a significant correlation. Owing to the high 

frequency, [Pt NP] = 3.22×1016 Pt NP cm–3 (Figure 2.7A) could not be similarly analyzed as it was 

difficult to discriminate between impact events; however, [Pt NP] = 1.3×1010 Pt NP cm–3 was and 

demonstrated a similar trend (data not shown).  

 

 

 

Figure 2.7: i-t responses recorded at an applied potential, E = 1.5 V (vs. quasi-RE) with the [Pt 

NP] equal to (A) 3.22×1016 (B) 1.03×1011 (C) 1.3×1010 Pt NP cm-3 in 1.2 M LiBH4. Inset are 

magnified sections of the respective CA traces. All other experimental parameters are the same 

described in Figure 2.4. 
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By adding THF to the Pt NP/IL solution, the solubility of LiBH4 is likely increased and the 

mobility of the Pt NPs are enhanced. Figure 2.9 shows that by adding 20 and 40 μL of THF the 

maximum current intensity of the current transient increases by a magnitude of roughly 2× and 

almost 50×, respectively. Robinson et al.62 demonstrated that low ionic strength correlates with 

more single NP impacts and thus a decrease in particle aggregation. Thus, owing to the high ionic 

strength of the IL/THF solution, the large current spikes observed in Figure 2.9B are likely owing 

to the impacts of Pt NP agglomerates. The supramolecular fluidic nature of the IL seems to inhibit 

NP aggregation; however, these results suggest that it is quickly disrupted by only a relatively 

small (~1% v/v) addition of molecular solvent, which saw the largest decrease in η (see Table 2.1). 

Therefore, the large change in the catalytic enhancement for Pt NP impacts is likely owing to a 

fundamental disruption of the IL supramolecular fluidic nature that in turn promotes NP 

aggregation. Bryant et al.38 recently demonstrated, using silylamine reversible ILs and DOSY-

NMR, that the ion pairs/aggregates that form within the IL phase are responsible for the ILs 

supramolecular structure, as well as control NP nucleation and growth leading to small, low 

dispersity particles. The results herein, indicate that a small addition of polar organic solvent likely 

disrupts these IL ion-aggregates/clusters into smaller domains and may give rise to molecular 

solvent channels within the IL phase, since contact ion pairs have been shown to persist even at 

high IL dilutions.63 



 

40 

 

 

 

Figure 2.8: Panels A and B show plots of peak intensity and duration versus the time the impact 

event occurred, while C depicts peak intensity versus duration obtained from the i-t curve in Figure 

2.7B at [Pt NP] = 1.03×1011 Pt NP cm–3. Inset in A and B are histograms of peak intensity and 

duration, respectively, which include a Gaussian curve fitting (red trace); the peak value from each 

fitting has been written inset. 
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Interestingly, as highlighted inset in Figure 2.9 along with further magnified versions in Figure 

2.10, Pt NP impacts are often accompanied by a current-step in the i-t profile. This is likely due to 

the Pt NP adsorbing onto the UME surface increasing the electroactive surface area; however, in 

this instance it is quickly overcome by the passivating affects of the BOR products. Figure A1 in 

the Appendix A shows histograms for the duration of impact events at cNP = 3.66×1016 Pt NP cm–

3 with 0%, 2%, and 4% v/v THF added, i.e., CA curves drawn in Figures 2.7A, 2.9A, and 2.9B, 

respectively. Gaussian fittings for the 0 and 4% v/v THF histograms were possible and from their 

peaks an average duration of the impact events 0.015 and 0.008 s, respectively, were obtained. The 

maximum/minimum durations for 0, 2%, and 4% v/v THF were measured to be 1.08 s/0.0004 s, 

3.30 s/0.0016 s, and 1.403 s/0.002 s, respectively, indicating a broad range of impact durations. As 

depicted in Figure 2.11, five peak shapes were classified, including ‘blocky’, sharp spike 

(traditional pattern), spike accompanied by a current step, a rolling spike, and a blunt spike. The 

change in duration is therefore linked to the change in frequency of these spike profiles which 

indicate the mechanism of NP interaction with the UME surface or may be linked to NP 

aggregation/changes in morphology.  

Without THF added and at high [Pt NP] the i-t response is dominated by ‘blocky’ impact events. 

Owing to the high NP concentration, these may be owing to multiple consecutive impacts or a 

single NP impact which stays in proximity to the UME surface, effectively rolling or bouncing 

across electrode interface until it is either deactivated by the oxidation products or physically 

moves off into solution. At this stage it is not possible to distinguish between these two 

possibilities; however, the focus of future work will be to combine electrochemical measurements 

with optical ones, i.e., darkfield optical microscopy or holography/NP tracking.61 The neat Pt/IL 

NP solution also favours the ‘spike + current step’ profile versus the cases with THF added. 
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Once THF is added to the solution, the ‘blocky’ spike profile virtually disappears, and the 

traditional spike and blunt spike shape dominate. While the frequency of both is low at 2% and 

4% v/v THF additions, as shown in Figure 2.9, they have the largest intensities and peak areas. 

These data indicate that NP aggregation is promoted with the loss of the ILs supramolecular nature. 

Lower intensity impact events in these cases tend towards the ‘rolling’ spike shape. 

 

 

Figure 2.9: CA performed at 1.5 V (vs. quasi-RE) using a CF UME with cNP = 3.22×1016 NP cm–

3, [LiBH4]eff = 1.2 M, in P66614NTf2 after (A) 20 and (B) 40 μL additions of dry THF added under 

air. 
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Figure 2.10: Magnified CAs from Figure 2.7A (A) and Figure 2.9B (B) for [Pt NP] 

3.22×1016 NP cm–3, [LiBH4]eff = 1.2 M, in P66614NTf2 after 0 and 20 μL of THF added. 
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Figure 2.11: Breakdown of impact events observed at cNP = 3.22×1016 NP cm–3 for 0, 2%, and 

4% v/v addition of THF to 1.2 M LiBH4 in P66614NTf2. Inset and above are examples of the 

respective spike profiles. 
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Figure 2.12: Plot of peak current versus charge transferred for cNP = 3.22×1016 NP cm–3 for 0 

(A), 2% (B), and 4% (C) v/v addition of THF to 1.2 M LiBH4 in P66614NTf2 as obtained from 

analysis of i-t curves shown in Figures 2.7A, 2.9A, and 2.9B, respectively. 

 

Figure 2.12 shows the plots of the peak current for each impact event versus the charge as 

obtained from integrating the i-t spike profile. The overall frequency of impacts for [Pt NP] = 

3.22×1016 Pt NP cm–3 with 0, 2%, and 4% v/v THF added was 3.1, 1.4, and 13.8 s–1; however, 

these data are coloured by the type of current spike. As the amount of THF increases, there is a 

concomitant increase in the intensity and amount of charge transferred, i.e., . Summing Q idt= ò
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the total charge transferred for each impact across each 120 s pulse, one obtains 0.119, 0.176, and 

1.903 nC for the respective 0%, 2%, and 4% v/v THF i-t curves. These results demonstrate the 

enhanced access to the UME surface and overall mobility that the Pt NPs gain with increasing 

molecular solvent. Using equation 2.7, assuming 100% conversion of LiBH4 to LiBO2, and that 

LiBO2 will deposit as a disc 1.0 nm thick on the electrode surface, one obtains a radius of 0.01 μm 

for the smallest impact event, and a 9.03 μm radius for the largest. Since the UME surface is not 

immediately and complete passivated, these values indicate that the BOR oxidation products do 

not persist on the surface to a large degree. In Kanoufi’s group’s imaging experiments employing 

BALM,4 the electrode surface was mounted with the solution phase on top and oxidation products 

were observed to disperse relatively evenly in a circular pattern surrounding the initial LiBH4 NC. 

In this case, since the UME is inverted, it may prevent the electrode surface from becoming 

completely or permanently obscured. Alternatively, Pt NPs may accumulate on the UME and 

counterbalance the passivating affects of the BOR products by increasing the electrode surface 

area. 

Assuming that the electrocatalytic activity of the Pt NPs is effectively countered by the 

passivating affects of the oxidation products and using equation 2.13 developed by Roland and 

Oldham64 for a spherical microelectrode, one can calculate rNP,  

                                                                  (2.13) 

Where  was calculated to be ~0.3 μm2 s–1 for the LiBH4 NC, while  was assumed to 

be equal to [LiBH4]eff = 1.2 M. While this is a gross estimate, from the peak current values for the 

cNP = 3.66×1016 NP cm–3 without THF added an average rNP of 1.8 nm was calculated, which is in 

good agreement with the TEM images of the Pt NPs. 

( )
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Au NPs prepared in a similar manner within P66614NTf2 were of low dispersity with an rNP ≈ 

3.7 nm (see Figure A2 of the Appendix A). However, CA studies employing Au NPs did not elicit 

any current spikes (data not shown). However, this was expected since Au has been shown to be a 

poor catalyst for BOR.34, 43 When these results are contrasted against the Pt NP ones above, it 

highlights the overall electrocatalytic activity of Pt NPs towards BOR. 
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Figure 2.13: Black traces are X-ray diffraction (PXRD) spectra of neat P66614NTf2 (A); 1.2 M 

LiBH4 in P66614NTf2 (B); 3.22×1016 Pt NPs cm–3, 1.2 M LiBH4 in P66614NTf2 (C); and 1.2 M 

LiBH4 in P66614NTf2 after 30 min exposure to acetone (D). Red and blue stick plots are calculated 

PXRD spectra (obtained from https://materialsproject.org/) of the inorganic salt or metal for the 

space group indicated inset.  

 

Figures 2.13A-C show powder X-ray diffraction (PXRD) spectra obtained for neat P66614NTf2 as 

well as LiBH4 NC and LiBH4 NC/Pt NP suspensions in P66614NTf2, respectively. Meanwhile, 

Figure 2.13D shows the PXRD spectrum obtained after 1.2 M LiBH4 in P66614NTf2 was treated 
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with an excess of acetone for 30 min with stirring in air, which was subsequently removed under 

high vacuum with heating overnight. The LiBH4 NCs in P66614NTf2 spectra has a single broad peak 

at roughly 19° 2θ, that is present in all other spectra and is close to the calculated peak for LiBH4 

in the Pmna space group at 18.02° 2θ – red curve overlaid in Figure 2.13B. Similarly, in Figure 

2.13C, signals closely matching calculated Pt values were observed; however, the experimental 

values were broad and positively shifted relative to their expected values. This is likely due to Pt 

NPs being so small (~2 nm in diameter) and signal attenuation owing to the IL environment. The 

shift in experimental peak values relative to the calculated ones increases concomitantly with 

increasing 2θ, which indicates that this is not owing to sample misalignment or displacement but 

a feature inherent to the particles.  

Interestingly, after washing the sample of LiBH4 NCs ([LiBH4]eff = 1.2 M) in P66614NTf2 with 

acetone for 30 min, then removing acetone and any volatile reduction products (e.g., isopropanol, 

propane) under vacuum, the PXRD spectra still showed signs of LiBH4 (Figure 2.13D) along with 

possible oxidation products (e.g., LiBO2, B(OH)3). A peak at ~10° 2θ is close to the calculated 

peak for LiBH4 in the P2/c space group at 11.82° 2θ; however, similar to the case of Pt NPs in 

P66614NTf2 above, there is a slight shift in the peak position. Large white crystals could be observed 

using an optical microscope suspended in the IL phase after acetone treatment. Thus, treating the 

LiBH4 NC/P66614NTf2 solution promoted NC aggregation which inhibited their oxidation and 

effectively acted as a kind of recrystallization. These larger crystals are likely responsible for the 

shift in character of the principal peak at ~18.0° 2θ. While these PXRD results are surprising and 

raise numerous other questions about the IL environment and NP/NC structure, these are beyond 

the scope of this work. 
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2.5. Conclusions 

Using P66614NTf2 IL as the solvent for NP and NC preparation, Pt and Au NPs as well as LiBH4 

NCs were prepared. Pt NP impacts were recorded through ECA of the BOR, while Au NPs 

demonstrated no catalytic activity towards the BOR, both in agreement with previous reports.34, 43 

LiBH4 NC impacts were detected by a direct oxidative pathway whose products (e.g., LiBO2) 

passivate the UME surface.  

Critically, THF, a model, polar molecular solvent enhances the solubility LiBH4 NC, while 

simultaneously disrupting the supramolecular structure of the IL promoting NP agglomeration. 

This was observed as an enhancement in the ECA signal for Pt NP mediated BOR. These findings 

will be of considerable interest to the IL and catalytic communities since combinations of ILs and 

NPs are being used as catalyst substrates for organic reactions. Small additions of the starting 

materials, often polar solvents themselves, likely disrupt the IL/NP behaviour in a similar fashion 

and can alter their overall reactivity, which may be advantageous. 

2.6. Experimental Section 

All chemicals were used as received without any additional purification unless otherwise 

indicated. Lithium bis(trifluoromethylsulfonyl)imide (LiNTf2, 99.95%), 

Trihexyltetradecylphosphonium bromide (≥95%), potassium tetrachloroaurate (KAuCl4, >98%), 

lithium borohydride solution (2.0 M in THF), lithium sulfate monohydrate (≥99%), ferrocene 

(bis(cyclopentadienyl)iron(II), >98%) were obtained from Sigma-Aldrich. Platinum (II) chloride 

(98%) was purchased from Alfa Aesar. Dichloromethane (≥99.5%) and acetone (≥99.5%) were 
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sourced from ACS. Tetrahydrofuran (THF) and toluene were acquired from an MBraun solvent 

purification system, sparged using dry N2 gas and dried over activated alumina. Ultrapure water 

from a MilliQ filtration system (>18.2 MΩ cm) was used for making aqueous solutions. 

  P66614NTf2 was prepared by metathesis reaction as previously described.50, 65, 66 The final viscous, 

clear liquid was structurally confirmed through 1H NMR. 

Pt nanoparticles (NPs) were prepared in the ionic liquid (IL) phase using a modified method 

outlined by Banerjee et al.31, 33 5 mg PtCl2 was added to 1 mL P66614NTf2 and heated to 60°C under 

N2 gas. Then, 600 μL of 2.0 M LiBH4 in tetrahydrofuran (THF) was added dropwise over 5 min. 

Subsequently, the reaction vessel was heated to 80°C and the THF was removed under vacuum 

overnight. The final solution was black and Pt NP size was confirmed by TEM. Au NPs were 

similarly generated, however, a dark red, “wine coloured” solution was obtained. 

Transmission electron microscopy (TEM) images were acquired using a Tecnai Spirit 

transmission electron microscope. Samples were deposited onto 200 mesh Cu ultrathin/lacey 

carbon grids (Electron Microscopy Sciences) via suspension of the grid into a 1 mL solution of 

toluene containing a 10 μL aliquot of the NP/P66614NTf2 mixture. The grids were then dried under 

a flow of N2. 

All electrochemical results were recorded using a PG-618-USB potentiostat (HEKA Electroniks) 

in a 2-electrode mode; whereby, either a Pt or carbon fibre (CF) ultramicroelectrode (UME), 25 or 

7 μm in diameter, respectively, were employed as the working electrode (WE) and a silver wire 

(Goodfellow Inc.) was used as the counter/quasi-reference electrode (CE/quasi-RE).  



 

52 

 

UME fabrication has been described elsewhere.50, 67 Briefly, a 1-2 cm length of Pt wire or CF 

(Goodfellow Inc.) was placed into the open end of a pulled, tapered borosilicate glass capillary, 

pushed into place in the tapered end, and annealed in place under vacuum using an electric puller 

(Model# PC-100, Narishige). After sealing the wire with the heating coil, the UME was polished 

by using 12, 9, 3, 1, and finally 0.3 µm Buehler alumina oxide polishing pads using a custom build 

polishing wheel. Activated charcoal was added to the back/open end of the capillary to make the 

connection to a Cu wire and the WE lead of the potentiostat.  

Powder X-ray diffraction (PXRD) data was performed on a XtaLAB Synergy-S, Dualflex, 

HyPix-6000HE diffractometer using Cu Kα radiation (λ = 1.5406 Å). The power sample was 

mounted on a Nylon CryoLoop, and a series of 360° phi-scans over a period of 14 min were 

collected at room temperature. The data collection and extraction were processed within 

CrysAlisPro (Rigaku OD, 2021). 
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Chapter 3 

Electrochemical investigation of Pt NP impacts at a micro water|ionic 

liquid interface 

3.1. Introduction 

Studying the catalytic activity of metal-NPs has become a popular aspect of electrochemistry. 

Many studies have been done to determine NP dynamics and properties using stochastic collisions 

(i.e., SEE) at a solid interface such as a UME.1 Many kinds of organic and inorganic NPs have 

been investigated by this method.2-5 NPs can be detected by adsorbing/blocking, direct oxidation, 

or indirectly by electrocatalysis of a redox reaction (see Section 1.1.2). The solid interface has 

many advantages for the detection of NPs; however, it is highly dependent on electrode surface 

size, roughness, and geometry.6 

The immiscible, polarizable liquid|liquid interface (LLI) has been studied extensively as an 

electrochemical platform. Recently, the LLI has been used to investigate NPs. In comparison with 

the solid|liquid interface, NPs can be studied independently from electrode properties at the LLI.7 

Also, as is mentioned in Chapter 1, either ET or IT can be studied through the LLI, which is highly 

reproducible and easy to fabricate.8 Through NP collisions at the LLI, they can be detected by 

either oxidation/reduction of the NPs themselves or by charge transfer reactions with the NP 

functioning as a mediator/reactive center. With regards to the latter and based on common 

convention, if a negative charge transfers from the aqueous phase to the organic phase or a positive 

charge transfers from the organic phase (o) to the aqueous phase (w), then the peak current would 
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be negative. However, if negative charge transfers from o→w or positive charge transfer from 

w→o, then the peak current would be positive. Stockmann et al.9 detected Pt NP impacts by their 

electrocatalysis of the oxygen reduction reaction (ORR) at a micro water|1,2-dichloroethane 

(w|DCE) interface. They could study the Pt NPs features as electrocatalysts for ORR through this 

method. They also proposed that from testing the different sizes of NPs, the bigger Pt NPs 

penetrated the LLI more deeply, while smaller ones rested on the surface, i.e., little to no 

penetration. 

Another example was repeated by Gründer et al.7 in 2013. They uncovered the catalytic activity 

of Au and Pd shell for Au NPs for ORR at LLI by adsorbing NPs at the w|DCB (1,2 

dichlorobenzene) interface. Using this method, they found that the catalytic activity of the Au-Pd 

core-shell is much higher than Au NPs due to the larger area for adsorbing hydrogen. 

In this chapter, preliminary electrochemical investigations of the catalytic activity of Pt NPs at 

a w|IL micro-interface towards both the borohydride oxidation reaction (BOR) and methanol 

oxidation reaction are described. The LLI was formed between P66614NTF2 and water. P66614NTF2 

was chosen because it is hydrophobic10 and immisible in water. 

3.2. Theoretical 

In electrochemical studies at LLIs, an electrode is immersed in either phase, in general α or β, 

with inner potentials 𝜙) 	 or 𝜙*, respectively. Thus, a potential difference across the interface 

between the two phases develops and can be described by equation 3.1:11-12 

∆)
*𝜙 = 𝜙* − 𝜙)                                                                                                                         (3.1) 

Simple ion transfer of species i with charge 𝑧+ can similarly be written as,13 
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𝑖)
,! ⇌ 𝑖)

,!
                                                                                                                                      (3.2) 

The electrochemical potential (𝜇;),+	 )13 is defined as, 

𝜇;),+	 = 𝜇),+/ + 𝑅𝑇 ln?𝑎),+A + 𝑧+𝐹𝜙)                                                                                            (3.3) 

where F is Faraday’s constant, R is the universal gas constant, and T is temperature in Kelvin. 

The parameters 𝜇),+0  and 𝑎),+ are the standard chemical potential and activity of ion i in phase α. 

By assuming the interface is between water and oil, α and β can be replaced with w and o. 

Thus, by combining Equations 3.1 and 3.3, one can obtain equation 3.4, 

∆01𝜙 = 𝜙1 − 𝜙0 =
2",!
$ "3%,!

$

,!4
+ 𝑅𝑇 𝑙𝑛 5",!

5%,!
																																																																													                (3.4) 

If one assumes that a ≈ c (the concentration of species i), then, 

∆67𝜙 = ∆67𝜙8,9:	7→66 + <=
>&?
ln( @',&

@(,&
)	            (3.5) 

Where ∆67𝜙8,9:	7→66  is the standard ion transfer potential and defined as, 

∆67𝜙8,9:	7→66 =
3',&
( "3(,&

(

>&?
=

AB&,)*	'→(
(

>&?
	                             (3.6) 

and ΔG8,9:	7→66  is the standard Gibbs energy of ion transfer of i from water to the organic phase: 

equation 3.5 is the Nernst equation for simple ion transfer at a LLI. 

3.3. Experimental 

 See Section 2.4 for chemical reagents and experimental details. 

The following electrochemical cell was used: 

 



 

61 

 

 

3.4. Results and Discussion 

At first, the system without Pt NPs was investigated. Figure 3.1 shows the CV recorded for 1.2 

M LiBH4 dissolved in P66614NTF2 at w|IL interface. Potentials were referenced to the effective 

point-of-zero-charge (Epzc) taken to be the midpoint between the positive and negative limits of 

the polarizable potential window (PPW). The black dashed-lined curve illustrates the experimental 

response with no LiBH4 added to the IL phase. The PPW for P66614NTf2 is ~400 mV wide in good 

agreement with results from previous research.14 Stockmann et al.15 showed that the PPW is 

limited by transferring NTf2– from IL to water at positive potentials and SO42- from water to IL at 

negative potentials. While P66614+ and Li+ can transfer as well, they are likely small contributors to 

the current limiting the PPW since, as is mentioned above, P66614+ is quite hydrophobic and Li+ has 

a higher formal ion transfer potential (∆CD7ϕ	E+-
6 )10, 16 than NTf2–. After adding the LiBH4 to the IL, 

a BH4– onset transfer wave appeared at roughly –0.12 V.  
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Figure 3.1: Cyclic voltammetry at a micro w|IL interface with 1.2 M LiBH4 dissolved in IL 

using Cell 1. The red trace is after adding the LiBH4 and the black one is only IL. Scan rate of 

0.020 V s−1 

 

To investigate further, CA at the w|P66614NTf2 interface was recorded at –0.2 V (vs. PZC) with 

and without LiBH4 added, Figures 3.2A and B, respectively. Without LiBH4 added, the i-t curves 

elicited the typical chronoamperometric response with limited background noise of roughly 0.43 

pA; however, after adding 1.2 M LiBH4 negative spikes were observed. Since inorganic salts have 

low solubility in ILs with which they do not share a common ion,17 these negative current spikes 

are likely associated with LiBH4 nanocrystal (NC) stochastic impacts. Indeed, this agrees well with 

a recent report by Stockmann et al.15, who proposed a non-faradaic, capacitive mechanism for 
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LiBH4 NC impact events at w|IL micro-interfaces. The negative charge is adsorbed at the interface 

in this mechanism causing negative current spikes.  

 

Figure 3.2: Chronoamperograms (CA) recorded at a 25 μm diameter w|P66614NTf2 interface 

with (A) and without (B) 1.2 M LiBH4 dissolved in the P66614NTf2 phase. The potential step pulse 

was applied from 0.0 to –0.2 V. 
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Next, the influence of Pt NPs was investigated by CA using two different concentrations of Pt 

NPs in P66614NTf2 in which two different concentrations of LiBH4 were also employed in the 

synthesis of the Pt NP (see Figure 3.3). After adding the Pt NPs, a small number of positive current 

peaks were observed. It was hypothesized that these spikes were owing to Pt NP stochastic impacts 

at the w|IL interface. The number of positive current spikes increased concomitantly with 

increasing Pt NP concentration and decreasing the LiBH4 concentration. 

The average positive peak current intensity at 3.22×1016 Pt NP cm–3 was 4.04 pA, and by 

increasing the NPs concentration, the average peak intensity increased to 10.9 pA. This 

enhancement in intensity may be due to the size of the Pt NPs. Using a smaller amount of LiBH4 

in the synthesis of the Pt NPs, resulted in bigger NPs. However, at the same time, as [LiBH4] 

decreased, the intensity of the negative peak currents decreased from –84.2 pA to –23.3 pA. 

Therefore, we could say that the positive current spikes could be the Pt NPs impact at the w|IL. It 

is unclear however, if these current spikes are Pt NP electrocatalysis of the BOR. 
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Figure 3.3: CAs performed at E = –0.2 V using cell 1 with [Pt NP]/[LiBH4] equal to 1.33×1016 

Pt NP cm–3/0.04 M (A) B 3.22×1016 Pt NP cm–3/1.2 M (B) and 0/1.2 M (C). All other experimental 

parameters were the same as described in Figure 3.2. 
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Thus, to eliminate interference from LiBH4 NCs and excess solubilized LiBH4, IL/Pt NP/LiBH4 

solutions were treated with acetone which was subsequently removed with heating at ~60°C under 

high vacuum. Since LiBH4 is a strong reducing agent, it should be converted to less reactive boric 

acid or lithium metaborate after reaction with acetone. The CA recorded after acetone treatment 

(Figure 3.4A) showed a marked decrease in current spikes compared to before treatment (Figure 

3.4B). The TEM images from after acetone treatment on Pt NPs are shown in Figure B1 in 

Appendix B.  
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Figure 3.4: i-t Curves measured after (A) and before (B) treatment with 200 μL of acetone to 

a 1 mL IL solution. All other experimental conditions were the same as description in Figure 3.2B. 

 

After oxidation of LiBH4 with acetone, methanol was added iteratively to 3.22×1016 Pt NP cm–3 

in P66614NTf2 solution with i-t responses measured between each addition. CAs were recorded at 

both CF UME and micro w|IL interface. Figure 3.5A and B depict the i-t response measured at E 

= 1.7 V (vs. QRE) at a 7 μm diameter CF UME after and before adding 40 μL of CH3OH to the 

NP/IL solution. After CH3OH addition, positive spikes appeared, which are likely owing to Pt NP 

ECA of CH3OH oxidation. These spikes could be due to single NP impact events. However, 

because CH3OH probably disrupts the supramolecular fluidic nature of the IL phase, which is 

responsible for NP stability and prevents NP aggregation, these spikes are more likely NP 

aggregates or clusters of NPs impacting the UME surface. The mechanism of NP aggregation in a 

bulk IL phase is still unclear and this investigation is on-going in our lab. 

Nevertheless, these results agree well with previous reports18 of Pt NP electrocatalytic 

behaviour towards the CH3OH oxidation reaction. Figure B2 in Appendix B shows a CV 

performed in a similar mixture with 40 µL CH3OH added to P66614NTF2, however, at a 25 μm 

diameter Pt UME. This CV closely resembles the i-V response at a macro-electrode.19-20 In Figure 

B2, the CV started from 0 V and moved toward positive potentials. Because the Pt UME surface 

is contaminated by carbon monoxide, oxidation of CH3OH is not observed in the forward scan. By 

moving toward high positive potential all CO completely is oxidized. Therefore, in the reverse 

scan the Pt surface was free to catalyze methanol oxidation and an anodic peak was observed in 

the backward scan. 
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Figure 3.5: CAs performed at E = 1.7 V (vs. QRE) using a 7 μm diameter CF UME with [Pt 

NP] = 3.22 × 1016 NP cm–3, after (A) and before (B) addition of 40 µL of CH3OH methanol. 

 

A similar experiment was performed using Cell 1 at the w|IL micro-interface with the Pt NP-

IL solution and after adding the 10 and 40 µL CH3OH (Figure 3.6). Before adding methanol, there 

were a few tiny positive current spikes, but by adding 10 µL of CH3OH, large positive peak 
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currents were observed. By increasing the amount of methanol, the current intensity increased 

from 0.36 to 0.78 nA. We propose that in this case, methanol was oxidized in the IL and donated 

the electrons through Pt NPs to water, and in water, oxygen reduction reaction (ORR) accepts 

electrons. Thus, the positive current may be due to charge transfer from IL to water across the Pt 

NPs adsorbed at the LLI. In addition, the current enhancement in w|IL could be due to a reduction 

in the overall viscosity of IL. 

In Figure 3.7, the proposed mechanism for electrocatalytic methanol oxidation reaction by Pt 

NPs at both CF UME and w|IL interface is drawn.  
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Figure 3.6: Chronoamperogram (CA) recorded using 3.22×1016 Pt NP cm-3 in IL at w|IL (Cell 

1) with (A) 40, (B) 10, and (C) without 0 µL methanol at E = –0.2 V (vs. PZC). 
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Figure 3.7: Scheme of Pt NP mediated electrocatalytic amplification mechanisms of CH3OH 

oxidation at a UME (A) and w|IL interface (B).  

 

Similarly, the influence of ferrocene (Fc) as an electron donor was investigated by adding 10 

mM Fc to the Pt-IL solution(Cell 1). First, the system in the absence of Pt and LiBH4 was studied 

by recording the CA for 10 mM Fc dissolved in P66614NTF2 at w|IL interface (Figure 3.8C). An 

utterly smooth curve without any current spikes was observed. After adding 1.2 M LiBH4 to the 

previous solution, only negative current transients, according to BH4– impacts, appeared. The 

exciting result was achieved by adding the 10 mM Fc to the Pt-IL solution. A huge enhancement 

in both negative and positive current transient frequency was observed (Figure 3.8A). Two 

different mechanisms were hypothesized. In the first mechanism (Figure 3.9A), Fc stays in the IL 

phase and is oxidized to ferrocenium at the Pt NPs surfaces. The electron transfers from IL to water 

across the Pt NPs and ORR is electrocatalyzed in the water phase through this pathway. As a result, 

the frequency of positive currents spikes increased. In the second mechanism (Figure 3.9B), Fc 

partitions into the water phase and the reverse occurs with ORR taking place in the IL phase. Thus, 
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electrons are donated from water to IL across the Pt NP. Since there is some O2 in the IL, the ORR 

can occur in the IL phase. This mechanism could explain the increasing number of negative current 

spikes. 

 

 

Figure 3.8: Chronoamperograms (CA) measured at w|IL interface with 10 mM of Fc in the IL 

phase and (A) in the presence of Pt NPs and (B) absence of Pt NPs, both with 1.2 M LiBH4 

dissolved in IL; (C) only IL and 10 mM Fc. 
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Figure 3.9: Cartoons of two different proposed mechanisms at w|IL interface of Pt-IL solution 

in presence of Fc. 

 

 

3.5. Conclusion 

 

Herein, Pt NPs were investigated at a w|IL interface by the electrocatalytic amplification 

method. The Pt NPs were shown to act as electrocatalysts for both LiBH4 and methanol oxidation 

reactions via detection through the electrocatalytically enhanced charge transfer reactions 

mediated by the NPs at the w|IL micro-interface.  

Through these data, Pt NPs were proposed to act as electrocatalysts through a number of 

different mechanisms for both ORR and BOR. These results are in agreement with previous results 
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that are mentioned in Chapter 2 and also with that of Watanabe et al.,21 who studied the catalytic 

activity of platinum for methanol oxidation mechanism for methanol fuel cell applications in 1989. 

Also, the enhancement in the current peak after adding methanol provided evidence that adding 

a polar solvent to the IL helps to destroy the supramolecular fluidic nature of the IL and resulted 

in the likely formation of NP agglomerates.22 
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Chapter 4 

4.1. Conclusions and Perspectives  

Initial investigations explored NP translocation by the resistive pulse method within an IL. 

There have been many previous reports into resistive pulse experiments studying NP translocation 

using a solid-state nanopore;1-5 however, none focusing on these events occurring within a pure IL 

phase. Our initial research program began looking into first, how the viscosity, high ionic strength, 

and supramolecular fluidic nature of the IL phase would impact NP translocation. Few studies 

have employed ILs to investigate NP translocation because of their high viscosity. However, this 

aspect of the IL can be exploited to decrease the speed at which a NP or biomolecule (e.g., DNA) 

translocates enhancing measurement resolution.6 Indeed, a major bottleneck towards using 

resistive pulse technology towards DNA sequencing is that DNA transits the pore too quickly to 

be resolved by present-day instrumentation. ILs have also been shown to help stabilize the DNA 

molecule against degradation for long-term storage. Thus, an innovative solution to both reduce 

the speed at which the DNA translocates and improve its storage capabilities, was to employ an 

IL. 

Using a glass nanopipette as a solid-state nanopore is a standard method in the resistive pulse 

technique. The nanopipette is composed of a glass or quartz pipette with a pore radius between 1 

and 100 nm. Nanopipettes have found many applications in analytical chemistry, 

nanoelectrochemistry, bionanotechnology, and biosensing according to its size, geometry, and 

surface chemistry.7 Nanopipettes were prepared following a method developed by Silver et al.8-9  
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Preliminary results using TiO2 NPs generously provided by the Katz group at Memorial 

University were promising. In this experiment, 20 mg of TiO2 NPs were dispersed in 1 mL 

P66614NTf2 and installed inside a nanopipette with pure P66614NTf2 outside. The CA curve depicted 

in Figure 4.1 was recorded over 6 hours. Each positive spike is associated with the translocation 

of one or multiple NPs through the pore.  

 

 

Figure 4.1: CA curve recorded over 6 hours using a P66614NTf2 solution containing 20 mg TiO2 

NPs per 1 mL P66614NTF2 loaded into a nanopipette which was positioned inside a second 

P66614NTf2 solution without TiO2 NPs added.  

 

The flux of NPs in the nanopipette was calculated through equation 4.1,10 

𝑓 = F./@./GH01

H0(E
	         4.1 
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Where 𝐷IJ and 𝑐IJ are diffusion coefficient and concentration of NPs, while 𝑟5 and L are the 

radius and height of the nanochannel, respectively.  

During this research, some technical problems arose. First, calculating the concentration of 

TiO2 was challenging since Dr. Katz has reason to believe that they are hollow, making their 

density and shell thickness an open question. Also, consistent nanopipette fabrication proved 

difficult. A more affective fabrication method involves the use of a laser pipette puller which was 

not available due to COVID-19 restrictions. In addition, the high background noise (~8.7 pA) was 

another issue. 

In light of these problems, the research program switched to using SEE through stochastic 

impacts similar to that described by Xiao et al.11 in 2007. Pt and Au NPs were prepared using 

LiBH4 as a reducing agent and P66614NTF2 as the reaction solvent medium. This results in small 

(<20 nm diameter) and monodisperse NPs. The Pt NPs could be detected by acting as an 

electrocatalyst for BOR at a CF UME. By recording the CV from LiBH4-IL solution at Pt UME, 

the activity of Pt was investigated directly. It was found that the BOR is sluggish at a CF UME, 

but it electrocatalyzed at a Pt surface, in agreement with previous reports. 11-13 By adding the Fc to 

the solution and performing CV in the same solution at CF UME, it was discovered that BH4–, 

dissolved in the IL phase, re-reduced any Fc+ electrogenerated at the electrode surface through an 

EC′ mechanism. These data also suggest that LiBH4 is relatively insoluble in the IL phase and 

forms NCs once any organic solvent is removed and is in agreement with a recent report by 

Stockmann et al.13 Pt NPs suspended in an IL was also investigated. By recording the CA in a Pt 

NP/IL solution, Pt NP stochastic impacts at a CF UME increased by Pt NPs acting as an 

electrocatalyst for the BOR. The same experiment was performed using Au NPs; however, these 

experiments did not show any catalytic behavior of Au NP towards BOR, which was in good 
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agreement with previous studies. For example, Mirkin et al.,14 who studied the mechanism of the 

BOR at an inlaid disc Au UME, which did not act as BOR electrocatalyst and was ostensibly 

chosen for that reason. The critical physical insight gained through these experiments was that 

small additions of polar molecular solvents disrupted the supramolecular nature of the IL phase, 

promoting NP aggregation.  

Next, in Chapter 3, preliminary tests were performed investigating Pt NP stochastic impacts, 

this time at a LLI between w|IL. Stockmann et al.10 in 2017 published work on Pt NP impacts at 

w|DCE interface in the presence of Fc as an electron donor. As mentioned in Chapter 1, the ILs 

are known as highly stable electrolytes15 and solvents for synthesis of metal NPs.16 In Chapter 3, 

those two properties of ILs were exploited to study Pt NPs electrocatalytic behavior at a w|IL 

interface for the BOR and methanol oxidation reaction. Pt NPs were detected by electrocatalytic 

amplification of these reactions in which electron were transferred from w→IL or IL→w with the 

NP acting as a catalyst cite and electron transfer mediator at the w|IL interface. The LiBH4-IL 

solution with and without Pt was investigated at w|P66614NTf2. We found that by increasing the 

concentration of Pt, the positive current spikes increased. This was explained by Pt NP 

electrocatalyzed BOR electron transferred across the Pt to the aqueous phase to simultaneously 

reduce dissolved O2. However, these are preliminary results, and the mechanism is still under 

investigation. 

Next, excess LiBH4 added to the IL phase to generate the NPs was oxidized by treatment with 

acetone in order to reduce its reactivity and transform BH4– to less reactive boric acid or other 

oxidized species. In this way, Pt NPs could be interrogated towards methanol oxidation. Indeed, 

similar to the BOR, Pt NPs electrocatalyzed the methanol oxidation reaction, and Pt NPs were 

detected based on electrons transferring from IL→w across the NP. Then, Fc as an electron donor 
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in Pt NP/IL solution was studied. By adding Fc to the system, the observable frequency of both 

LiBH4 NC and Pt NP impacts increased. Moreover, both positive and negative current spikes were 

observed, both at enhanced frequencies. To describe this system, it was proposed that Fc partitions 

across the interface, while some remains in the IL phase; thus, it is capable of donating electrons 

across the LLI using the Pt NP as an electrocatalytic mediator in either direction, w→IL (negative 

spike) or IL→w (positive spike).  

Subsequent research programs will try to elucidate these mechanisms further using Fc-

functionalized phosphonium ILs synthesized in-house through a synthetic method reported by 

Weaver et al.;17 see Figure 4.2. In this way, electron transfer and mass transport of four different 

redox active Fc functionalized alkylphosphonium ILs will be investigated simply by increasing 

the alkyl chain length on the Fc-modified arm attached to the phosphonium core. By increasing n 

(see Figure 4.2), one expects that molecule 1 will be amphiphilic such that the Fc group will be 

able to partition into the aqueous phase while the hydrophobic phosphonium-part will remain in 

the IL phase. As a result, the Fc moiety will donate the electron from water to IL, and negative 

current spikes would be expected (Figure 4.3). 
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Figure 4.2: The structure of Fc-functionalized phosphonium IL with different acyl chain 

lengths (n), where X– is the counter anion which could be Br–, NTf2–, or B(C6F5)4–. 

 

 

 

Figure 4.3: Mechanism of Fc modified phosphonium IL partition at LLI for studying Pt NP 

stochastic impacts. 
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Appendix A 

A. Supporting Information for Chapter 2 

A.1. Root Mean Square Calculation 

The root mean square (rms) of the noise was calculated form a 1 second segment of the noise 

from the blank curve from 69 to 70 s, see Figure 2.4A in the main text, which included N = 5001 

data points using the following equation, 
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Figure A1: Histograms from Pt NP impact analysis of i-t curves for cNP = 3.66×1016 NP cm–3 in 

P66614NTf2 containing [LiBH4]eff = 1.2 M and after addition of 0, 2%, and 4% v/v THF for panels 

A, B, and C, respectively. CA curves are shown in Figures 2.7A, 2.9A, and 2.9B, respectively, in 

the main text. 
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A.2. TEM Image of Gold NPs 

 

Figure A2:TEM image of gold NPs. Inset is a histogram of the particle size distribution. 

 

A.3. Cyclic Voltammetric Response of 1.2 M LiBH4 in IL after 

Adding Acetone at Carbon UME 
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Figure A3: CV recorded with a CF UME in 1.2 M LiBH4 in P66614NTf2 after washing with 

~500 μL of acetone for 10 min with stirring, which was subsequently removed under vacuum with 

heating at 60°C. A scan rate of 0.050 V s–1 was used. 

 

Appendix B 

B. Supporting Information for Chapter 3 

B.1. TEM Image of Pt NPs in the Presence of Acetone 

 

Figure B1: TEM imaging from adding 200 µL acetone to Pt-IL solution 
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B.2. Cyclic Voltammetric Response of Methanol Oxidation at Pt 

UME 

 

Figure B2: Cyclic voltammetric of 10 µL methanol in P66614NTF2 at Pt UME.  



 

90 

 

Appendix C 

 C. Supporting Information for Chapter 4 

C.1. TEM image of TiO2 Particles 

 

Figure C1: Size of TiO2 NPs with TEM imaging. 

 

 


