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ABSTRACT 

 

The research in this thesis focuses on the electrochemical and 

photoelectrochemical behavior of semiconducting nanoparticles (NPs) as single 

entities. The primary goal of this work is to develop methods to detect individual 

NP collisionsðspecifically semiconducting NPsðand to characterize their 

electrons transfer processes. Semiconductors are relevant in photocatalytic 

applications, either as a direct solar energy harvester or in water and solvent 

remediation. Most of the current applications are related to these two general 

modes. In this work, the photooxidation of methanol on titanium dioxide NPs was 

our model of study. This photocatalytic reaction has applications as a solar energy 

harvester and water remediation. The reaction is also of fundamental interest. 

Moreover, the single entity study under photocatalytic conditions is an approach to 

the mesoscopic domain, which could improve our understanding of the properties 

of connectivity, assembly, aggregation, and mass transfer of electrons through a 

film of semiconductor material for its application in solar cells.  

Furthermore, this work discusses relevant topics in stochastic electrochemistry, 

such as mass transport of NPs, filtering effects, and photocatalysis processes on 

single entities. The main discussion focuses on the stochastic event signal, i.e., 

the nano-impact and the subsequent electron transfer, i.e., the faradaic processes. 

We investigated filtering frequencies (digital and instrumental), noise, frequency of 
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collisions, and final nano transients (high-resolution experiments) to discuss signal 

processing effects. We used ZnO NPs as a model to understand NP mass 

transport and the relative contribution of migration and diffusion for metal oxides. 

We modeled this process with the well-known Nernst-Plank equation and a 

subsequent development on migration by Amatore et al. While observing Zn 

electrolysis on a ZnO NP, we discussed the rate of electrolysis of Zn into a mercury 

amalgam and the effect of the instrumentation on these measurements.  

In the last chapter, we reported our advance in TiO2 methanol photooxidation 

through a HeCd laser irradiation. Firstly, we discussed the model developed with 

the combination of Mie theory on spherical particles and photoelectrochemistry. 

Secondly, we described nano-collisions in different experimental setups, leading 

to different types of transitionsðhomogenized and spiked. Homogenized 

suspension, TiO2, NPs are suspended in the cell with a fixed concentration before 

any alignment or electrochemical measurement. In a spiked suspension, a 

concentrated colloidal suspension of TiO2 NPs is injected at a certain time in the 

Ὥ ὸ transient measurement after the alignment of the laser. We fully characterize 

two systems for the spiking technique but not for the homogenized suspension. 

Thirdly, we described and analyzed the electrochemical response on Pt/TiO2 

decorated electrodes. Fourthly, we discussed the implications of correlating the 

Mie theory and the electrochemical transients, viz., the step current and their 

statistical distributions. Finally, this works studies a  NP captured on 600 nm Pt 

electrodes to confirm the photocurrent delivered by a single NP with high-
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resolution experiments. These experiments provide insight into mechanisms and 

NP properties that have not been reported previously to the best of our knowledge.   
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Take a chance and try my fare: 

It will grow on you, I swear; 

Soon it will taste good to you, 

If by then you should want more,  

All the things Iôve done before 

Will inspire things quite new. 

The Gay Science 

Friedrich Nietzsche 
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 Electrochemistry 

The system of study in this work is related to the chemistry of nanoparticles (NPs), 

specifically the electrochemistry. Electrochemistry is a branch of science that 

studies the processes of the matter related to electron transfer, either directly or 

indirectly. Thus, the electrochemical potential and the electric current are the main 

observables in the system, commonly called the cell.  The behavior of an 

electrochemical cell is affected by the temperature, pressure, concentration of 

chemical species, and other physical chemical variables. Recently, solar, and 

catalytic cell ensemble studying has shift from ensemble to the single entity 

chemistry of its individual units, which produce new knowledge and patterns into 

the mesoscopic domain. The mesoscale is the link between the atomic and the 

macroscopic dimension. The search of the principles, organizing patterns and 

interactions of the mesoscopic domain can lead into new discoveries that will 

enhance cutting edge technology.1 

As a matter of context, nanoparticle surface reactions split into two fundamental 

background concepts: the electrochemical reaction and the interface properties. 

The electrochemical reaction is a specific type of chemical equilibrium with electron 

transfer. In a condensed phase system, these reactions happen if there is a driving 

force pushing the equilibrium to any side of the equation 1. Equation 1 shows a 

half reaction of a chemical species, A, that undergoes reduction, B, where n is the 

stoichiometric number of electrons transfer and ᾀ the charge number of species A, 

which is related to the that of species ὄ .2,3 



3 
 

 
 

 ὃ ὲὩᵶὄ  (1) 

In electrochemistry, these reactions happen in controlled media within the 

boundaries of a metal-solution interface. The electrode makes a metal/solution 

interface. The mechanism on these interfaces follow chemical equilibrium 

principles with the indexed properties being characteristic to electrode reactions4: 

i. Electron transfer in electrodes is categorized as oxidation-reduction reactions. 

ii. Current is a direct measurement of the reaction rate, i.e., kinetics. 

iii. Electrochemical potentials correspond to thermodynamic properties of the 

system. 

iv. An electrode is a heterogeneous interface; rates related to an electrode scale 

per unit area.  

v. Current flowïin the metal-solution interfaceïinvolves electronic conductivity 

(metal or semiconductors) to ionic conductivity (solution).  

Single entity analysis and stochastic collision involves the study of these properties 

in the nanometer scale range, i.e., mesoscopic domain. These studies require 

further work and developmentðinstrumentally and methodologicallyðto analyze 

low electric currents, the thermodynamics of nano crystals, the kinetic rate on 

crystalline nets and the mass transport of NP in colloidal suspensions.  

 Electrochemical Cell 

The cell is perturbed through an electronic device, e.g., a potentiostat, and the 

outcome of the cell is studied. Both the perturbation and the measured outcome 
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are related to the specific electrochemical technique: cyclic voltammetry, 

electrochemical impedance spectroscopy, chronoamperometry, 

chronopotentiometry, among others. These devices can be either a potentiostat, 

that can control an applied potential, or a galvanostat, that control the applied 

current. Generally, thermodynamics of the redox reaction, the electrode interface, 

and transport processesðsuch as charge and mass transferðare the primary 

subject of an electrochemical study. Furthermore, an electrode is a material where 

electrons are the mobile species while in an electrolyte the mobile species are ions 

and polarized molecules.  

After the perturbation, there will be two types of processes in the electrochemical 

cell: faradaic processes and non-faradaic processes. Faradayôs electrolysis law 

defines faradaic currents, equation 2.  

 
ὗ

ὲὊ

ὅέόὰέάὦί

ὅέόὰέάὦίȾάέὰ
ὔάέὰ ὩὰὩὧὸὶέὰώᾀὩὨ (2) 

where any other current not associated to an electrolysis process will be defined 

as non-faradaic current. In addition, the faradaic current is defined as the number 

of electric charge (coulombs) per unit time (second), and it can be written as an 

infinitesimal rate of change, equation 3. 

 ὭὥάὴὩὶὩί
Ὠὗ

Ὠὸ

ὅέόὰέάὦί

ί
 (3) 

Commonly in molecular electrochemistry, the continuous phase is either a 

polarizable or a non-polarizable molecule. In the case of colloidal suspensions of 

NPs, covered in this dissertation, the moving phase is a dispersed phase. 
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Moreover, there are many reports in the literature of single entity suspension, such 

as, single silver NP collisions by Compton research group5, among many other 

type of NPs (discussed vide infra). The supporting electrolyte would play a role in 

the conductivity of the cell and the mass transport of the NPs. See details in 1.2.3 

Mass Transfer and Chapter 3 - Reduction Kinetics and Mass Transport of ZnO 

Single Entities on a Hg Ultramicroelectrode. Furthermore, the understanding of 

equation 2 and 3 is crucial when extrapolating concepts from the interface of 

electrode/NP. The current transient shape and the total current are information on 

the redox mechanism and number of chemical species being electrolyzed. The 

latter can be understood in terms of the NP size, thus, analytical techniques to 

determine NP size and NP concentration are a great tool for the electrochemistry 

in colloidal systems.6 These emerging fields are commonly known as stochastic 

electrochemistry or nano-impact. 

 Thermodynamics and Potential 

The electrochemical potentials are a thermodynamic property of a cell. Each 

electrode has an electrochemical reaction, arbitrarily, right, and left electrode. The 

nomenclature can be set as electrode I or II, but the right-left nomenclature is more 

appropriate for convention consistency, and experimental scenarios. The energy 

change of the reaction is determined by the change in Gibbs free energy on each 

half cell, equation 4.7 



6 
 

 
 

 ЎὋ ί‘ ί‘  (4) 

where Ὃ is the Gibbs free energy, ‘ is the electrochemical potential of species Ὥ, 

and ί the corresponding stoichiometric coefficient of species Ὥ.  

Moreover, the potential at which no current flows is called the equilibrium or open-

circuit potential (OCP), denoted as Ὁ  in equation 5 (Ὂ is Faradayôs constant with 

a value of 96,485.33212 C molϖ¹). 

 ЎὋ ὲὊὉ  (5) 

Equation 5 has a practical dilemma in the relation of electromotive force 

(electrostatics) with free energy (thermodynamics). The former is a direction-

insensitive observable, while the latter is sensitive. The + and ï sign of the free 

energy is related with a gain or lost. On the other hand, + and ï sign for the 

electromotive force is a deficiency or excess of electronic charge (Benjamin 

Franklinôs convention).2,7 However, IUPAC convention avoids confusion. 

Commonly, the free Gibbs energy in an electrochemical cell is referenced to a 

known potential electrode. Thus, decoupled one-half cell reactions are studied on 

the working electrode (WE) against a reference electrode (RE). The latter can be 

depicted as the opposite half-cell reaction.  Briefly, a RE electrode allows the 

control of the potential of the WE (setting a reference on the potential of the 

system), since the current flow through the electrochemical cell does not modify 

the ideally non-polarizable electrode. 
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 As an example, a half-reaction simplifies when studied with a standard hydrogen 

electrode (SHE)8 reference, net equation 6.  

 ςὃ ὲὌ ᵶςὄ ςὲὌ  (6) 

The free Gibbs energy for net equation 6 is expressed in equation 7 by means of 

the activities for the chemical species in solution and pressure for the molecular 

hydrogen 7.  

 ЎὋ ЎὋ ὙὝὰὲ
ὥ ὥ

ὴ ὥ
 (7) 

where ЎὋ  the standard free energy of the reaction that can be calculated from 

equation 4 and the difference of standard chemical potentials Ў‘, Ὑ is the gas 

constant with a value of 8.3145 Jmolϖ¹Kϖ¹, ὥ the activity coefficients and p 

pressure. 

The Nernst equation (8) for the half reaction at the WE can be determined by 

substituting equation 7 into 5, factorizing the stoichiometric numbers, and with the 

following definitions: that ὲ ςὲ is the number of electrons transferred, ὥ ρ, 

and ὥ ρ ὥὸά ρππ Ὧὖὥ.  

 Ὁ Ὁ
ὙὝ

ὲὊ
 ὰὲ
ὥ

ὥ
 (8) 

Expanding the activity coefficient by its relationship with concentration, ὧ, and ‎, 

activity coefficients, derives a Nernst equation concentration dependent, equation 

9.  
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 Ὁ Ὁ
ὙὝ

ὲὊ
 ὰὲ
‎

‎

ὙὝ

ὲὊ
 ὰὲ
ὧ

ὧ
 (9) 

Finally, equation 10 is the formal potential in terms of concentration of chemical 

species in solution. 

 Ὁ Ὁ
ὙὝ

ὲὊ
 ὰὲ
‎

‎
 (10) 

By convention, all reference electrode potentials are equal to the electromotive 

force (emf) of a cell formed by the RE on the right and the SHE on the left.9 This 

means that all reference electrode potentials are calibrated and traced with respect 

to the hydrogen reference, equation 8. This is an experimental advantage for the 

cell set-up. 

 Kinetics and Rates of Reaction 

The rate of change can be understood by manipulating the definition of Faradaic 

current (equation 3) into a ratio of the infinitesimal rate of change of moles of the 

electroactive species, equation 11.2 

 ὙὥὸὩ
άέὰ

ί

Ὠὔ

Ὠὸ

Ὥ

ὲὊ
 (11) 

However, it is of utmost importance to clarify that this rate of change does not imply 

a heterogeneous system, such as an electrode. Furthermore, the area that 

compromises the electrode-electrolyte interface limits the rate of reaction on an 

electrode. Electrode processes are heterogeneous systems by nature. These 

reaction rates depend on various phenomenon such as mass and electron 

transport, surface effects, mechanism of reaction of the electroactive species 
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(faradaic processes and its fundamental steps), among others. The rate of reaction 

is commonly expressed as equation 12.2 

 ὙὥὸὩ
άέὰ

ίὧά

Ὥ

ὲὊὃ

Ὦ

ὲὊ
‡ (12) 

In equation 12, ὃ is the area of the electrode, ‡ is the symbol that will be used to 

express heterogeneous rate of reaction, and Ὦ is the current density. Hence, the 

heterogeneous rate constant has units of [cm/s]. The interface also includes the 

immediate surroundings on the surface of the WE. Concentrations on the rate 

expression differ from that on the bulk. In addition, one can define in a more 

specific case of equation 1 by showing the heterogeneous rates of reaction which 

leads to 13.  

 ὃ ὲὩ

Ὧ

ᵶ
Ὧ
ὄ  (13) 

The dynamic process in equation 13 expresses the rates of reaction, forward and 

backward, arbitrary, and the addition of each rate with its corresponding sign. This 

leads to the net rate expression, equation 14. 

 ‡ ‡ ‡ Ὧὅ Ὧὅ (14) 

Expanding equation 14 by specifying that the concentrations functions ὅὶȟὸ are 

those at the surface (vide supra) leads to equation 15.  

 ‡ Ὧὅ πȟὸ Ὧὅ πȟὸ (15) 



10 
 

 
 

At equilibrium, kinetic theory should predict a constant ratio, and electrochemistry 

systems should simplify to the corresponding thermodynamic equation, the Nernst 

equation (equation 9). Equation 16 links the electrode potential to the bulk 

concentrations of the electroactive species, ὅᶻ. 

 Ὁ Ὁ
ὙὝ

ὲὊ
 ὰὲ
ὅᶻ

ὅᶻ
 (16) 

Butler-Volmer (BV), equation 17, is derived with further treatment of equation 15 

in an Arrhenius type of kinetics, linking the concentrations and the potential at the 

electrode by thermodynamic definitions. 

 Ὥ ὲὊὃὯ ὅ πȟὸὩ ὅ πȟὸὩ  (17) 

From equation 17, the following terms and implication can be defined: 

Firstly, Ὧ is the standard heterogeneous constant--an electron transfer 

parameterðwhich can be small while Ὧ and Ὧcan be large when moving the 

potential far from the formal potential (see the exponential product).  

Secondly, ‌, the transfer coefficient is a measure of the symmetry of the energy 

barriers, and also a potential dependent factor.  

Thirdly, Ὢ ὙὝȾὲὊ which is a constant indexed in each experiment since 

temperature, Ὕ, and the number of electrons, ὲ, can change within different 

systems. On the other hand, the charge transfer process is not in an overpotential 

where mass transfer (concentration depletion or accumulation) becomes relevant. 

This overpotential defines a charge transfer rate-limiting region. The Butler and 
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Volmer theory, equation 17, is a phenomenologicalðotherwise understood as an 

empirically deduced function from experimental resultsðderivation of 

electrochemical reactions (surface reactions). 2,3,7,10 

When deriving the Butler-Volmer (BV) equation, the electric potential refers to an 

arbitrary point; thus, a chemistry related point is selected, such as the formal or 

equilibrium potential. Historically, the BV equation is derived in terms of the 

equilibrium potential and the overpotential is defined, equation 18. 

 – Ὁ Ὁ  (18) 

The effect of mass transport is already stated in equation 17, but it can be more 

evident if we simplify each term with the exchange current, Ὥ, and the 

overpotential, equation 19. 

 
Ὥ

Ὥ

ὅ πȟὸ

ὅᶻ
Ὡ

ὅ πȟὸ

ὅᶻ
Ὡ  (19) 

The exchange current density is defined in equation 20 from already discussed 

terms. 

 
Ὥ

ὃ
Ὦ ὲὊὯὅᶻ ὅᶻ  (20) 

We obtained equation 21 by cutting the Taylor Expansion of the current function 

to the second term, Ὢὅȟὅȟ–, which leads to equation 19 . 

 
Ὥ

Ὥ

ὅ πȟὸ

ὅᶻ
ὅ πȟὸ

ὅᶻ
–Ὢ (21) 
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An elegant way to simplify and understand this equation is to define the 

concentration ratios in terms of steady-state currents, equation 22.2  

 – Ὥ
ὙὝ

ὲὊ

ρ

Ὥ

ρ

Ὥȟ

ρ

Ὥȟ
 (22) 

where Ὥȟ and Ὥȟ are the cathodic and anodic limiting currents, respectively. In the 

ñTexasò convention anodic currents are negative. On the other hand, the IUPAC 

convention uses the signs of current inversely to the Texas convention. In this 

work, the Texas convention is used unless otherwise stated. 

Finally, these currents can be understood in terms of pseudoresistance, where the 

one with the larger value is the rate-determining step (RDS) in the mechanism. 

Hence, equation 23 is a linear combination of the charge-transfer (CT), cathodic 

(mt,c) and anodic (mt,a) mass-transfer-limited processes.  

 – ὭὙ Ὑ ȟ Ὑ ȟ  (23) 

A circuit model is used to represent the faradaic current, where the largest 

resistance will set the RDS, this means that either charge transfer or mass transfer 

could limit the process. The electrochemical processes are divided in contribution 

areas to avoid the study of complicated transition steps, small perturbations of the 

other terms, or convoluted process. However, Chapter 3 - Reduction Kinetics 

and Mass Transport of ZnO Single Entities on a Hg Ultramicroelectrode 

shows how the mass transport process and the electron transfer can be studied 

separately in single entity experiments. The NP reaching the electrode would be 

driven by Brownian motion or skewed Brownian motion, which is a process 
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directed either by an electric field or mass transport. At the plane of closest 

approach, tunneling interaction results on electrolysis, or charge transfer. Finally, 

stochastic electrochemistry and nano-impacts implications and details are studied 

by understanding mass transport. 

 Mass Transfer 

Mass transfer is a contributing part of the faradaic current, as discussed in the 

Kinetics and Rates of Reaction section. However, mass transport (MT) 

processes could be the RDS and set the whole faradaic current in the 

measurement. MT has its own implications based on the geometry of the 

electrode, and this factor could be the main contribution to the current.  

The flux expression, equation 24, involves the electrochemical driving forces, 

which relate to the current and the redox mechanism.  

 ꞌ
ὅὈ

ὙὝ
​‘Ӷ ὅὺ (24) 

From the expression above, Ὀ is the diffusion coefficient of the species Ὥ, ‘Ӷ is 

known as the electrochemical potential, defined in equation 25, and as an 

additional term to the flux equation law there is a term of convection which 

represents the solution moving with velocity ὺ (more details below).  

 ‘Ӷ ‘ ὙὝὰὲὥ ᾀὊ‰ (25) 

Equation 25 expresses an electric field or potential function, ‰, which sets a 

function of the standard chemical potential, ‘, of species Ὥ. Note that 
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nomenclature of the electrochemical potential, ‘Ӷ, is different from that of the 

chemical potential, ‘. The main difference lies in the electric field term that is added 

to the chemical potential equation. In addition, equation 24 can be expanded to the 

known Nernst-Planck Equation, equation 26.  

 ꞌ Ὀ ὅɳ
ᾀὊ

ὙὝ
ὅὈ ‰ɳ ὅὺ (26) 

The flux of mass, equation 26, has three independent terms. From left to right, the 

first term (Ὀ ὅɳ) is the gradient of concentration commonly known as the diffusion 

term. The second term ὅὈ ‰ɳ  is the gradient of charge species due to a 

gradient on the electric potential; uncharged species or electrolyte-supported 

systems would not be affected by the migration term. Additionally, an applied 

potential on the metallic surface creates an electric field that attracts the opposite 

charged species. The third term (ὅὺ) is the convection term, as defined earlier in 

the text, and is the contribution of an external mechanic perturbation commonly 

stirring. Figure 1.1 depicts a general idea of molecules as spheres moving with 

each discussed mechanism as driving force. The electrochemistry of single 

entitiesðdispersed phaseðfollows these mass transport definitions. Within a 

tunneling distance, the atoms, molecules, or charge carriers would establish an 

extra step in the electrochemical process. Commonly, this is better resolved in 

high-resolution experiments since the time and the dimensionality of the system 

requires resolution below the microsecond and the nano ampere scale. The high-

resolution process is also driven by these three mechanistic approaches and 

example of this discussion is shown in Chapter 3 - Reduction Kinetics and Mass 
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Transport of ZnO Single Entities on a Hg Ultramicroelectrode, which is a study 

model to understand the two main result in stochastic electrochemistry for the 

electrolysis of Zn in the ZnO nanocrystal network. 

 

Figure 1.1. Mechanisms of Mass Transport Models in the Nernst-Planck 
Equation. 

Furthermore, electric perturbations at electrodes are caused by time-dependent 

changes in mass transport. In addition, this flux expression can be integrated in a 

more general equation, a vector field expression, that represents the flow of the 

mass distributed in space. Thus, evaluation of the divergence provides information 

about accumulation or depletion at the specific point. Moreover, the continuity 

equation, 27, describes the transport of species in a solution by a general flux 

equation. This specific equation describes the mass as a conserved field where 

molecular species can be transformed by heterogeneous chemical reactions. 

Where the electrode can be either a source or a sink of a chemical species Ὥ.11ï13 

 
‬ὅ

‬ὸ
ꞌɳ (27) 
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When the driving force of the flux is the concentration gradient, i.e., diffusion. 

Equation 26 and 27 are simplified to the known first and second Fickôs law, 

respectively.  

These equations (vide supra) can be modeled for any type of geometry and 

electrode size; however, the main purpose of this work is to understand the 

systems involved in the nanoscale as discussed above. Thus, a more 

comprehensive study of the experimental requirement for increasing the resolution 

in the time and current domain is necessary. The technology for this type of 

experiments goes into the miniaturization of the working electrode to what is called 

ultramicroelectrodes (UME).  

1.2.3.1 Ultramicroelectrodes (UME) 

Towards the miniaturization of electrochemical systems, one-step forward was the 

decrease in critical size of the electrode. Diffusion laws and the outcome of 

experiments generate a framework to understand microelectrodes. Many reviews 

have been written in order to describe most of the experimental achievable 

geometries, mass transport regimes and electrochemical properties of the 

interface geometries in the micrometer scale.2,3,14ï19 

The critical dimension, ὥ, of the an electrode to be define as UME must be below 

50 ɛm.15 In this work, the main working electrode geometries are disk and 

hemisphere, unless otherwise stated. The field of diffusion for both systems, 

hemisphere, and disk, are similar to a spherical diffusion with the latter being more 

complex. In this diffusion field, the flux of electroactive species is not uniform over 
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the surface of the geometry. Moreover, the rate of mass transport due to diffusion 

is higher on the edge than over the center. The small surface area of an UME is 

proportional to low currents (Ὥθ ὥ, where Ὥ is the current and ὥ the diameter of 

the disk or hemisphere.14,20  

Moreover, UMEs have been used to increase sensitivity, to generate anodic 

stripping voltammetry probes, as probes in scanning electrochemical microscopy, 

and to study low electrolyte systems, low conductive systems, fast electron 

transfer, fast scan voltammetry, among others. These many applications of UME 

arise for its empirical behavior which results on the following proportionality 

relations of electrochemical terms and the critical dimensional parameter (ὥ) such 

as: the uncompensated resistance (Ὑ ᶿρȾὥ, the double-layer capacitance (ὅ ᶿ

ὥ, cell time constant (ὅὙ ᶿὥ, and the iR drop ὭὙ ᶿὥ.14 

The interpretation of data requires the solution of the specific electrode geometry 

(equation 27). The symmetry of the problem determines the difficulty of the solution 

of the differential equation, for example, symmetric geometries like cylinders and 

spheres and non-symmetric structures disks, the latter being a more complicated 

mathematical problem. One of the reasons for the complexity of the mathematical 

solution is the non-uniform current distribution across the surface. 21ï26  

Fickôs second law relates the time-space dependence relations of the systems in 

this work. The mass transport of the specific system is defined by its corresponding 

geometry, equations 28 and 29, sphere and disk. The solution of the spherical 

diffusion equation is the same of the hemisphere with a different proportionality 
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constant, due to the change on surface area. Avoiding stirring derives equation 26; 

convection term goes to zero and the system is diffusion-limited. The migration 

term goes to zero by adding a supporting electrolyte, 100 times more the 

concentration than the electroactive species, which yields a uniform potential 

distribution. 

 Ὀ    (spherical electrode) (28) 

 
Ὀ     (disk) 

 

(29) 

The introduction of boundary conditions has determined equations 28 and 29 to 

be only concentration-gradient dependent, but further boundary and initial 

conditions addition will determine whether the diffusion be finite (thin-layer cell), or 

semi-infinite (planar or spherical). On the other hand, the selection on the program 

of the electrochemical experiment would set the nature of the outcome: 

galvanostatically (constant current), potentiostatically (constant potential) or 

potentiodynamically (variable potential).  

Furthermore, a main constant through this research is the use of potentiostatically, 

applied constant potential, techniques to solve for independent transient of 

stochastic electrochemistry. More details on the addition of a migration term are 

discussed for the ZnO NP mass transport in Chapter 3 - Reduction Kinetics and 

Mass Transport of ZnO Single Entities on a Hg Ultramicroelectrode. 
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Potentiostatically or chronoamperogams are experiments with an inert UME in a 

solution containing an electroactive species or redox couple with concentration, ὧᶻȟ 

and a supporting electrolyte with concentration ρππϽὧᶻ. The system control 

program is a potential step from where no reaction occurs to a point in the redox 

scale where either a reduction or an oxidation of the redox couple occurs, 

commonly at a diffusion-controlled rate.  

The initial condition for this experiment at the spherical symmetry are 

 at ὸ π and ὶ ὥȟὧ ὧᶻ (30) 

and the boundary conditions for ὸ π, 

 at ÌÉÍ
ᴼ
ὶȟὧ ὧᶻ and at  ὶ ὥȟὧ ὧᶻ (31) 

The solution of equations 28 and 29 are found by Laplace transform with their 

corresponding initial and boundary conditions. For example, the current density 

expression given by equation 32 is obtained if equation 28 is solved with initial and 

boundary conditions 30 and 31, respectively.  

 Ὅ
ὲὊὈὧᶻ

ὶ

ὲὊὈȾὧᶻ

“ȾὸȾ
 (32) 

Equation 32 is the sum of two components: a transient component with an inverse 

square root time dependence, and a steady-state (SS) component with no time 

dependence. The steady-state component is proportional to mass transfer 

coefficient, ά , as stated in equation 33. 
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 Ὥ ὲὊὃ
ὈȾὧᶻ

“ȾὸȾ
άὧᶻ (33) 

where the mass transfer coefficient, ά , and the surface area, ὃ, are parameters 

that depend on the geometry of the electrode, thus, they will change accordingly 

with the initial conditions of our problem. 

The solutions of the steady-state diffusion equations are solved for classical 

geometries in Table 1.1. The substitution of these geometrical factors in equation 

33 solves for the particular system.  

Table 1.1. Mass transfer coefficient for Different UME. Adapted table from 
ref. 2 

Geometry Disk Hemisphere/Sphere 

ά  
τὈ

“ὶ
 

Ὀ

ὶ
 

 

There are three main regimes depending on the duration of the experiment for a 

UME, and these come from analyzing equation 33. 

I) Short times. The first term in equation 33 is predominantly large; hence, 

Cottrell function defines the current, equation 34. 

 Ὥ ὲὊὃ
ὈȾὧᶻ

“ȾὸȾ
 (34) 

This transient shape is obtained for electrodes in the millimeter scale where the 

linear diffusion to a plane electrode problem is the corresponding description to the 

mass transport regime. This, term shows that a short time scale the edge effects 
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are not important. Therefore, the current vs time curve behaves in a linear diffusion 

regime. 

II) Long times. The transient current is negligible and the current will reach 

the value of the steady-state boundary problem, equation 35, which 

means that the continuity equation will have no time dependence and 

the turnover concentration will reach its maximum or the steady-state 

current. 2,15 

 Ὥ ὲὊὃάὧᶻ (35) 

From equation 35, the steady-state current is proportional to the mass transfer 

coefficient, related to the geometrical factor (Table 1.1). Thus, the steady-state rate 

of diffusion can be set by changing the geometry and the size of the electrode.15 

III) Intermediate times. This middle point complicates the analysis and the 

functional form of the current since edge effects depend on the duration 

of the experiment and the radius of the electrode. In practical experiment 

with UMEs, this zone is avoided by a control experiment, so that the 

electrode operates either in the semi-infinite linear diffusion or in the 

steady-state regime. 2,15 

The evaluation of the current responding to an applied potential is one of the main 

concerns in a chronoamperogram, Figure 1.2. The unitless current density 

function, from greater to smaller, renders the following trend: disk, hemisphere, 

cylinder, linear diffusion. These decays are plotted against the logarithm of the 
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dimensionless time parameter ὈὸȾὥ. Thus, they show a trend of the decay and 

contribution of each exponential function at different times. These curves add to 

the discussion above since the decay is a method to show the contribution of each 

type of diffusion.  

 

Figure 1.2. Variations of diffusional current decay functions for planar, disk, 
cylinder and hemisphere regimes. 

 

Moreover, the linear diffusion will be present at short times for all geometries as 

the major contribution, but at larges times of the experiment the steady-state mass 

transport will be the limiting step. The steady state contribution remains the major 

contribution at relatively large times, ca. 2.5 ms. Collisions usually take place in 

the long-term part of the chronoamperogram; thus, we should be in the steady-
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state part of the current vs time experiment. Additionally, the effect of the Cottrell 

curve, the uncompensated resistance, Ohmic drop, and capacitive currents are 

more evident at the beginning of the experiment. All these advantages open then 

window to work with unsupported electrolytes and low background currents in 

order to avoid cross contamination in the nanoparticle chemistry (catalytic 

processes) and to achieve maximum resolution with the instrumentation available, 

respectively. All this discussion represents the background or back input of the 

measurement since the reactions that occurred on the surface of a NP are the 

most relevant part of our studies, (vide infra). However, it is important to 

understand the fluxes and particularities that will be affecting the measurement on 

the surface of NPs, that is, on the vicinity of a UME and its Nernst-Planck 

definitions.17 

Adding to the analysis of Figure 1.2, the time to reach SS for an inlaid disk UME 

is stated in equation 3627 

 ὸ ͯ
φὃ

Ὀ
 (36) 

where D is the diffusion coefficient of the electroactive species and A is the area 

of the disk. Thus, we can plan carefully our experiment to be within the steady-

state diffusion regime with this expression. Experimentally, this regime represents 

an advantage for its unique functional response between current and potential, 

and it does not involve time or frequency. Thus, the frequency domain of the 

collisions can be analyzed in a more systematic way and with less background 

perturbation.27 
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Equation (37) gives a functional form of the diameter and the diffusion coefficient 

of the electroactive species to calculate the time to reach steady-state. Again, it 

will be important to be on the long-time frame of these experiments to work under 

the desired conditions. If we do not use a disk, as an approximation, Ὠ can be 

changed by the largest dimension of the electrode.27  

 ὸ
ψρὨ

Ὀ
 (37) 

It is important to understand that the mass transport limits the number of collisions, 

since it is proportional to the frequency of single entities crossing a virtual physical 

boundary (more discussed vide infra). On the other hand, the electrochemistry of 

a NP depends on the mechanism, mass transport and other details on each 

specific interface and reaction on a NP/working electrode. The measured current 

is affected by impurities. For example, spikes could be shown from free ions, thus, 

an amalgam formation in mercury from contaminants, and misunderstood as an 

interaction of a NP with the working electrode. Finally, equation 37 is a mass 

transport limiting time, which is a function of the nature of the UME. However, there 

are times decays that are related to the instrumentation frequency cut off and the 

resolution of the experiment. These cases are particular to each experiment, but 

the general implications are discussed in Chapter 2 - Digital Processing for 

Single Nanoparticle Electrochemical Transient Measurements.  
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 Nanoparticles  

Most of the electrochemistry in this work occurs within the boundaries of 

nanostructures. Nanoscience and nanotechnology deal with synthesis, 

characterization, studies, analysis, and discoveries on nanostructured materials. 

At least, one of the dimensions of the material must be in the nanometer (ρ ÎÍ

ρ ρπ Í, one billionth of meter) scale to be consider in this dimensional range 

of materials. Some of the structures around the literature are named as clusters, 

quantum dots, nanocrystals, nanowires, nanobiomaterials, nanobiorods, and 

nanotubes, among others. The larger number of materials makes this field 

interdisciplinary at the crossing point of biology, chemistry, and material science 

due to its complexity and scope. Nanoscientists commonly study the properties of 

the individual entities or their assemblies, such as, size distribution, agglomeration, 

shape, surface area, composition, surface chemistry, surface charge, 

dispersibility, chemical reactivity, etc. The huge spectrum of properties, the 

increasing accessibility of methods of synthesis and characterization have made 

nanoscience to rapidly grow the last decade.28,29 This is where new studies and 

characterization play an important role for a further well-analyzed development of 

nanoscience and its applications. 

For instance, the physical and chemical properties of NPs are distinctly different 

from its constituents (atoms) and from the NP ensembles. Thus, studying the 

mesoscale interface on single entities will add relevant insight on the mechanisms 

and properties of the ensemble counterpart, namely, electrocatalytic and 
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photoelectrocatalytic cells. The activity of the NPs as a condensed film in 

photocatalytic cells is the main purpose of characterization. However, the aim is to 

explore directly the interfacial chemistry and kinetics in the single entity 

electrochemical studies. The key issue of electrochemistry in the mesoscopic scale 

comes from studies of shape, size, mass-transport conditions, adsorption on 

substrates, aggregation and surface chemistry (defects and catalysis).28,29 The 

focus of this review is to add information on catalysis, the NP interface and the 

study of reaction in one single entity, mainly those properties that can be explored 

with electrochemistry. Thus, characterization of other properties such as crystalline 

phase, particle size distribution on vacuum, colloidal stability and colloidal size 

distribution will be presented and contrasted with the results in this work.  

Functionality of a NP is related to both the constituent material and the size. 

Electrochemistry research has been pushing toward applications and 

characterization of NPs in energy related problems. Thus, the effect of the size 

and shape is relevant to the properties of NPs such as selectivity and activity 

towards a particular pathway since the material properties will dictate which 

reactions are allowed on the NP surface. Electrochemistry characterization studies 

the interface between the catalyst (NPs), and the electrolyte in solution for a fuel 

cell. In contrast, the performance of a device most of the times do no scale linearly. 

To propose a different method to approach of scalability, the organizing principles 

and mechanistic insight of the single entities in the mesoscopic scale should be 

studied.1,30 
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 Electrocatalytic Nanoparticles 

An electrochemistôs way to understand what is an electrocatalytic material is by 

analyzing specific fuel-cell reactions. These reactions relate energy consumption 

(the user) with the enhancement of the device (technological and scientific 

exploration), and it can lead to generalizations of the concept of an electrocatalytic 

NP. Based on the use and importance in electrochemistry, we will discuss three 

reactions to exemplify what an electrocatalytic NP, namely: oxygen reduction 

reaction (ORR), hydrogen evolution reaction (HER) and hydrazine oxidation. 

Details on the mechanism and possible pathways to explore in NP catalyst are 

relevant since both can be studied in terms of single entity electrochemistry. 

1.3.1.1  Hydrogen Evolution Reaction 

The thermodynamic equilibrium potential for the hydrogen evolution reaction 

(HER) is 0 V vs reversible hydrogen electrode (RHE). This specific reaction has 

extremely fast kinetics and reversibility when characterized on platinum 

electrodes. The following steps, from equations 38 to 40, describe the hydrogen 

evolution reaction in the fuel cell mode, while the opposite direction (hydrogen 

formation) represent the electrolysis mode.30ï32 

 Ὄ ςz  O Ὄ Ὄ      (Tafel mechanism) (38) 

 Ὄ  Oz  Ὄ Ὡ    (Volmer mechanism) (39) 
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 Ὄ  z O Ὄ  Ὄ Ὡ     (Heyrovsky mechanism) (40) 

Where * indicates a vacant site at the catalyst surface. The mechanism is still under 

investigation due to the fast kinetics of HER.30 On the other hand, the crystalline 

phase Pt (110) is the most active to this reactions.32 This reaction has been 

explored in nano-impacts as electrocatalytic amplification schemes due to its 

relevance for energy applications.33ï37 At the mesoscopic scale, the formation of 

nanobubbles has also been explored, since this is a major problem in operando 

fuel cells.38ï40  

The general equation of hydrogen reduction can be simplified in equation 41. 

 ςὌ ςὩᵶὌ  (41) 

1.3.1.2 Oxygen Reduction Reaction 

The electroreduction of oxygen on metal surfaces, commonly NPs, is critical to the 

efficiency of metal-air batteries and fuel cells, like the hydrogen fuel cell. The 

thermodynamic equilibrium potential for the oxygen reduction reaction (ORR) is 

1.23 V vs reversible hydrogen electrode (RHE). The potentials for a significant 

current are below 0.9V (to more negative); even for Pt which is one of the most 

active catalyst for this reaction,.41 The full reduction of oxygen to water is a process 

of four electrons, equation 42. 

 ὕ τὌ τὩᵶςὌὕ (42) 
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The simplified mechanism, equation 43, shows the steps from where the oxygen 

goes from bulk to the surface of the catalyst (NPs). This process proceeds into the 

formation of peroxide intermediates and finally releases back to solution as a water 

molecule. 

 ὕ ᴼ ὕ
Ὧ
ᵮ
Ὧ

 
ὖὩὶέὼώὨὩ
ὸώὴὩ 

ὭὲὸὩὶάὭὨὭὥὸὩ

ᴼ
Ὧ
Ὄὕ (43) 

However, the main source of cross contaminationðto the cell and the catalystðis 

the production of this highly reactive peroxide intermediates. The formation of this 

molecules leads to the reduction of the effective cathodic current since 

contaminates the catalyst and corrodes the membrane in fuel cells. The best-

known catalyst for this reaction is Pt. On the other hand, transition metals form 

stable oxides and leave the dissociated oxygen immobilized in the catalyst. Studies 

on ORR in acidic solution show that the Pt (111) phase is where oxygen adsorb 

strongly and the RDS.30  Some efforts on stochastic electrochemistry to 

understand oxygen reactions has been reported.42,43 

HER and ORR can be assembled in a cell to produce oxygen and hydrogen, as 

fuels, by water electrolysis, thus, any effort to understand the mechanism in the 

mesoscopic world of this to catalytic processes will help to enhance its application.  

1.3.1.3  Hydrazine oxidation 

Hydrazine oxidation results into molecular nitrogen and water in a four-electron 

reaction, equation 44. This fast kinetics reaction that follows four deprotonation 

steps leaves to a bare molecular nitrogen bond. However, there is a strong 
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dependence of the onset potential of the reaction depending on the catalyst 

surface, for example, a difference of ca. 500 mV from Au to Pt.30,44 Also, the 

hydrazine is inactive in carbon materials. All these properties make this type of 

reaction suitable to test processes at different NPs.30,44   

 ὔὌ ᵶὔ τὌ τὩ (44) 

This reaction is used as a study reference system in Chapter 2 - Digital 

Processing for Single Nanoparticle Electrochemical Transient 

Measurements to test the efficiency and behavior of digital processes to enhance 

the signal. 

Finally, these half-cell reactions are examples of continuing problems in scientific 

research. Experimental characterization of these materials is of main concern to 

optimize and enhance efficiency in energy generation and storage systems. 

Electrochemistry experiments are performed mostly to understand electron 

transfer processes, viz., electrocatalytic amplification (EA). Reactions that have 

been used to probe single NP reactivity towards the HER34ï36, ORR,45 and 

hydrazine oxidation46ï48. Since, these reactions are in many classical protocols to 

study electrode reactions and their mechanisms, thus they have been 

implemented as standard reactions in stochastic electrochemistry. Moreover, the 

study in this size domain makes evident certain hidden variables, which corrects 

relevant experimental details and opens analytical insight to more complex 

problems.  
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1.3.1.4  Photocatalytic Nanoparticles 

This specific type of nanomaterial is related to the generation of energy by means 

of photon sources: solar energy. Among other applications, the need of renewable 

energies that do not contaminate the environment is a current topic of discussion. 

Thus, nanocrystalline films of semiconductors are of interest in the context of solar 

cells and photocatalytic degradation processes. A semiconductor (SC) can behave 

either as a conductor or an insulator; which depends on the perturbation applied 

to the material; generally: thermal, light, or potential sources will lead to the 

movement or immobilization of electrons in the material. Thus, photocatalysis and 

its applications, specifically solar cells, synthesis, and water treatment, have been 

of great interest over the last half of XX century and continuing. Photocatalysis is 

a chemical process happening in SC particles under band gap irradiation, where 

the NP work as microreactor. However, the study of semiconductor NPs as a single 

entity and the details of the electrochemistry are still emerging. Finally, the 

detection of single entities using the charge transfer photocatalytic amplification 

and the further physical chemical characterization is discussed in Chapter 4 - 

Single Entity Photocatalytic Processes: Detection and Characterization. The 

following section will set the base for the further discussion in this work.49ï57 

1.3.1.5  Properties of Semiconductors 

The electronic structure of a crystalline solid is defined by the following parameters: 

Femi level, work function, ionization energy, electron affinity, surface morphology, 

and chemical composition. To modify and enhance the efficiency of charge carrier 
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materials, a deep understanding on their microscopic properties needs to be 

achieved. Learning how these properties are correlated and how they behave 

under controlled environments helps improve the activity, selectivity, stability, 

durability, and of photocatalysts.  

A conducting solid is a material formed by many atoms and electrons. The 

electronic structure is represented with bands rather than molecular orbitals for 

simplicity and correlation with this model. A semiconductor (SC) can be described 

with bands, assuming there is not net charge accumulation at or near the surface. 

This energy diagram is shown in Figure 1.3.49,58ï60 

 

Figure 1.3. A SC energy model displaying band edges (conduction band 
minimum and valance band minimum), vacuum level (EVAC), work function 
(WF), energy gap (EG), ionization energy (IE), and electron affinity (EA). 
Republished with permission of the Royal Society of Chemistry from Fermi 
level, work function and vacuum level, Kahn, A., Volume 1, Edition 3, 2015; 
permission conveyed through Copyright Clearance Center, Inc.58  
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Electrons and holes are the charge carriers in SCs and are transported in the levels 

or bands defined as conduction band minimum (CBM) and valance band minimum 

(VBM). The CBM and VBM are analogous with the lowest unoccupied molecular 

orbital (LUMO) and highest occupied molecular orbital (HOMO), respectively. The 

difference between CBM and VBM defines the energy gap (EG), also called the 

forbidden gap, shown in Figure 1.3. Thus, at the single-particle levels (CBM and 

VBM) and EG are essential to understanding of carrier injection and extraction 

barriers at metal/SC and SC/SC heterogeneous junctions. 49,58ï60 

Vacuum level (EVAC) is the energy level of an electron that is outside of the solid, 

where the electron barely feels the dipole moment of the material, a few 

nanometers in distance. In addition, EVAC is the distance where there is zero kinetic 

energy with respect to the material surface. The local EVAC helps define other 

parameters, such as ionization energy (IE) and electron affinity (EA). IE is the 

minimum energy to remove an electron from the system and EA is the energy 

gained for bringing and electron from outside of the material to the lowest 

unoccupied state. Dopants are designed either to be strong electron acceptors 

with large EA (greater than 5.0 eV, p-dopant: holes are the vast majority of charge 

carriers) or strong electron donors with low IE (less than 3.5 eV, n-dopant: 

electrons are the vast majority of charge carriers).58  

The Fermi level and the work function are correlated. The Fermi level is a 

hypothetical state with 50% probability of occupation by electrons at 0 K at any 

point in time. In an intrinsic SC (without dopants), EF lies directly in the middle of 
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the band gap. For an extrinsic SC (dopants), the variation in the Fermi level obeys 

two conditions: the law of mass action and the electroneutrality equation. A SC 

with a concentration of electrons higher than the number of holes in the material is 

called n-type. For an n-type SC, the EF will shift above the middle point of EG. A 

SC with a concentration of holes higher than the number of electrons in the material 

is called a p-type SC. For example, ZnO and TiO2 are both p-type semiconductor; 

both studied in latter chapters. For a p-type SC, the EF will shift below the middle 

point of EG. The work function, ɮ, is defined as minimum work necessary to 

remove an electron from the EF and place it just outside the surface of the electrode 

at EVAC.49,58,61
 

1.3.1.6  Electronic and Charge Transfer Processes in 

Photocatalysis 

1.3.1.6.1 Band Edge Position  

The band edge position determines if a SC can perform a photoelectrochemical 

process depending on the specific adsorbed species and its corresponding redox 

potential, as in a semiconductor NP.  The redox potential of the adsorbed acceptor 

must be more positive than the conduction band of the SC. Conversely, the redox 

potential of an adsorbed donor must be more negative than that of the valance 

band position to undergo an electron transfer with the SC. Figure 1.4 shows the 

band gap position of some SCs in aqueous solution (pH = 1) shown with the normal 

hydrogen electrode energies and the vacuum energy level for comparison. The 
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position of the bandgap is a guideline to choose the electron and hole scavenger 

in photocatalytic amplification.  

 

Figure 1.4. Bandgap energies of SCs in an aqueous electrolyte at pH = 1.  

 

1.3.1.6.2 Band Bending 

The definition of band bending was formulated by Schottky and Mott to understand 

the rectifying effects on SC contacts with any other phase (e.g., liquid, gas or 

solid).62ï64 Band bending is the transfer of mobile charges across junctions until 
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electronic equilibrium is reached and the bending established. The redistribution 

of charge involves the formation of a layer called the space-charge layer, which is 

a shift in the electrostatic potential, causing a downward or upward bending of SC 

bands.  Band bending can occur due to energetic differences in WF between a SC 

and a metal, an external electric field (potential difference), termination of lattice 

periodicity at the surface, and adsorption of chemical species at the surface.61 

Therefore, the band bending of a SC occurs due to a lack of interactions between 

the bulk and the surface of the material and charge-induced electric field by the 

low concentration of free carriers. The screening length in a SC is in the order of 

~100 Å with a free carrier density of ~1017 cm-3, leading to a significant space 

charge region near the surface. 

1.3.1.6.3  Space Charge Region  

There is no space charge in the flat band region for SCs in vacuum. However, a 

space charge region is formed at the surface of the SC material when it is placed 

in contact with a different phase (solid, gas or liquid). Figure 1.5 shows three 

models for an n-type semiconductor when interacting with a phase with ions. 

Interactions with cations at the interface causes the accumulation of a high density 

of electrons in the space charge layer, generating a downward band bending or an 

accumulation layer. Respectively, an upward band bending is generated when 

there is a large accumulation of positive charges at the edges of the interface in 

the space charge region. When there is a decrease in the density of electrons at 

the interface, a depletion layer is formed. There is also a limiting case when upward 
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bending occurs near the surface, electrons are depleted below the intrinsic level 

(ὲ) i.e., ὲ ὲ ὲ, allowing the formation of a particular type of space charge 

region to be called an inversion layer.61 

 

Figure 1.5. Energy levels and free charge carrier density models for an n-
type semiconductor. Broken lines correspond to the space charge region 
thickness (D). Also shown are free electron density (▪▄), free hole density 
(▪▐), and intrinsic carrier density (▪░) levels. Reprinted with permission from 
Zhang, Z.; Yates, J. T. Band Bending in Semiconductors: Chemical and 
Physical Consequences at Surfaces and Interfaces. Chem. Rev. 2012, 112 
(10), 5520ï5551. Copyright 2021 American Chemical Society.61 

1.3.1.6.4  Particle Size-Induced Band Bending  

The crystalline structure acquires new properties when the space charge region 

reduces in size, for example as in a nanocrystal. Moreover, there are three 

differences when moving from planar SCs through nanomaterials: in the 

magnitude of the band bending, quantum size effects, and an increased surface-
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to-volume ratio.50,61 The potential distribution can be was derived by Albery and 

Bartlett, equation 45, using the Poisson-Boltzmann equation.65 

 ὠ ὶ
ὯὝ

φὩ

ὶ ὶ Ὀ

ὒ
ρ
ςὶ Ὀ

ὶ
 (45) 

This equation allows one to calculate the potential distribution, where r0 represents 

the radius of a spherical nanoparticle. Here, LD is the Debye length, defined as 

ὒ ‐‐ὯὝȾὩὔ Ⱦ and Ὀ is the depletion length. Evaluating ὶ, the radius of 

the NP, for a range of sizes leads to the conclusion that for large particles (ὶ 

 Ὀ), band bending is limited, shown in equation 46.65 
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Equation 46 models planar materials, so big particles can be treated as a particle 

with infinite diameter. As for small particles (ὶ  ЍσὈ) the band bending potential 

can be calculated using equation 47. 

 ὠ ὶ
ὯὝ

φὩ
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ὒ

Ὡὔὶ

φ‐‐
 (47) 

There are three variables for small particles, as shown in equation 47, that will 

determine the magnitude of band bending: particle size (r0), dopant concentration 

(Nd), and relative dielectric constant (ắr).  
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1.3.1.7  Electronic Excitation and Charge-Carrier Trapping 

Electronic excitation and charge-carrier trapping are processes occurring during 

concerted reduction, oxidation, and adsorption reactions of different redox 

couples. As an example, the following discussion will be lead with TiO2, studied in 

Single Entity Photocatalytic Processes: Detection and Characterization. 

The first step in the mechanism of heterogeneous photocatalysis is the generation 

of a few electron-holes in the semiconductor particle. Several processes occur 

upon the excitation of an electron from the valence band (VB) to the conduction 

band (CB) in the semiconductor, shown in Figure 1.6. The zoom-in portion of 

Figure 1.6 shows the excitation of an electron from the VB to the CB by a photon 

collision with energy equal to or larger. The excitation process forms a 

hole/electron couple in the semiconductor.58,60  

The electron-hole pair can undergo different de-excitation pathways. The excited 

electron donates to reduce any electron scavenger at the surface of the NP, as 

shown in Pathway C in Figure 1.6. Respectively, a hole can migrate to the NP 

surface and oxidize a hole scavenger, as shown in Pathway D in Figure 1.6.  

Recombination is a process where the electron returns to the vacant site (hole); 

this process may happen both at the surface, shown in Pathway A, or within the 

bulk of the NP, shown in Pathway B in Figure 1.6. Recombination is a process 

that releases heat.  
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Figure 1.6. Schematics of pathways in a photoexcitation at semiconductor 
particles. An h represents a hole and an e represents an electron. Reprinted 
with permission from Zhang, Z.; Yates, J. T. Band Bending in 
Semiconductors: Chemical and Physical Consequences at Surfaces and 
Interfaces. Chem. Rev. 2012, 112 (10), 5520ï5551. Copyright 2021 American 
Chemical Society.61 

Typical redox reactions at the surface of the nanoparticle can be represented by 

the following reaction mechanism.58,60,61,66 

 ὝὭὕ ί Ὤ’ᵶὩ ὝὭὕ Ὤ ὝὭὕ  (48) 

 Ὡ ὝὭὕ ᵶὩ ὝὭὕ   (49) 

 Ὡ ὝὭὕ ὓ ᵶὓ  (50) 

 Ὤ ὝὭὕ ᴼὬ ὝὭὕ   (51) 

 Ὤ ὝὭὕ ὙὥὨίᵶ ẗὙὥὨί  (52) 

 Ὡ ὝὭὕ Ὤ ὝὭὕ ὬὩὥὸ  (53) 
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In equations 50 and 52, ὓ  represents the electron scavenger and Ὑ the hole 

scavenger, schematically in Figure 1.6. Where the formation of an electron-hole 

couple by a photon is followed by trapped states and finally either combinations 

with reactants adsorbed on the surface of the NP or recombination. 

The accepted mechanistic model in Figure 1.6 depicts the primary reactions in a 

photocatalytic process. However, an extended model containing holes has been 

proposed to explain experimental observations where the transient absorption and 

time signals increase within the first 200 ns after a laser pulse.67,68 Equation 51 

considers a two-reaction step with two different trap sites for holes. Holes trapped 

in energetically deep traps, htr
+, have been characterized by their transient 

absorption around 450 nm. Holes trapped in shallow traps, htr*
+, do not possess 

such spectral responses. After the formation of electron-hole couple, there are two 

sites where holes are rapidly trapped. The holes trapped in shallow traps are 

proposed to be excited thermally into the valance band, so an equilibrium is 

established with the free holes and this is indicated in equation 54. 

 Ὤ ὝὭὕ ᵶὬ ᶻὝὭὕ  (54) 

Holes excited thermally in the shallow traps can migrate to the energetically 

favored deep traps, shown in equation 55. 

 Ὤ ᶻὝὭὕ ᴼὬ ὝὭὕ  (55) 

Equation 55 relates Pathway B in Figure 1.6, showing that electronegative holes 

trapped in shallow traps will oxidize hole scavengers.66 
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Finally, semiconducting NPs of titanium dioxide (TiO2) in anatase phase were 

detected using the photoelectrochemical current (PEC) measured at Pt disk UME 

by Alpuche et al.69 The photocatalytic model used to amplify the TiO2 collisions on 

the electrode surface was the photooxidation of MeOH by the NPs. Electrons are 

transferred to the Pt surface by NP collisions and the current transient data shows 

discrete current changes that are stepwise response. Furthermore, these stepwise 

collisions denote irreversible attachment to the electrode surface, showing anodic 

electrochemical currents (negative step in the ñTexasò convention), indicating the 

flow of electrons from the NPs into the UME. This specific type of collision with an 

upgraded technique are discussed in Chapter 4 - Single Entity Photocatalytic 

Processes: Detection and Characterization.  

 Stochastic Electrochemistry 

Stochastic electrochemistry has been considerably developed in the past decade 

and provides scientists with important information on single particle chemistry, e.g., 

electrocatalytic activity of NPs, NP electrode interaction and NP agglomeration to 

name a few. This information is not accessible in ensemble experiments due to 

high concentration of NPs, small signal-to-noise ratio, ensemble film constrains, 

and high frequency of collisions on the electrode surface. A high frequency of 

nanoparticle electrode interactions makes it difficult to identify single collision 

events. Single-particle collision experiments have been developed on ñhardò 

spheres including metal NPs (Pt, Au, Cu, Ag)58ï62 and metal oxides (IrO2, TiO2, 

ZnO)69,75,76.  Recent research has shown nano-impact events through the 
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collisions of ñsoftò particles (micelles) with an UME and an applied electrochemical 

potential.77,78 An UME is used in these two types of collisions to decrease the 

background current noise, to increase resolution, and to have the option to 

decrease supporting electrolyte concentrations (discussed section 1.2.3.1, vide 

supra). Common methods of detection are: open circuit potential79ï81 and 

chronoamperometry69,72,73,77,82ï87. 

Single entities produce electrochemical transients; these could have short 

durations, from milliseconds to faster process (commonly limited by 

instrumentation, more discussion in Chapter 2 - Digital Processing for Single 

Nanoparticle Electrochemical Transient Measurements. These transients are 

caused by discrete random individual events of single nano entities on the surface 

of the UME. Systems are commonly selected so that the electrode is inert in the 

chemical environment. Only upon the addition of NPs significant perturbation on 

the electrode activity will take place, leading to small transients. Two general types 

of response are found by the form of the transient: staircase (or steps) and blip (or 

spike) signal, Figure 1.7.  
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Figure 1.7. Stochastic collisions different type of transient response (a) Step 
or staircase, and (b) Blip or spike. Unpublished results. 

 

The NP will move in the electrochemical cell in a Brownian fashion until collision 

with the electrode. The UME being a depletion surface of NPs where either 

adsorption or reaction occur, Figure 1.8. 

 

Figure 1.8. Simulation of a Brownian motion of a NP. Unpublished results. 
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At a diffusion limited flux of NPs, the UME behaves as a sink of NPs with a Dirichlet 

boundary condition: ὅ π where ὅ  is the averaged concentration of NPs at 

the electrode surface (or plane of closest approach) and ὅᶻ  is the average bulk 

concentration of particle. The diffusional frequency of NP collisions, Ὢȟ, is the dot 

product between the diffusional flux,  ὐ, and the cross-sectional surface of the 

UME, ὃ, equation 56.88 

 Ὢȟ ὐϽὃ (56) 

Simplifying equation 56, equation 57 is derived. 

 Ὢȟ ὃάὅᶻ  (57) 

All terms in equation 57 are as before, vide supra, and the equalities for the three 

general type of UME are for the disk (equation 58), hemisphere (equation 59), and 

sphere (equation 60). However, the collision frequency of diffusing NP is calculated 

knowing the mass transfer coefficient, ά, related to the Brownian motion of NPs, 

and the geometry of the UME.88 

 Ὢȟ τὈ ὶ ὅᶻ    (disk) (58) 

 Ὢȟ ς“Ὀ ὶ ὅᶻ    (hemisphere) (59) 

 Ὢȟ τ“Ὀ ὶ ὅᶻ    (sphere) (60) 

To characterize single NP collisions, three experimental variables are discussed 

in the literature: (i) frequency of collisions on the UME, and its relation to equations 

58 to 60, (ii) the magnitude of the transient, and (iii) the shape of the perturbation. 
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These variables are function of the NP concentration, structure-activity relations, 

UME size, reactant concentration, UME potential, and surface characteristics of 

both the UME and NPs (pretreatment, roughness, capping agents, among 

others).88 

As an example of the importance of these parameters, NP particle sizing using the 

time integral of nano-impacts has shown comparable results with both vacuum and 

colloidal techniques (dynamic light scattering, nanoparticle tracking analysis and 

cryo-TEM). Nano-impact has proof robustness and reproducibility in some specific 

type of NPs, the commonly used systems are Ag NP reduction and Au NP nano-

impacts by electrocatalytic enhancement, also called electrocatalytic 

amplification.6,74,88ï91 

The interaction mechanisms described by the transient magnitude and its 

stochastic shape are convoluted. NPs have shown two types of response, blips, 

and steps, both are described with the transition time of the adsorption, ergo, the 

nature of the physical interaction with the UME. All these processes must be 

conceived superimposed on the background response of the UME. On one hand, 

the staircase transient occurs when a NP adsorbs to the electrode from a 

significant time that is longer compared to the duration of the overall experiment. 

On the other hand, blip response occur when the adsorption of the NP is reversible, 

either the NP reacts on the UME or its surface does not interact with that of the 

UME.88 Furthermore, the concentration of the particles is set low (one collision 

each three times the sample interval of the instrument, discussed on Chapter 2 - 
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Digital Processing for Single Nanoparticle Electrochemical Transient 

Measurements, vide infra) to avoid electrode saturation (no more than a single 

NP layer, Poisson probability, discussed on, Chapter 2, vide infra) and negligible 

contribution of multiple collisions. 

These two types of collisions can be model with an adsorption constant. If the 

adsorption of the NP is not fast enough, a more general equation can be written 

from the relation on equation 61.88 

 Ὢȟ Ὧ ὅ ὃ (61) 

By definition equation 62, the kinetic constant of adsorption is related to that of 

collisions by a weighted parameter known as the probability of any give collision 

leading to adsorption, ὴ .88 

 Ὧ ὴ Ὧ  (62) 

This boundary condition means that not adsorption occurs unless there is a 

collision, and the probability of adsorption is a function of surface sites. Thus, 

considering the concentration change in the frequency of collision equation (57) as 

a delta of concentrations imposed by these to dynamic mechanism happening at 

any given time, equation 63  is derived.88 

 Ὢȟ ὃάὅᶻ ὅ  (63) 

By combining equations 61 and 63 a general expression for both type of 

mechanism can be expressed in a conceptual model, equation 64.88 
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In the limiting case where the adsorption constant is large, the collision frequency 

will be that for the sticking collisions, steps, equation 57. 

The catalytic processes discussed above 1.3.1.1  Hydrogen Evolution Reaction, 

1.3.1.2 Oxygen Reduction Reaction, 1.3.1.3  Hydrazine oxidation, and 1.3.1.4  

Photocatalytic Nanoparticles are of the main interest of the stochastic 

electrochemistry and are commonly used in the current single entity literature. On 

the other hand, mechanistic behavior of each particle must be studied 

independently for each chemistry, and this will be the topic of this dissertation, 

specifically, Chapter 3 - Reduction Kinetics and Mass Transport of ZnO Single 

Entities on a Hg Ultramicroelectrode). However, there are two major topics that 

are fundamental to understanding the colloid and the interface of the UME/NP: (1) 

agglomeration, and (2) the binary potential, related to tunneling effects. 

 Agglomeration 

The difference between agglomerate and aggregate lies in their interactions. An 

agglomerate is a cluster formed by particles held together by physical interactions. 

While, particles that are interconnected by chemical bonds form aggregates.92 The 

stability of the colloid is studied with DLVO theory (named after Boris Derjaguin 

and Lev Landau, Evert Verwey and Theodoor Overbeek) which is based on van 

der Waals attractive forces and electrostatic repulsions and experimentally by Zeta 

Potential measurements.93 However, a more complicated scenario is faced when 
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performing experiments in colloidal dispersions, viz., agglomeration. In this 

section, the agglomeration approach taken by Sokolov and Compton et al.93 will 

be discussed. Their results show a good correlation between theory and 

experiments. The modeling solves for the mixing entropy and the enthalpy of 

agglomerate formation, as the main thermodynamic functions, to calculate the 

state of agglomeration and its population.  

The initial number of monomers, ὔ ȟ agglomerate reversibly into clusters 

containing Ὥ  monomers. All agglomerates and NPs (monomers) diffuse in a 

Brownian motion fashion in solution and there is no preferable clustering, all have 

equivalent energy. Henceforth, the most probable distribution for non-interactive 

NPs will be the one with highest entropy, equation 65.93 

 ÍÁØ Ὓ Ὧὔ ὼὰὲὼ  (65) 

where ὔ, is the total number of entities (either monomers or clusters) and 

summation on the entire process of ὔ units where Ὥ could be individual monomers, 

Ὥ ρ, dimers, Ὥ ς, trimer, Ὥ σ, and so on. 

 ὔ ὔ (66) 

The fraction or percentage of entities is given by equation 67. 

 ὼ
ὔ

ὔ
 (67) 



50 
 

 
 

A constraint in this variational modeling is the initial number of entities that are 

either monomers or clusters after equilibrium, equation 68.93 

 ὔ Ὥὔ (68) 

If interactions between species take place, the most likely distribution will be 

derived from the minimum in free Gibbs energy, and it can be defined with the 

general expression, equation 69. 

 Ὃ Ὄ ὝὛ (69) 

where Ὄ is the enthalpy and Ὕ is the temperature of the system. The enthalpy of 

cluster formation is modeled as the enthalpy per contact point, Ὄ . Note that each 

cluster (dimer, trimer, etc.) has its own average enthalpy value related to the 

number of contact points, ὲ, and this value can be either negative (repulsive) or 

positive (attractive). Thus, the enthalpy of the system is estimated by accounting 

for the contribution of all entities, equation 70.93 

 Ὄ ὔὌὲ (70) 

Contact points are determined by symmetry of the numbers of entities. For 

example, a tetramer can have different number of contact points. Two limiting 

cases will be observable, strong repulsion (Figure 1.9b) and strong interaction 

(Figure 1.9a), but the system will commonly adopt intermediate states. Therefore, 

the modeling of contact point is complicated if the analysis is not based in previous 

determination of them in TEM or dynamic light scattering.93 
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Figure 1.9. Two agglomeration states for ░ . (a) Packed tetramer, and (b) 
linear structure. Reprinted with permission from Sokolov, S. V.; Kätelhön, E.; 
Compton, R. G. A Thermodynamic View of Agglomeration. J. Phys. Chem. C 
2015, 119 (44), 25093ï25099. Copyright 2021 American Chemical Society.93 

Finally, interaction contributions are model as independent and each state will 

contribute to the final free Gibbs energy of the system, equation 71.  

 Ὃ
Ὃ

В ὔ
ὼὌὲ ὯὝ ὼὰὲὼ  (71) 

As it can be seen from Figure 1.10a, the mixing entropy is better described by 

lognormal distributions. Agglomerate distribution can be predicted by maximizing 

the entropy function in this model. On the other hand, the function for interactive 

NPs (aggregates) can be described only if the enthalpy model is adjusted from the 

experimental results considering all possible aggregates and connection states, 

but the authors93 did not attempt this calculation probably because the complexity 

of finding a suitable model. Finally, citrate-capped silver NPs system of 100 nm 

diameters validates the model of weakly interactive NPs, Figure 1.10b. 

Furthermore, colored line-traces are related to the contribution of each individual 

agglomeration states to the overall distribution, which follow a good agreement 

with the histogram. In conclusion, this analysis of log-normal distribution is 

applicable to a variety of system even the highly interactive ones as it will be 
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discussed later (TiO2 agglomerate discussion in Chapter 4 - Single Entity 

Photocatalytic Processes: Detection and Characterization). Since, the 

contribution of different clusters, as shown in Figure 1.10b, will tend to shift the 

overall distribution towards a log-normal type. Moreover, experimental data of 

agglomerating systems typically show system with no larger clusters than that with 

Ὥ φ.93 

 

Figure 1.10. Agglomeration studies (a) fitting distribution compared to 
entropy-driven process, and (b) size distribution comparison with 
experimental histogram from Nanoparticle Tracking Analysis, silver NPs of 
100 nm diameter by TEM caped with citrate. Green trace is the distribution 
predicted via maximization of the entropy, red monomer, cyan dimer, blue 
trimer, and pink tetramer. Adapted with permission from Sokolov, S. V.; 
Kätelhön, E.; Compton, R. G. A Thermodynamic View of Agglomeration. J. 
Phys. Chem. C 2015, 119 (44), 25093ï25099. Copyright 2021 American 
Chemical Society.93 
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 Binary Potential 

Previous sections focused on the ideas of NPs diffusing in a Brownian motion and 

interacting with a UME where before arrival NPs could agglomerate. However, 

either a monomer or a cluster of NPs will interact with the electrode and adopt the 

electrode potential before (at a tunneling distance) and during the time of impact 

or adsorption. The interaction could be due to the catalytic activity of the NP, the 

chemistry of the NP (electrolysis), blocking the electrode surface or a combination 

of any of these processes. The nature of the collision response, in the current 

versus time curve, determines the observed transient if the resolution of 

potentiostat is enough to examine the entire process. However, faster processes 

such as surface reactions, fast adsorption, and linkage of the NP is most probably 

hidden since the actual resolution of instrument only allows to measure events up 

to 30 ɛs.94,95  

Kätelhön and Compton developed a theoretical model to describe the charge 

transfer process during nano-impacts.96 Particles will behave as a nanoelectrode 

in the case of conductor or semiconductor (upon illumination) materials. Either by 

a Faradaic interaction or mediating the current between the electrode and the 

condense phase (solution or continuous phase in a pure colloid system). The 

former is modeled as a classical Nernst behavior of an electrode where reactions 

will occur on surface of the particle. The electron transfer process can happen by 

an antenna effect due to electron tunneling in an agglomerate or aggregate net 

(1.4.1 Agglomeration). These electrochemical processes start at a tunneling 
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distance until adsorption between the UME and the particle, thus, they will be a 

function of the electrode-particle distance. The electron transfer switches from a 

limiting Faradaic current (mechanistic steps and physical chemical processes can 

be further investigated, and this is an open question) and no current (insulator) as 

a function of the electrode-particle distance, Figure 1.11. An equivalent circuit is 

the base of this model where the two type of process are represented by 

resistances: the Ohmic tunneling resistance, Ὑ, and, the Ohmic Faradaic interface 

resistance, Ὑ. These two resistances describe the charge transfer across the 

electrochemically active or inactive nanoparticle. The prior is related to the 

connection between the NP and the WE. The latter is the interaction between the 

NP and the analyte or electroactive molecules (equation 1), the kinetic model later 

developed in equation 17, and finally combining the mass transfer and kinetics into 

equation 22. 

 

Figure 1.11. Binary nature of charge transfer model: circuit and tunneling 
interaction drawing. Reprinted with permission from ref 96 (Kätelhön, E.; 
Compton, R. G. Understanding Nano-Impacts: Binary Nature of Charge 
Transfer during Mediated Reactions. ChemElectroChem 2015, 2 (1), 64ï67.), 
Copyright 2021, John Wiley and Sons.  
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Due to the size of the NP, a diffusional steady-state current is used to represent 

the electron transfer, equation 72. Nevertheless, the faradaic current is modeled 

after the chemistry and RDS of the NP electrochemical process of the system is 

understood. The bulk potential, Ὁ , is set to be equal to zero by electrochemical 

considerations in the colloid where there is no reaction on the NP as dispersed.  

 Ὑ
Ὁ

Ὅ

Ὁ

Ὅ
ρ ÅØÐ 

Ὂ

ὙὝ
Ὁ Ὁ  (72) 

from equation 72, Ὁ is the particle potential, Ὅ is the Faradaic current across the 

particle surface, Ὅ  is the limiting Faradaic current, and, Ὁ  is the formal potential 

of the electroactive species reacting at the surface of the particle (as shown in 

equation 10). F, R, and T represent the Faraday constant, the universal gas 

constant, and the temperature, respectively. 

Simmons described the tunneling current across a potential barrier, equation 73.97  

 Ὑ
Ὁ

Ὅ

Ὤ

ὅ
Ὡὼὴ‖Ὤ (73) 

from equation 73, Ὁ  is the electrode potential, Ὅ is the tunneling current, and Ὤ is 

the distance between the surface of the NP and the electrode surface. Kätelhön 

and Compton discussed numerical simulations of the tunneling process in order to 

understand the nature of perturbations of the variable in the combine equation of 

72 and 73, which is equation 74. 
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 (74) 

Equation 74 describes how the electrochemical parameters vary along the interval 

π Ὁ Ὁ  , such as: particle potential versus current across the particle, 

electrode distance versus particle potential, interface resistance Ὑ versus particle 

potential, and particle distance versus current across the particle, as depicted in  

Figure 1.12.  

 

Figure 1.12. Faradaic and tunneling effects for limited current model by 
equation 74. Adapted with permission from ref 96 (Kätelhön, E.; Compton, R. 
G. Understanding Nano-Impacts: Binary Nature of Charge Transfer during 
Mediated Reactions. ChemElectroChem 2015, 2 (1), 64ï67.), Copyright 2021, 
John Wiley and Sons.  

There is good agreement between the results on NP tunneling and stochastic 

electrochemistry. First, the Brownian motion of the NPs established the time of first 

arrival by a diffusion limited process. However, the Brownian motion can be 
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skewed, by other fundamental processes: migration or convection. On the other 

hand, different concentration gradients can be established either by a fluctuation 

of concentration for those produce by the NP or thermal gradient. There are also 

some fluxes created by the multi-collision nature of some nano-impacts, called 

self-induced convection.98 All these convoluted steps take place before the 

interaction on the surface of the UME, detector. At any point before the detection, 

physical interactions between the single entities can occur; this stage of the system 

is described in Agglomeration section and sets the dynamic between 

thermodynamic functions and the final setup of entities colliding the electrode. 

However, as the particle approaches the electrode interactions increase since the 

area shrinks to the size of the electrode.  

Once in close proximity, there is a dynamic between the tunneling resistance and 

Ohmic Faradaic interface resistance, which will establish the potential on the 

surface of the particle,  

Around 750 pm, the potential of the NP will be that of the electrode, in the case of 

conducting particles, more details have to derived for semiconducting particles ( 

Figure 1.12b). Also, the interface resistance decreases to its local minimum and 

the current would be limited either kinetics or mass transport ( 

Figure 1.12c and d, are cases that can only be studied if we have sufficient 

instrumental resolution, Chapter 3. Specifically, the connection, which is one of the 

faster processes, would give information of the mechanistic perturbation that the 

tunneling effect has on the particles. Later agglomeration can happen on the 
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surface of the UME depending on the driving forces of these physical interactions 

between particles. Thus, specific cases of agglomeration, crystal growth or nano 

crystal networks formation can be studied at this point. 

All these information gives details on the state of affairs of the mission 

engineering99 to contrast theory with experiment in the single entity 

electrochemistry field.  
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1. The world is all that is the case. 

2. What is the caseða factðis the existence of states of affairs. 

3. A logical picture of facts is a thought. 

4. A thought is a proposition with a sense. 

4.1 Propositions represent the existence and non-existence of 
states of affairs. 

4.11 The totality of true propositions is the whole of natural 
science (or the whole corpus of the natural sciences). 

5. A proposition is a truth-function of elementary propositions. 
(An elementary proposition is a truth-function of itself.) 

6. The general form of a truth-function is [p, E, N(E)]. This is the 
general form of a proposition. 

7. What we cannot speak about we must pass over in silence. 

Tractatus Logico-Philosophicus 

Ludwig Wittgenstein 
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 Abstract 

We demonstrate the use of digital frequency analysis in single nanoparticle 

electrochemical detection. The method uses fast Fourier transforms (FFT) of single 

entity electrochemical transients and digital filters. These filters effectively remove 

noise with the Butterworth filter preserving the amplitude of the fundamental 

processes in comparison with the rectangle filter. Filtering was done in three 

different types of experiments: single nanoparticle electrocatalytic amplification, 

photocatalytic amplification, and nano-impacts of single entities. In the individual 

nanoparticle stepwise transients, low-pass filters maintain the step height. 

Furthermore, a Butterworth band-stop filter preserves the peak height in blip 

transients if the band-stop cutoff frequencies are compatible with the 

nanoparticle/electrode transient interactions. In hydrazine oxidation by single Au 

nanoparticles, digital filtering does not complicate the analysis of the step signal 

because the stepwise change of the particle-by-particle current is preserved with 

the rectangle, Bessel, and Butterworth low pass filters, with the later minimizing 

time shifts. In the photocurrent single entity transients, we demonstrate resolving 

a step smaller than the noise. In photoelectrochemical setups, the background 

processes are stochastic and appear at distinct frequencies that do not necessarily 

correlate with the detection frequency (Ὢ), of TiO2 nanoparticles. This lack of 

correlation indicates that background signals have their characteristic frequencies 

and that it is advantageous to perform filtering a posteriori. We also discuss 

selecting the filtering frequencies based on sampling rates and Ὢ. In experiments 
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electrolyzing ZnO, that models nano-impacts, a band-stop filter can remove 

environmental noise within the sampling spectral region while preserving relevant 

information on the current transient. We discuss the limits of Bessel and 

Butterworth filters for resolving consecutive transients.  

 Introduction 

Studies on electrochemical processes on individual NPs aim to understand the 

particle-by-particle contribution to an ensemble process, for example, in an 

electrocatalytic cell where NP ensembles carry out a catalytic reaction or to 

improve the limits of detection in analytical applications that use nanostructures as 

tags.1 Single NP studies yield insights into NPs reactivity and its statistical 

distribution in electrocatalysis, colloidal reactions, catalysis, and photocatalysis.2ï

13 NP electrochemical studies are described as stochastic electrochemistry,7,10,14 

nanoimpact,3,15,16 experiments that trap a single NP on an electrode surface.17ï20 

Additionally, reports of scanning electrochemical microscopy (SECM),21 and 

scanning electrochemical cell microscopy (SECCM)22 address individual NPs on 

a substrate. These experiments share the challenge of requiring small current 

measurements, typically in the order of pico-amps, and therefore, it is essential to 

design a strategy to discriminate against noise to achieve single NP detection. 

Noise discrimination is necessary for analytical applications where the NPs are 

tags for specific analytes, and to obtain reliable mechanistic information from the 

experimental data. In nano-impact experiments, the NP is electrolyzed when it 

collides with the electrode surface, e.g., !Ç.0 O !Ç.  
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Therefore, the current is limited by the NP size and the total charge required to 

electrolyze the NPs. In analytical applications, the Ag NPs serve as tags for analyte 

detection, where the NPs collide at a disk electrode surface at their diffusion-limited 

rate, with a diffusional collision frequency, ὪȟȢ 
8,10 

 Ὢȟ τὈ ὶὅ  (75) 

where Ὀ  is the diffusion coefficient of the NP, ὶ is the radius of the disk 

electrode, and ὅ  is the average NP bulk concentration. As NP diameter 

decreases Ὀ  increases its value, and according to equation 75, this leads to a 

higher Ὢȟ; in turn, the higher number of nanoimpacts makes the NP easier to 

detect.  

However, smaller NPs will intrinsically have a lower detection charge, because 

there are fewer atoms to electrolyze. A similar challenge exists in electrocatalytic 

amplification, where NPs active toward a reaction collide with an inert electrode. 

For example, hydrazine oxidation equation 76 serves as a detection mechanism 

for NPs interacting with the working electrode:10,23 

 .(  Ą .  τ(  τÅ   (76) 

Here again, the diffusion rate and the frequency of collision will be larger for smaller 

NPs, equation 75, but the current is limited by the active surface area of the NP, 

and the smaller NPs will require a more robust signal to noise (S/N) discrimination. 

In mechanistic studies, it would be of interest to study smaller NPs and possible 
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quantum confinement effects. However, these studies will require smaller NPs 

and, in turn, methods to discriminate against noise because they will likely be 

performed near the limits of available instrumentation. 

In this paper, we present a digital filtering approach to discriminate against noise 

in three challenging single entity applications. Digital filtering and smoothing are 

widely used in spectroscopy,24,25 in nuclear magnetic resonance (NMR)26,27 and in 

Fourier-transformed infrared spectroscopy (FTIR).28 However, its use in 

electrochemistry is less common than analog filtering. De Levie used digital 

smoothing on the numerical differentiation of electrochemical interfacial tension 

data.29 The application of fast Fourier transform (FFT) to polarography was 

reported,30 and Smith et al. proposed digital smoothing to improve peak potential 

detection. Their method discriminates against low-frequency noise or ñdriftò and 

yields more accurate peak currents in cyclic voltammetry (CV).31,32 Wipf et al. used 

digital filtering to improve the S/N ratio on fast-scan cyclic voltammetry (FSCV) 

with a trapezoidal filter.33 Since then, Heien points out that Butterworth filters have 

been used to analyze FSCV data acquired with different potential waveforms.34ï36 

More recently, Heien et al. used advanced filtering to improve dopamine detection 

with a two-pass infinite impulse response filter (a ñzero phase shiftò filter).34 Little 

et al. used digital filtering during nano-impacts to aid in data analysis.37 

Instrumentation effects have been described before using digital methods,37ï40 as 

discussed below, but we propose that digital processing can be used as the main 

filtering strategy, and we discuss its limitations. 
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Our results demonstrate the use of digital filters to enhance the S/N in single entity 

experiments effectively. We use FFT methods to transform the time-dependent 

electrochemical data into the frequency domain, analyze it, and filter detrimental 

frequency components. Therefore, we present an effective discrimination strategy 

utilizing the frequency domain to determine systematically what regions of the 

frequency domain correspond to the signal of interest to discriminate it from 

random and electronic noise. We show that the selective removal of a frequency 

domain can reduce the noise while preserving the relevant information on the 

transients due to single element interactions with an electrode, down to an 

individual NP. We focus on two filters, the ñrectangle filterò (an extreme case) and 

the Butterworth filter, on three single entity processes. We compare these two 

filters with low-pass Bessel filters and Hamming windowing functions. We note that 

the rectangle filter is also called a ñboxcar brick wallò filter. Thus, we use the 

rectangle filter to avoid confusion with the widely used boxcar integration in 

analytical applications. We performed this digital filtering with widely available 

software and computing hardware, and we discuss how the use of these digitizing 

techniques can aid in the design of customized instrumentation for single NP 

studies. 
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 Theory 

The analysis of the experimental current vs. time data is done in the frequency 

domain by FFT. Moreover, the frequency spectrum is obtained with the discrete-

time Fourier transform (DTFT) method using commercial software (Matlab). Here, 

we briefly describe the critical aspects of the DTFT method with more details in the 

Appendix A (section 6.1) taken from the relevant literature.41ï44 The spectrum of 

the sampled signal, ὼὸ, is represented by ὢὪ:41ï43 

 ὢὪ ὼὲὝὩ  (77) 

where the continuous input signal, ὼὸ, is converted to a discrete sequence of 

sampled values and expressed as the so-called discrete-time signal, x(nT). The 

total experimental time is t = nT, where T is the sample interval, and nT is the time 

for the nth sample, Ὦ Ѝ ρ and all the other symbols have their usual meaning. 

The sampling frequency in Hz is fs = 1/T. The Nyquist interval, equation (78), is a 

characteristic of the DTFT method that restricts the sample frequencies to44 

 
Ὢ

ς
Ὢ
Ὢ

ς
 (78) 

The Fourier spectrum, within limits imposed by the Nyquist interval, allows one to 

analyze the power distribution of noise on the frequency range. Based on the 

analysis, one selects the frequency range to filter using a transfer function that 

describes the digital filter and transforms the original function into the smoothed 

final output. In practice, these operations are done with a normalized frequency, w 
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(see Appendix A for details), and to obtain the smooth function, Y(w), one 

multiplies the discrete sampled function, X(w), and the filtering transfer function, 

H(w):44 

 ὣ‫ Ὄ‫ὢ‫  (79) 

Figure 2.1 shows the schematics of the filtering process that involves the following 

steps: (I), if necessary, remove any obvious DC offset to minimize problems with 

DTFT, in this paper, we subtract the minimum y value to the full data set, to make 

the minimum pass-through y = 0. (II) Transform the time-domain discrete function 

into the frequency domain by DTFT. (III) Identify the frequency or range of 

frequencies to remove and design the appropriate filter. (IV) Multiply the filtering 

function, H(ɤ), with the signal input in the frequency domain, and (V) calculate the 

inverse DTFT31,32,45 and restore any offset removed in step (I). Transfer functions 

are symmetric in the Nyquist interval of the FFT spectrum, although it is customary 

to represent them in just the positive frequency domain. 
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Figure 2.1. Schematic representation of the filtering procedure: (I) removing 
an offset, if necessary. (II) FFT to generate the frequency spectrum, up to 
this point, the procedure is repeated with the blank signal input to design the 
filter, (III) filter design (transfer function), (IV) multiplication of functions in 
the frequency domain, and (V) inverse FFT to generate the time-dependent 
output signal and, if necessary, restore the original offset. 

 

Rectangle Low-Pass Filter. The simplest filter that we can use is the so-called 

rectangle filter, characterized by a sharp cutoff at the ɤc shown in Figure 6.1. 

Moreover, under the conditions of this work, this is the easiest way to filter and 

obtain satisfactory results, e. g., it yields the smallest time delay. On the other 

hand, it generates more evident ringing in the signal and overshoot (e.g., Figure 

6.4). 

Butterworth Band-Stop Filter. Like in the filtering procedure for rectangle 

filtering, we design a Butterworth filter after selecting the frequency range to be 

attenuated. For every experiment, the frequency range to be mitigated was 

selected based on the background and the fundamental frequency intrinsic to the 
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measurement, as discussed below (e.g., Table 2.1). For a low pass Butterworth 

filter, the transfer function is 

 
ȿὌὮ‫ȿ

ρ

ρ
Ὦ‫
Ὦ‫

 
(80) 

where ὲ is the filter order, and ‫  the so-called cutoff filtering in radians. In this 

work, ὲ σ and 3-dB the attenuation at the cutoff frequency. The band-stop 

Butterworth filter is characterized by a series of parameters that are defined as a 

function of the following frequencies ‫  and ‫ , so that the band to filter is ‫

‫ ‫ , as shown in equation (81). Finally, signal outputs are generated with the 

treatment of the input with equations (80) and (81). The outputs are compared to 

the rectangle function (see Appendix A section 6.3).  

 Ὄ ᾀ
Ὃ ρ ςὧᾀ ᾀ

ρ ὥᾀ ὥᾀ ὥᾀ ὥᾀ
 (81) 

To design a band-stop filter the algorithm is derived from a bilinear transformation 

method (see appendix, section 6.3). Briefly, the band-stop filter is designed with 

two normalized frequencies, π ‫ ‫  and ‫ ‫ ρ, to yield the combined 

band stop ‫ ‫ ‫ , see Figure 6.2. 
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Table 2.1. Diffusional properties, sampled frequencies, and analog filtering 
conditions used in this work. 

 

Conditions 
NP radius(a) 

(nm) 

DNP 

(cm2/s) ³10-8 
ὅ  
(pM) 

Ὢ 

(Hz) 

Ὢ 
(Hz) 

Analog 
filtering 

Figure 2.2,  
10 mM, hydrazine, 
50 mM PBS, pH 

7.4  

19 ° 2 14 ° 10 30 3 122 None 

Figure 2.3 and 
 Figure 2.4,  

CH3OH 
144 ° 52 2.75° 0.04 0.05 0.002 50 150 kHz 

Figure 2.6,  
CH3CN 

7(8 ° 1)(b) 3.8 ° 0.4 70 3 6250 150 kHz 

(a) Average NP diameter by TEM. (b) mostly agglomerates present in suspension. 

 Experimental Section 

Current vs. time (Ὥ ὸ) transient experiments were performed using a three-

electrode cell and a commercial potentiostat, CHI 760 (CH Instruments, Austin, 

TX). All experiments were performed inside a Faraday cage. A platinum wire 

electrode was used as a counter electrode (CE). The working electrode (WE) was 

an ultramicroelectrode (UME) fabricated as described before.46,47 Different 

electrodes were prepared with diameters around 10 mm, unless otherwise stated. 

Materials were characterized by powder X-ray diffraction and transmission 

electron microscopy (TEM, JEOL 2100F) after transferring an aliquot of 

suspensions to a TEM grid. NP suspensions were characterized by dynamic light 

scattering (DLS) using a commercial system Particle Sizing 380 ZLS (Particle 

Sizing Systems NICOMP, Santa Barbara, CA).  
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 Au NP Collisions 

We followed the previously reported experimental conditions.7,10,14,48 Briefly, the 

reference electrode (RE) was Ag/AgCl (KCl = 1 M) and the WE a 6 mm diameter 

carbon fiber UME. Collision studies were done in 10 mL of 10 mM hydrazine, 50 

mM PBS solution at a pH of 7.4. The solution was bubbled with Ar gas for 20 

minutes and was kept under an Ar blanket. A 5 ɛL aliquot of Au NPs were then 

added to the solution.  Current transient experiments (Ὥ ὸ) were run at an applied 

potential of 0.47 V vs. Ag/AgCl. In a typical experiment, the sample interval used 

was 0.00819 s (Ὢ = 122 Hz) and the sensitivity was set to ρ ρπA/V. The NPs 

were characterized by TEM and DLS (Figure 2.2a and b).  

  TiO2 NP Collisions 

Photoelectrochemical experiments were performed following a procedure modified 

from prior reports.11,49,50 A platinum wire electrode was used as a CE. The RE was 

a home-made electrode previously reported51 with the final cell arrangement Pt/ 

)ȟ) ,TBAP, MeOH/Pt/MeOH//. The WE was a platinum disk UME. Initially, 9.5 

mL of spectrophotometric grade methanol (Ó99.9 %, Fisher) were deoxygenated 

with N2 for 30 min, and an aliquot of NP suspension is added during the 

experiment. The applied potential was % πȢπ 6 ÖÓ )Ⱦ) ςπ Í- 4"!)

πȢσψ 6 ÖÓ .(%; these experimental conditions have been reported elsewhere, but 

in this paper we use a continuous wave laser of HeCd (ɚ = 325 nm, IK3501R-G, 

Kimmon Koha USA, Inc.) as photon source. Here, a 500 ɛL aliquot of suspension 
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of TiO2 NPs was added to the methanol solution, after 60 s of running the Ὥ ὸ 

transient experiment to collect a background signal. The concentration of the 

colloidal suspension of TiO2 NPs stock solution was 50 fM. The sample interval 

used was 0.02048 s (fs = 50 Hz). Finally, the sensitivity was set to 1 ³ 10-9 A/V. 

The TEM mean diameter of the NP is [144 ± 52] nm and the crystalline phase of 

the particles is anatase as shown in the XRD Spectrum (see Figure 6.9 in 

Appendix A for details). 

  ZnO NP Collisions 

The conditions have been reported elsewhere;40,52 briefly, the RE was an aqueous 

Ag/AgCl (KCl = 1M). The CE and the RE were separated with fritted glass filled 

with acetonitrile to avoid cross-contaminating with the WE compartment. The WE 

was a mercury hemisphere UME prepared by a procedure reported previously.52,53 

Briefly, 9.5 mL of HPLC grade acetonitrile was bubbled with Ar for 30 min. Current 

transients were run at an applied potential of -2.4 V vs Ag/AgCl. A 500 ɛL aliquot 

was spiked to the solution so that the final concentration ZnO NPs in the cell was 

10 nM. The concentration of 52 nm diameter ZnO agglomerates (by DLS and TEM 

Figure 2.6a and b) is 70 pM. The sample interval was 0.0002 s, and the sensitivity 

was set to 1 ×10-9 A/V. The TEM mean diameter of the NP is [8 ± 1] nm, and the 

crystalline phase of the particles is zincite, according to the XRD (see Figure 6.8 

in the Appendix A for details). 
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 Results and Discussion 

  Au NP Collisions 

We analyzed a system where the S/N ratio is high to check the filtering effect on 

time shift and signal distortion on single NP measurements. Figure 2.2 shows the 

collisions of Au NPs enhanced by the electrocatalytic reaction of hydrazine 

oxidation, reaction 76. This is a highly reproducible system that can be compared 

with other sizing techniques since agglomeration is not as problematic as with 

other systems (TiO2 and ZnO).11,52
 Further, the parasitic capacitance from the NP-

electrode interface, connectors, Faraday cage, and instrumentation issues are 

minimized.54
 Therefore, we obtained a relatively large collision current transient (40 

pA), with negligible noise contributions (cf. baseline Figure 2.2c), and we tested 

the effect of filtering on the shape of the Ὥ ὸ response. 

Figure 2.2b shows the NP size distribution by TEM (bars) and by DLS (curve), 

which is consistent with dispersed NPs given the overlap of the two distributions. 

Further, the size of individual transients is consistent with individual NPs interacting 

with the carbon WE. As discussed in the Appendix A, section 6.4, the current 

observed in these experiments is due to singe NP oxidizing hydrazine at the 

diffusion-limited rate (observed 40 pA vs the 44 pA expected from theory).10,23,55,56 
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Figure 2.2. (a) Current transient for single Au NPs with at 6 ʈm diameter C-

fiber UME. (b) NP size distribution by TEM (bars) and by DLS (curve) (c) 

Current vs time traces after fi ltering with different types of digital fi lters, 
compared with the unfi ltered data (labeled Ȱmeasurementȱ) and blank. The 
arrow shows the step studied in detail. (d) Detail of a single NP transient 
showing fi ltering effects. There is an offset in the y direction for clarity in (d), 
and the data without offset is shown in panel e. Filter description: 

Butterworth LP is a low-pass fi lter (5 Hz cutoff fi lters); all Butterworth fi lters 
are third order. NP suspension: 3 pM Au NPs, 50 mM PBS buffer pH 7.4 and 
10 mM hydrazine. Eapp = 0.475 V vs Ag/AgCl. 
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The diffusion-limited oxidation current for a particle supported on a partially 

blocking substrate, Ὥȟ, is given by 

 Ὥȟ τ“ ὰὲς ὲὈὅᶻὶ  (82) 

where n is the number of electrons, F is Faradayôs constant, D and C* are the 

diffusion coefficient and the bulk concentration of hydrazine, and ὶ  is the radius 

of the particle.10
 The transients in Figure 2.2c that correspond to the data as it was 

collected, i.e., before filtering on the trace labeled as ñmeasurementò, are due to 

single NPs colliding with the inactive C surface (e.g., at 147 s, i å 40 pA, indicating 

a single NP event).10
 Figure 2.2c shows the filtering effect with both algorithms for 

low pass (LP) filters with a cutoff frequency of 5 Hz. For the LP rectangle filter 

(blue), the shape of the current step is preserved, but the output signal show ripples 

in the transient; this is a well-known problem of using a rectangle LP filter and 

corresponds to an extreme case. On the other hand, the Butterworth filter output 

shows fewer problems with signal distortion while it does introduce a small delay 

in the time domain, discussed below, for the LP and band-stop (purple and red in 

Figure 2.2d). Note, however, that all of the digital filters preserve the step current 

size for the single NP transient (Figure 2.2e). Also, for the LP Butterworth filter, 

we observe an overshoot (expected).57 We tested the effect of the digital filters on 

a step function and determined the figures of merit of the different filters: Bessel, 

Butterworth, and rectangle along with the Hamming windowing function used in 

FFT filtering. We use previously defined values of merit,57
 and we include a time 

shift for the signal to reach 50% (t50) to quantify the filter delay (Appendix A, 



85 
 

 
 

section 6.5 Figure 6.3). The step had the same time interval as the experimental 

data in Figure 2.2, and we present the filtersô response in Figure 6.4, with the 

figures of merit compiled in Table 6.2. The Bessel and Butterworth filters provide 

similar responses as expected.58 The Bessel function has a lower overshoot 

(0.75%) with respect to the Butterworth (8.3%), while the Butterworth response 

has shorter rise time and delay, t50. The largest overshoot is for the rectangle 

(8.8%), so in applications where the noise is larger than 10% of the transient, a 

simple rectangle filter is an effective tool to guide the design of more complex 

filters. The filtering of the experimental step at 20 s in Figure 2.2 shows similar 

responses given in Table 6.3, with the experimental noise resulting in slower time 

responses (rise time, tr and t50%) compared to the theoretical step. Note that the 

Hamming windowing function, although having a faster response, does not provide 

effectively filtering at low orders (5th order) and requires high orders to have 

significant attenuation (100th); these higher-order functions come at the expense 

of slower response times. We prefer the faster Butterworth filter because of 

analytical applications that measure time to determine concentration.59
 

The time it takes to observe the first collision or time of first arrival (TFA) measures 

NP concentration. For the migration limited case, NP concentration is proportional 

to 1/TFA,59
 and a delay in the data due to filtering will introduce an error in 

concentration (see below). For a 1 fM concentration, a TFA of 100 s has been 

reported,59
 and if digital filtering resulted in a delay of t50% = 0.2 s, this will introduce 

an error of -0.2%. The filters used here have t50% < 200 ms and will introduce an 
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error smaller than 0.2%, except for the Hamming 100th order. The time delay for 

the Butterworth is the result of the slowest term in the digital filter series.60 

 ὸ Ϸ

Ὧ

Ὢ
 (83) 

where Ὧ  depends on the filter order. For the third order filter used in this work60
 

t50% å 0.318/Ὢ (Ὢ in Hz) which is a good approximation for the values listed in the 

Appendix A tables for the low pass filter: Table 6.2 and Table 6.3 for simulated 

and experimental steps, respectively. For the band stop filters, which are linear 

combinations of a low pass and a high pass filter, the slowest term determines the 

delay, so equation 83 applies when fc is the lower frequency of the band-stop limit, 

cf. Table 6.4 (delays for data in Figure 2.2 and Figure 2.6). In the Appendix A, 

Figure 6.5 shows a current spike due to agglomeration on an edged solution 

where the current is larger (up to 100 pA, Figure 6.5A), and thus, the S/N is 

significant, and we can test for signal distortion due to filtering. 

Again, the output signal shows ripples in the transients using a rectangle low pass 

filter. In contrast, the Butterworth filter output shows fewer distortions, and while it 

does introduce a small delay in the time domain, the shape of the transient is 

preserved (Figure 6.5B). Preserving the shape is of interest because the shape of 

the transient carries information about the dynamics of the collision process.61ï64 

A low pass Butterworth zero-phase shift filter has been reported for FSCV,34,65
 but 

because we use a band-stop filter, we have not attempted to compensate for the 

phase shift of the signal. Instead, we have chosen the filtered frequency 

components in a way that minimizes the shift. However, the change is not 
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important if the steady-state current or step size is the critical parameter, such as 

in detection applications that use the steady-state current, e.g., equation 82. 

  Photocatalytic Collisions 

 The experiments where the semiconducting NPs are under constant illumination, 

as described in the Experimental Section, present additional challenges when 

improving the S/N ratio. For example, a Faradayôs cage must allow light into the 

cell, which in turn reduces the shielding effectiveness. Also, the setup can 

introduce additional noise, e.g., the laserôs power supply. Here we demonstrate 

the use of digital filtering on the Ὥ ὸ trace.  

Figure 2.3 shows the photocurrent transients for 144 ± 52 nm TiO2 NPs (TEM, 

Figure 2.3a). The NP size distribution by TEM (bars, Figure 2.3b) and DLS (curve, 

Figure 2.3b) of the NPs used to give the current trace in Figure 2.3c at Eapp = 0.0 

V vs I-/I3- (20 mM TBAI). The experiment starts in the dark (no illumination), and 

later, the laser gate is opened (LGO), and we injected a colloidal suspension of 

NPs into the cell to give a final concentration of 50 fM. The current transient here 

is 12 pA. Note that the DLS size distribution shifts toward higher diameters from 

the TEM size distribution, and therefore, the formation of agglomerates could be 

significant (Figure 2.3b). Also, aggregates can be observed from the TEM image 

(Figure 2.3a). As discussed above, the use of a rectangle LP fi lter preserves the 

signal transient, and the ripples introduced are not significant when compared to 

the noise present in the signal (see the blank experiment in Figure 2.3c). When 

the photocurrents are much smaller than those predicted by equation 82, this 
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indicates that the process is under kinetic control. Therefore, S/N discrimination 

strategies are necessary to study the kinetics of electron transfer process under 

illumination. The expected overshoot for a rectangle fi lter is ca. 8%, but in the 

experimental conditions of Figure 2.3c, the noise is much larger, ca. 13 pA, 

complicating data analysis.  

 

Figure 2.3. (a) TEM of TiO2 NPs agglomerated. (b) TEM (bars) and DLS (curve) 
size distribution for a suspension and (c) current transients for TiO2 NPs 
suspension with at 10 ʈm diameter Pt UME. LGO marks the opening of the 
laser gate at 180 s for the TiO2 experiment. In the blank LGO at 30 s. At a 
previous experiment, NPs were spiked into the MeOH suspension for a final 
concentration of 50 fM. 

 

Figure 2.4 shows the result of fi ltering a current transient with a 2.2 pA step. This 

current transient is not evident in the unprocessed data, but it is apparent after 
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digital fi ltering. The noise (blue input trace obtained by subtracting the fi ltered 

signal from the unprocessed data) has an amplitude of ca. 10 pA, larger than the 

signal fi ltered. The use of the digital lowpass fi lter with Ὢ = 5 Hz, allows detection 

of a step with a smaller magnitude than the noise. Interestingly, it is possible to 

implement a rectangle fi lter with a simple code or a spreadsheet program. 

 

Figure 2.4. Current transients for TiO2 NPs of 18 nm diameter on Pt UME of 
10 ʈm diameter. The data was fi ltered with a rectangle fi lter, █╬ = 5 Hz. All 
other conditions as in Figure 2.3. 

 

Figure 2.5 shows the Fourier spectrum of the current transients in Figure 2.3 for 

a TiO2 NP suspension in methanol. The spectrum showed an increase in the value 

of the Fourier coefficients for the collision (red traces) in comparison with the blank 

solution (blue). The Fourier coefficients increased because the addition of TiO2 

NPs to methanol, which indicates that the photocatalytic process introduces other 

stochastic phenomena. It is important to note that the blank was collected before 
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the spiking of NPs with the same experimental conditions of illumination. 

Interestingly, adding TiO2 NPs removes the 3 Hz component observed with the 

methanol/Pt(UME) interface (blank, blue in Figure 2.4). The Fourier spectrum of 

the TiO2 collisions (red) does not show the peak at 3 Hz; in contrast, the noise 

around 10 and 20 Hz are evident in the background and TiO2 agglomerate 

collisions. Therefore, these results indicate that the background processes have 

distinct frequencies that do not necessarily correlate with the NP collision data. 

After examining the FFT spectrum (red in Figure 2.4), we selected a low pass fi lter 

at 5 Hz. Note that the frequency cutoff is above the frequency of collisions, f p = 

0.002 Hz (Table 2.1). We consider the relevant frequency domain for single entity 

measurements based on four factors. (a) The fundamental stochastic frequency 

defined by equation 84 (equation 75, restated)8 

 Ὢȟ τὈ ὶὅ      (84) 

Where Ὀ  is a function of the NP size distribution depending on factors such as 

agglomeration. Values of frequency of collisions, Ὢ, can vary widely because it is 

also a function of concentration, and of the working electrode size. Table 2.1 

shows the expected values for the NPs used in this work, and by manipulating 

concentrations, the diffusional frequency, Ὢȟ, is in the order of 1 Hz, except for 

Figure 2.5, where we discuss higher frequency events. (b) The type of information 

sought: in analytical applications where a current step needs to be above the noise 

level, the step height is defined by equation 82 (Figure 2.2 c-e) while the frequency 

of collision yields NP concentration (equation 75). Also, the shape of the transient 
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contains information about NP/electrode interactions, which may require higher 

values of fs. Therefore, a band-stop filter gives appropriate filtering without 

modifying the time-dependent signal significantly. (c) Instrumental limitations: in 

our current instrumentation, we estimate a rising time of approximately 12 ms with 

150 kHz hardware filtering,50 in line with other reports.66
 Therefore, in this work we 

have used higher hardware frequency cutoff or no filtering at all (Table 2.1). These 

factors explain why the sampling frequency for single NP experiments remains the 

object of investigation.39,63
 Robinson et al. simulated the filter behavior to design 

lowpass Bessel analog filters.39
 For example, events at higher frequencies than f p 

are common in single entity experiments because NPs can bounce off the 

electrode surface to recollide multiple times.62,64,67
 Furthermore, for a single 33 nm 

Ag NP interacting with an electrode, 6 ns pulses are expected as the NP travels 

across the electrode surface.62
 To resolve these quick Brownian motion transients 

will require sampling in the MHz domain and currently available instrumentation 

cannot resolve these transients.39
 (d) From a data acquisition point, the Nyquist 

frequency to resolve transients requires at least two times the fundamental 

frequency to sample a sinusoidal wave. For stochastic events, if we take Ὢ as the 

fundamental process frequency, we get a lower boundary of fs Ó 5f p, following the 

usual practice of sampling at higher frequencies for arbitrarily shaped signals (up 

to 10 times the fundamental frequency).68 However, the details of the electrode 

NP interaction require frequencies much higher than Ὢ to resolve the fast 

frequency components, e.g., kinetics.50,66
 Single entity events occur over a wide 

range of frequencies, so it is complicated to design low-pass filters widely used in 
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other electroanalytical applications because a low pass filtering could remove high-

frequency components of interest. To circumvent this problem, we use digital 

band-stop filtering. This protocol allows us to combine our highest available 

sampling rate while rejecting the noise at intermediate regions of the frequency 

domain. 

 

Figure 2.5. Fourier spectrum of methanol (blue) and suspension after the NP 
suspension spike without filtering (red, all other conditions as in Figure 2.3). 

 

  ZnO NP Collisions  

We chose the electrolysis of ZnO NPs on a Hg electrode as a test for the so-called 

nano-impacts. Figure 2.6 shows a relatively high-resolution data for the 

electrolysis of ZnO NPs with a nominal diameter of 8 nm (Figure 2.6a). The size 

distribution of the NPs measured by TEM (bars) is shown in Figure 2.6b and 

compared with DLS data (curve). Note that there is a significant shift in the DLS 
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size, indicating that the agglomerates are the predominant species in the 

suspension. The collision data was collected with a relatively high frequency 6 kHz 

(sample interval of 0.16 ms), to resolve transients that correspond to a single 

agglomerate reducing at the interface of the Hg UME.52 The magnitude of the 

reduction charge per NP is proportional to the number of Zn atoms within a ZnO 

NP, thus the density and volume of the ZnO crystalline structure (ὅ θ  ὶ).69 

However, the shape of the transient is interesting in studies of NP electrolysis,61ï

64 for example in the study of ZnO reduction kinetics.40 We demonstrate digital 

filtering to remove a frequency band from the signal. Here, we do not attempt to 

discuss the electron transfer transient, with some details given elsewhere.40 For 

example, the blank shows the noise at 30 Hz, also seen in Figure 6.6, the FFT 

spectra of the data as collected and of the CH3CN blank. In the blankôs frequency 

spectrum, we can see peaks at 120, 180, etc., assigned to harmonics of the 60 Hz 

AC power and the interesting subharmonic of the power line (30 Hz). In Figure 

2.6, we filtered the blank until a relatively flat line was obtained for the blank 

(Figure 6.7) with a 12.5 to 150 Hz band-stop giving the optimal results: to remove 

the periodic noise contributions and preserve the majority of the frequency 

spectrum.  
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Figure 2.6. (a) ZnO NPs used in a suspension for stochastic measurements 
of the reduction of ZnO to Zn(Hg). (b) Size distribution measured by TEM 
(bars) and DLS data (curve). (c) Current transients after a BW band-stop fi lter 

(blue) without fi ltering (measurement, red) compared with the unfi ltered 
blank. ZnO NPs collisions on 12.5 ʈm diameter Hg UME in a 10 nM ZnO NP 
concentration in CH3CN. 

Figure 2.6 shows the results of the band-stop filter from 12.5 to 150 Hz, which 

removes the AC noise. We also studied the digital band-stop filter with a Gaussian 

peak with a similar full width at half-maximum as the data in Figure 6.5c 



95 
 

 
 

(Appendix A, section 6.10). The filter effect includes a shift of 20 ms for the 

simulated peak, while in the filtered data, the first peak has shifted from 0.8 s, by 

about 40 ms (Table 6.5), which is expected based on the phase shifts of the filter. 

The simulated Gaussian peak after filtering (Figure 6.10) still contains 99.9% of 

the area of the unfiltered peak, consistent with the expectation that filtering In nano-

impact conditions preserves the peak area.39,70
 However, integrating the first 

filtered peak in Figure 2.5c at 0.8 s yields 3.83 pC, which is 96% of the unfiltered 

peak. We assign these differences to the difficulties of resolving the peak and the 

noise contributions in the data. Although there are several studies of low-pass 

filtering under single element electrochemical transients,39,70
 we are not aware of 

other studies using a band-stop filter like the one in this work. 

  Implications for Multiple Transients 

It is of interest to investigate the limits of resolving single events. For example, two 

events that occur within a short time can be resolved if the sampling frequency is 

high enough and if the digital filtering does not remove an essential region of the 

Fourier spectra to resolve the transients. We investigate two closely spaced 

transients of the same area or with significant differences in areas. First, the 

resolution and the selected filter time constant are related. For example, White and 

co-workers62
 found that, to resolve a 0.1 ms pulse accurately, the cutoff frequency 

of the filter should be Ó30 kHz. Kanokkanchana et al.38
 proposed that 5-10 times 

faster filtering than the peak width to determine the peak height accurately. In 

general, the sampling rate needs to be faster than the frequency of the observed 



96 
 

 
 

event, and Little et al.37
 used the Poisson equation to determine a minimum 

sampling rate for an experimental acquisition time, Ўὸ , which is chosen based 

on the fundamental frequency of single entity collisions on the electrode. The 

sampling frequency and the experimental transient time will be related by: 

 Ὢ Ὧ ρȾЎὸ  (85) 

where Ὧ  is a constant that gives a higher sampling frequency to resolve the 

transient, e.g., Ὧ  = 3. Second, we assume independent collisions at the 

specified sampling interval. Little et al.37 discussed the sampling interval when 

measuring consecutive events, assuming that the events are independent from 

previous occurrences, the Poisson distribution describes the probability of nano-

impacts if they are genuinely stochastic (as discussed in detail in the Appendix A, 

section 6.11). Here, we generalize the approach by considering that we need to 

measure over an interval Ўὸ  where zero or one event will happen. Given that 

the single entity events have a mean rate, ‗, the experimental time can be set to a 

certain probability of success of detecting one or zero events with a probability ὖ. 

Therefore, collisions will occur at an average rate ɚ that is also the product between 

the time interval in equation 83 and the frequency of collisions, Ὢ. 

  ‗ ɝὸ Ὢ (86) 

Combining equations 84 and 85, we propose equation 86 that relates the 

frequency of collisions and the cutoff frequency with ὖ = 99% of probability of zero 
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or one event in the fixed time interval and with Ὧ  = 3 (see section 6.12 for 

details). 

 Ὢ σϽ
ρ

Ὢ
πȢρτρ (87) 

Equations 84-86 give the relationship between the required sampling interval to 

describe a single collision accurately (equation 84), given the frequency of 

collisions and sampling rate (equation 86). Note that without aggregation and 

assuming diffusion-limited conditions, Ὢ Ὢȟ, given by equation 75. These 

equations agree with Compton and co-workers37
 that found vanishing peaks, i.e., 

features that were apparent only after they applied digital filtering37
 for a higher 

frequency than the one obtained with equation 85. They suggest a two-step 

protocol: (1) an analog filter chosen to resolve most transients followed by (2) a 

digital filter to remove noise further. Here, we use equations 84-86 to provide 

minimum sampling frequencies to resolve the transients, and we propose that 

digital filtering can remove a posteriori the noise components. The higher limit for 

resolving transients is the potentiostat rise time that gives rise to a low-pass filter 

behavior. The instrument itself will provide the ultimate cutoff frequency with a 

potentiostat time constant of 3 ms, gives a higher sampling rate of Ὢȟ  = 330 Hz, 

and according to equation 86, Ὢ Ò 16 Hz, which is in line with our single NP 

detections here. For the higher Ὢ data here, we resolve transients of agglomerates 

where Ὢ Ὢȟ; again, there is a difference between the diffusion-limited frequency 

and the actual frequency of collisions. Because equation 86 gives the expected 

results for 99% success probability of detecting one or zero collisions, we resorted 
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to repetitive data collection to obtain a few collisions. The sampling rate was 

sufficient to resolve the transient because it was slowed by the electron transfer 

kinetics.40
 For the digital filter, another limiting case of interest is when two 

transients with a 10-fold difference are closely spaced, i.e., when a vanishing peak 

follows a larger transient.37
 Figure 2.7a,b shows simulated signals with noise 

superimposed (see Figure 6.11 for details). These correspond to higher 

frequencies than our instrumentation can achieve but that are found in the 

literature for high-frequency studies with amplifiers with faster rise times (ʐ = 200 

ʈs, Ὢȟ  = 10 kHz, e.g., a Dagan Corp. Chem-Clamp amplifier). We apply a 

Butterworth low-pass fi lter to the simulated model transients. The cutoff frequency, 

Ὢ, is 156 Hz and 1/Ὢ = 6.4 ms, consistent with equation 84. For a digital fi lter, we 

expect a signal overshoot of the first transient and oscillations of around 10%, 

before the fi lter settles to a steady state. The 10% oscillations are comparable to 

the magnitude of the subsequent vanishing nano-impact. However, we show here 

that digital filtering helps resolve small transients for both spikes and steps (Figure 

2.7a,b, respectively). The blip response is simulated using a quadratic decay 

proposed for kinetically limited nanoimpacts71
 and that we observed for ZnO.40 

2.5.4.1  Closely Spaced Step Transients 

Figure 2.7b-d shows the simulation of closely spaced steps. We present two 

cases: a 1 pA step followed by (1) a step of equal magnitude depicted in Figure 

2.7c, and (2) a 0.1 pA step closely after the first 1-pA-step (Figure 2.7d). However, 

the step size is arbitrary, and this analysis applies to steps followed by an equal 
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step or a second step with a tenth of the magnitude. Figure 2.7c shows that two 

consecutive steps of the same size can readily be resolved when the steps occur 

with a spacing of ρȾὪ. In contrast, the smaller subsequent steps cannot be 

resolved until time of σρȾὪ  has elapsed from the larger step, Figure 2.7d. This 

is in agreement with literature values38,62
 and Figure 2.7b, where Ὧ σ. 

Further effects of the time constant and the shape of the following signals are 

discussed in the Appendix A, section 6.13. Figure 6.13 shows simulations of 

steps that are filtered with Bessel and Butterworth low pass filters. The step 

transients occur after the filters have reached their steady state, and the 

frequencies are within the sampling requirements given above by equation 86. 

Interestingly, the Bessel filter only reaches the final transient when the filtering 

cutoff is πȢσ Ὢ (or πȢφὪ ). If the filter cutoff is higher than πȢσ Ὢ, the steady 

state value of the step becomes 0.84 pA. This value is lower than the simulated 1 

pA, exactly, and after 13 steps, the error is cumulative 13 × 0.16 pA = 2 pA. 

Therefore, there is an offset on the steady state value, which is 2 pA lower than 

the simulated final value (Appendix A, section 6.12, Figure 6.13). However, the 

Butterworth filter is more robust which allows us to filter at higher frequencies, 

without the error observed with the Bessel filter. 
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Figure 2.7. Digital fi ltering of simulated transients. (a) Spikes (red), after 
adding noise (gray) and after digital fi ltering (blue Bessel and black 
Butterworth, see text for details). (b) Simulated steps transients with noise 
(black) and after the fi lter (red). The inset in panel b shows the ringing that 
follows the fi rst step. (c and d) Step function and the effect of a Butterworth 
digital fi lter on closely spaced events. ɝtcol is the time lapsed after the fi rst 
event. (c) First step 1 pA followed by a 1 pA event, (d) 1 pA step followed by 
0.1 pA event; in both panels c and d the time after the fi rst event is ◄╬▫■ = 6.4, 
12.8, and 19.2 ms. 

 

2.5.4.2  Spike Signals 

A similar analysis of spike transients is shown in Figure 2.S14. The spikes have 

different times between consecutive collision times, ɝὸ , 7, 20, and 50 ms. As a 

result of the filtering, the small vanishing peaks (see Figure 2.7a, gray curve) are 

evident after noise removal, regardless of the time elapsed between small and 

large spikes, see Figure 6.15. As discussed in the Appendix A (section  6.13 ), 
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digital filtering can complicate integrating closely spaced spikes. The effect of 

filtering is minimal when the signal does not include noise of around 10× the 

smaller peaks, where the errors are the largest of approximately -30%. (Table 6.7 

and Table 6.8). When the synthetic noise function does not include random noise, 

the error is much smaller (Table 6.9), indicating that removing noise with uniform 

power across the frequency spectrum is responsible for this artifact. In summary, 

digital filtering is effective at detecting closely spaced spike transients. However, 

the area is not always preserved when a small peak (1/10th of the first one) closely 

follows the first transient, especially when the signal is smaller than the noise with 

a uniform spectral distribution. This observation indicates that the algorithm may 

be limited in removing thermal noise when the signal is Ḑ1/10th of the noise. 

However, this is an extreme case, and while the algorithm allows us to resolve the 

transients, the area is underestimated. Overall, we found that equations 83-85 set 

an acceptable sampling rate to resolve the transients with enough mechanistic 

information. Using digital filtering can remove a specific noise region of the 

spectrum in a data set with enough resolution for both steps and spikes. When 

using digital filtering protocols, one must verify that the charge is preserved when 

a region of the frequency spectra is removed. For steps, the time it takes the filter 

to reach steady state limits the frequency available to resolve closely spaced 

transients. For spikes, the resolution of the spike is less problematic, but the area 

may not be preserved when filtering thermal noise larger than the signal. 
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 Conclusion 

We demonstrated the use of digital frequency analysis in single entity 

electrochemical transient experiments to discriminate against noise. Moreover, 

this protocol could allow detecting stochastic processes related to nano-impacts 

and provide information about the electrochemistry of single entities. This could 

lead to new insights into the processes occurring at the electrode-NP interface. 

For example, the background processes appear at distinct frequencies that do not 

always correlate with the photoelectrochemical detection of TiO2 NPs transients. 

On the other hand, FFT combined with third-order Butterworth digital filters 

increases S/N while minimizing signal distortion. In three different types of 

experiments, single NP electrocatalytic amplification, photocatalytic amplification, 

and nano-impacts of individual entities, digital filtering discriminates against noise 

with the Butterworth filters minimizing signal distortion. In contrast, the rectangle 

filter is an effective and straightforward alternative to filter noise and design a more 

complicated digital filter. In transient peak analysis, the area is preserved in the 

nano-impact experiments when the signal is not convoluted with noise that is larger 

than the signal and with a uniform spectral distribution across the sampled 

frequency spectrum. In hydrazine oxidation by single Au NPs, we determined the 

limits of digital filtering, where it does not affect the step height. This feature is 

critical for sizing applications, where the stepwise change of the particle-by particle 

current is used to determine NP radius. In electrolysis experiments that model 

nano-impacts, sampling data at rates higher than the fundamental collision 
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frequency, Ὢ, caused the data acquisition to overlap with environmental noise. The 

use of a band-stop Butterworth filter removes noise in the intermediate region of 

the frequency domain experiment while preserving the fundamental shape of the 

current transient. One drawback of digital filtering is that it introduces a delay due 

to the frequency response of the filters. In this work, the delay is in the order of 70 

ms for cutoff frequencies of 5 to 20 Hz (less than 35 ms for band-stop of 12.5 to 

150 Hz), and we discuss an approximation for the high pass60 and extend it to the 

band-stop Butterworth filters. However, note that this shift in phase (time) is also 

present in analog filters, widely used in electrochemical instrumentation. The digital 

filtering protocol can be used to design an analog filter custom built for the 

application of interest. This approach takes advantage of the sampling rate 

currently available. After analysis of the FFT spectrum of the collisions and their 

blanks, we can determine the optimal frequency range a posteriori. Moreover, with 

a digital Butterworth low pass filter, it is possible to minimize the time delay by 

correcting the phase shift with a double-pass infinite impulse response algorithm 

(IIR) to yield a zero-phase filter,34,65
 and the implementation of this IIR algorithm 

will be the objective of future work. Our group is also investigating the background 

frequency spectrum to obtain reliable data in single NP photoelectrochemistry 

experiments that will be reported in due time. 
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 Abstract 

We discuss the electrolysis mechanism of colloidal ZnO NPs (10 nm diam.) in 

CH3CN. Stripping the preconcentrated Zn(Hg) allows quantification of the ZnO 

electrolyzed during stochastic interactions with the Hg surface. We model the mass 

transport taking the charged agglomerates of ZnO NPs as ionic species to 

calculate their migration and diffusional contributions. In unsupported 

suspensions, the mobility and positive zeta potential enhance transport towards 

the Hg UME. The NP electrolysis generates ionic species, increasing the migration 

rate and allowing lower detection limits compared to weakly supported 

suspensions, where the electrolyte modifies agglomerate charge and colloidal 

properties. We determine the kinetic constant (kf, in cm/s) for the ZnO reduction 

from the electrolysis transient model for destructive collisions of single entities, 

corrected for the potentiostat time constant. While most reduction events happen 

within 100 ms, the single entity model is consistent with mass transport studies 

over longer experimental times (1800 s). 

 Introduction 

We present a mechanistic study of the reduction of ZnO NPs suspended on a Hg 

UME. The time scale of the experiments goes from diffusion or migration limited at 

minutes or longer, while at short intervals ( 1 s), we resolve the details of single 

entities colliding with the Hg surface. At short intervals, the kinetics of ZnO 

reduction limit the overall reduction rate and we determine the rate constant of 

electron transfer. At longer time scales, migration enhances the collision rate 
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significantly in the detection of ZnO nanoparticles, with the larger enhancement 

without the use of supporting electrolyte. We discuss how the normally considered 

inert electrolyte plays a role in the agglomeration of metal oxide suspensions, on 

how in turn; agglomeration can change the shape of the concentration 

dependence. Since the seminal work by Lemay1
 and Bard2,3, single entity 

electrochemical measurements is now an active area of research that includes 

investigating reactions at metal nanoparticle.4 The work on nanoimpacts5ï7, 

catalysis,8 electrocatalysis,2 is motivated by the need to understand the particle by 

particle contribution towards the reactivity of nanomaterials. We note that there are 

relatively few examples in the literature for discrete electrochemistry of metal 

oxides and semiconductors. Our group has been interested in studying the 

photoelectrochemistry of colloidal TiO2,9 sensitized TiO2
10,11

 and other groups have 

studied photoelectron injection from single entities.12ï15
 We propose that ZnO 

electrochemistry at the nanometer scale16,17
 is a model for metal oxides and other 

semiconducting materials used in energy conversion and  storage. For example, 

we are interested in expanding the ZnO reduction to studies in aqueous systems 

related to Zn/air batteries (e.g., Ref. [18]). 

Electrochemical studies of colloidal metal oxides have broad applications. Initial 

reports consisted of ensemble measurements of particles colliding with an 

electrode.19 These included incorporating particles from a colloidal suspension 

onto a metal deposit (composite materials).20
 Bard,1,21,22

 Kamat23 and Grätzel24,25
 

used colloidal suspensions (slurries) to investigate the photoelectrochemistry of 

particulate semiconductors. Heyrovsky et al. studied the polarography and 
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voltammetry of aqueous SnO2,26 TiO2,27
 and TiO2 colloids mixed with Fe3+ 

precursors.28 The electrochemistry of colloidal Fe2O3 was also the object of 

investigations.29ï31 Besides Fe2O3, studies in the nanoscale include the 

electrochemical transformation of Ag to Ag2O and silver halides.32 The 

electrodeposition of Ge nanowires from dissolved GeO  is another example of the 

direct oxide reduction.33
 However, in these earlier papers, the study focused on 

average properties and our interest is in the electrochemistry of discrete NPs. Here 

we study the mass transport and reduction kinetics of single entities that consist of 

agglomerates of ZnO. We collected information on the transients observed in these 

conditions and we fit the transients to a recently proposed model.34 We 

investigated the effect of the potentiostat time constant35,36 given the time scale of 

our measurements, and we propose a method to compensate for the potentiostat 

response. To the best of our knowledge, we present the first example for 

measuring a kinetic rate constant based on the direct nanostructure electrolysis 

under conditions limited by electron transfer kinetics. Besides the elegant 

determination of the rate constant for Ag oxidation from the random walk model,37 

based on a single NP getting sequentially oxidized during multiple collisions, we 

are not aware of additional rate constant measurements from electrolysis of 

nanostructures. 

The kinetic model provides measurements of agglomerate size that are consistent 

with our transport modeling of colloidal ZnO, once we account for the effect of 

migration. Migration is important in single entity measurements on colloidal 
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suspensions, in contrast to experiments in solutions that are usually limited by 

diffusion.1,38 The effect of migration in NP detection has been the object of study39ï

50
 and applications that rely on migration have been developed, including the ultra-

sensitive analysis of solution,39
 the imaging of NPs45,50,51

 and positioning NPs on a 

substrate for the electrochemical study or catalytic43
  properties. Here, we 

demonstrate that the mass transport of unsupported solutions favors the detection 

of ZnO NPs. We study the effect of migration in the stochastic detection of ZnO 

NPs of ca. 10 nm in diameter, and the interactions of the NPs with the electrolyte 

complicates the expected effect of a low concentration (1 mM) of salt. 

 Theoretical Model 

We consider two stages of the ZnO nano-impact experiments. First, the mass 

transport of a particle on the surface of the UME. Second, the electrochemical 

transient recorded as evidence of the collision and reduction of ZnO to Zn(Hg). In 

this study, the potential applied is enough for the reduction of the zinc from the 

metal oxide phase, ZnO, to the amalgam-forming deposition step according to Eq. 

(88): 

 :Î :Î/ ςÅ ᴼ:Î(Ç (88) 

We study the reduction of the ZnO NP in a non-aqueous system, acetonitrile 

because the potentials needed to reduce the NPs (-2.4 V vs Ag/AgCl(KCl=1 M)) 

are negative of the standard aqueous system. In these experiments, we reduce 

Zn2+
 on a Hg electrode to form the well-known Zn (Hg) amalgam. The standard 
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potential of reaction is 0.956 V vs. Ag/AgCl in an aqueous system [equation 

(89)]:52,53 

 :Î ςÅ O :Î(Ç (89) 

Thus, the potential applied in the preconcentration step to reduce the Zn2+
 in ZnO 

is significantly more negative than the Zn(Hg) amalgam formal potential, because 

ZnO is harder to reduce than Zn2+: 

 :Î/ςÅ O :Î(Ç ὕ ᴼ :Î(Ç  ὣ  (90) 

Where 9  denotes a byproduct of the reduction of ZnO with a negative charge to 

account for the negative charge in the oxide ion. Here we apply models to 

determine the rates of Equation (90) to gain insight into the electrochemical 

process at the nanometer scale. 

  Electrolysis in Stochastic Collisions 

We model the ZnO mass transport to predict the expected amount of Zinc reduced. 

We assume that every collision result in the reduction of ZnO entities as in 

Equation (89). The collision frequency, Ὢ, will be given by the total flux, Ὦ, times 

the electrode area, A: 

 Ὢ ὮϽὃ (91) 

For a hemispherical Hg UME, Equation (91) becomes (92) because of the 

hemispherical diffusional flux:  
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 Ὢȟ ς“Ὀ ὅᶻὶ  (92) 

Assuming that every collision result in the electrolysis of the ZnO NP and its 

agglomerates, the total charge recovered in the anodic stripping voltammetry will 

be given by the product of the frequency of collisions, more details Appendix B 

(section 7.6), Ὢȟ, times the number of mol of electrons per NP, ὲ [Equation (6)]:  

 ὗ Ὥὸ ὲ ὊὪȟὸ ὲ Ὂὸς“Ὀ ὅᶻὶ  (93) 

Where Ὥ  is the steady-state current, Ὀ is the particle diffusion coefficient, ὅᶻ is 

the NP bulk concentration and ὶ is the radius of the Hg hemisphere electrode, ὸ

is the time, Ὂ is Faradayôs constant. We demonstrate that the stripping of Zn can 

be quantitatively accounted for when migration is considered. For ionic solutions, 

the steady-state current increases in unsupported systems because the migration 

contribution becomes significant with respect to the diffusion rate. Oldham54
 and 

Amatore55 studied the effect of migration on UMEs on weakly supported 

solutions.56
 Here we use the expression of Amatore55 as used by White et al.57

 For 

the simplest case, the steady-state current (Ὥ) of an unsupported solution will 

increase the diffusion current (Ὥ) by a factor Ὧ . When ὲ ᾀ, Equation (94). 

 
Ὥ
Ὥ Ὧ  ρ ȿὲȿ (94) 

For every other case, Equation (95) applies: 

 Ὥ
Ὥ Ὧ ρ ᾀρ ρ ȿᾀȿρ ᾀ

ὲϳ Ͻὰὲρ
ρ

ρ ȿᾀȿρ ᾀ
ὲϳ

 (95) 
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where the sign in Equation (95) is negative for ὲ ᾀ and positive for ὲ ᾀ. Thus, 

by multiplying the expected diffusional current by the factor k m we can calculate 

the expected total current, accounting for migration. 

  Electrolysis Current Transients 

We model charge transfer transients during nano-impact events that result in 

electrolysis of single entities. We address the electrolysis of individual ZnO 

agglomerates at the Hg interface using a model first proposed for the electrolysis 

of Ag NPs.34,58 First, the model implies entity/electrode contact or a distance within 

tunneling from the interface. Second, the reaction is irreversible; this assumption 

applies here because the ZnO reduction yields an amalgam at high overpotentials 

so metal atoms in ZnO are incorporated into the mercury working electrode. Lastly, 

the model assumes that the process is kinetically-limited, that is, that the kinetics 

of ZnO reduction limit the rate of reduction and not mass transport. We base this 

analysis on the shapes of the models derived by Kätelhön et al.,34 Here, we 

rederived the model using different experimental constants, adapting the 

nomenclature used previously.34 The limiting rate Ὦ ȟ  of the species being 

electrolyzed Equation (96) is proportional to the projected area of the particle 

because the entity has to be within tunneling distance of the electrode surface.58  

 Ὦ ȟ Ὧὅ  (96) 

The final equation is equation 97: 
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Where ὶ is the initial radius of the NP being reduced, and ὠ  is the crystallographic 

density. We obtain the value of ὠ  from the crystallographic data of ZnO (the unit 

cell of the in-lab synthesized NPs used in this work corresponds to zincite, see 

Figure 7.1 and 7.4.1). 

 Experimental Section 

We previously reported the detailed procedure to electrolyze ZnO NPs.59 Briefly, a 

Hg ultramicroelectrode (working electrode, see Appendix B, section 7.3.2), Pt wire 

counter electrode and a reference electrode of Ag/AgCl (KCl=1 M) inside a fritted 

glass double junction were used in a standard three-electrode cell configuration. 

All electrodes were dipped in purified CH3CN, and Ar was bubbled through the 

solution for 15 minutes to purge O2 in solution. CH3CN was purified to remove 

traces of metal ions. Then ZnO NPs (Appendix B, section 7.2 for synthesis 

method) with zincite phase (Appendix B, section 7.4.1 for characterization) were 

injected and purging with Ar was continued for another 5 minutes. The Hg 

ultramicroelectrode was inserted into the system after making an Ar blanket on top 

of the solution. ZnO was reduced at a fixed potential of 2.4 V vs Ag/AgCl(KCl=1 

M)//CH3CN// to form Zn(Hg) for 1800 s. Immediately after the collision experiment, 

linear sweep voltammetry was carried out in anodic direction to oxidize any 
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reduced Zn(Hg) into Zn2+, i. e., to strip cations of zinc back into the solution. In the 

graphs shown here, cathodic currents are positive. 

 Results and Discussion 

The experimental data for the reduction of the ZnO NPs of ca.10 nm diameter at 

different concentrations is described in Figure 3.1. The current trace data for the 

reduction of ZnO NPs shows discrete changes as well as spikes. To determine the 

frequency of collisions and the stochastic models in this part of the work, we are 

interested in the accumulation of Zn(Hg) over long periods of time (1800 s, 32 ms 

sampling interval). Figure 3.1 also shows the control experiment for CH3CN blank 

(without NPs) under the same experimental conditions. Therefore, the transients 

observed are the result of ZnO NPs collisions at the different concentrations of 5 

nM, 10 nM, 20 nM, 40 nM, 60 nM, and 80 nM. For this experiment, the reduction 

was carried out at -2.4 V with respect to Ag/AgCl. Both systems where tested: 

unsupported colloid (Figure 3.1a), i.e., without supporting electrolyte, and 

supported (Figure 3.1b), with 1 mM of tetra-n-butylammonium perchlorate, TBAP. 
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Figure 3.1. Current vs. time curve for the reduction of ZnO NP, ca. 10 nm in 
diameter at different concentrations, where the blank is acetonitrile, neat or 
with TBAP, for comparison. a) Unsupported colloid, and b) supported with 1 
mM of TBAP. app= 2.4 V vs. Ag/AgCl. 
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The shape of the current vs. time response is used to interpret the nature of the 

NP interactions with the working UME. It is interesting to note that the data in 

Figure 3.1a and b, although with low time resolution, display two types of 

phenomena, step-wise incremental response and blips or spikes, in the current 

density. Previous reports assigned spikes or ñblipsò in the current vs. time response 

when the particles do not attach to the electrode surface,60 or in the use of Hg 

indicating electrodes, the detection of Pt NPs under electrocatalytic amplification 

results in blips because the Pt dissolves into the Hg.61,62 Therefore, we interpret 

the results in Figure 3.1 (a) and (b) as the transient response of the reduction of 

ZnO, and the larger currents are the result of larger aggregates or the 

simultaneous reduction of several smaller single entities on the Hg surface. The 

currents of the cathodic spikes correspond to several thousands of ZnO NPs based 

on the charge it would take to reduce a single 10 nm NP (6.95 ³10-15 C, vide supra) 

with the response in these spikes being in the 10-10 C range. For the step-wise 

increase, we propose that are due to the change of properties of the Hg interface 

once partially reduced ZnO and the Zn from the reduction process accumulate at 

the interface because, in the short time scale experiments described in detail 

below, we observed spikes and not steps. Thus, in the longer-time study, the 

reducing interface is modified by the step-wise increments in the Ὥ ὸ transient into 

Zn(Hg), which is consistent with electrocatalytic reactions giving rise to the 

stepwise response.3 This result is less noticeable in the supported system (Figure 

3.2c) because the anodic sweep voltammetry shows less amount of collisions 

when increasing the concentration of ZnO entities; because of the lower collision 
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rate, and lower electrolysis events, there is less of a change on the Hg surface. 

Also, the low frequency of these cathodic events (Table 3.1) is not consistent with 

the amount of accumulated Zn during the reduction process in the long-time 

experiments (1800 s). As we will discuss below, the sampling rate of 32 ms per 

data point, is not fast enough to resolve all the events because most happen within 

100 ms. Therefore, the Zn2+ stripping gives the expected total charge from the 

collisions even when the instrumentation cannot resolve all the discrete reduction 

events. Beside instrumentation effects, the observed collision frequency could be 

due to other complications (agglomeration, skewed Brownian motion, colloid 

stability), but because of the amount of accumulated Zn correlates with the 

migration model it follows that the differences observed here are due to the lower 

sampling rate and not having enough S/N to resolve the Hg/ZnO collisions. Thus, 

we increased the sampling rate to improve signal resolution, and we discuss the 

results below. 
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Table 3.1. Frequency of reductive transients for unsupported and supported 
ZnO suspensions and theoretical value of collision per second. The 
instrumentation sampling rate and S/N limit the number of observed collision 
frequencies (see text for details). 

Observed reduction events observed in Figure 3.1 Expected 

Figure 3.1a. 40 nM 
ZnO, unsupported 

Figure 3.1b. 40 nM ZnO with 
1 mM TBAP 

Based on 
equation (92) 

382 205 ω ρπ 

Figure 3.2a, b and e show the detail of a 40 nM ZnO colloid Ὥ ὸ transients where 

the spikes while Figure 3.2c shows the stripping of Zn2+ during a potential scan in 

the positive direction. We use the Zn2+ redissolution peak to determine the amount 

of reduced ZnO. Figure 3.2e shows the details of the Ὥ ὸ transient. Note that this 

data set have lower resolution, and therefore, we provide higher resolution studies 

below by sampling at higher rates. In the faster sampling rates, the effect of the 

instrumentation delay is the main factor that limits the shape of the response. For 

the supported system, we did not obtain a linearly increasing calibration curve, so 

we focused our analysis on the unsupported system. The concentration 

dependence studies confirm the stripping peaks around 1.5 V are due to the 

oxidation of Zn(Hg).17 The stripping voltammogram is obtained immediately after 

the preconcentration step of 40 nM ZnO colloids for a time of 1800 s. Figure 3.2a 

and b show a zoom-in of the spikes in the Ὥ ὸ transients for the unsupported and 

supported suspensions, respectively. The observed current spikes of the 

unsupported colloid are larger than those observed in the supported system 

(compare scale in Figure 3.2a and b). These collisions are assigned to smaller 
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agglomerates since the large ones will precipitate based on the stability of the 

colloid, see Appendix B (section 7.5), and Table 3.2 for zeta potentials. 

Table 3.2. Transport parameters for the colloidal suspension in this work. 

Parameter 40 nM ZnO 
40 nM ZnO with  

1 mM TBAP 
ἌἽἚ  (a) ἍἴἛ (a) 

Diffusion 
Coefficient (D) 

[cm2 s-1] 
[5.60 ± 0.03] x10-8 [1.91 ± 0.03] x 10-8   

Mobility (ɛ) 
[cm2 V-1 s-1] 

[2.56 ± 0.03] x 10-4 - [4.40 ± 0.06] x 10-5 6.38 x 10-4 1.073 x 10-3 

Zeta potential 
[mV] 

12.7 ± 0.2 - 2.2 ± 0.3   

Absolute Charge 
[C] 

117.41 - 59.79   

(a) ἌἽἚ  and ἍἴἛ  data are form reference 63  

 

 

Figure 3.2. Current transients for a ZnO suspension at app = -2.4 V vs. 

Ag/AgCl. (a) Detail of the unsupported system, and (b) supported (1 mM 

TBAP). (c) Linear sweep voltammetry curve of the two systems (---, black 

unsupported, --- red, + 1mM TBAP) and the blank (---, blue). (d) TEM image 
of ZnO entities with an average diameter of 60 nm scale. (e) Detailed shape 
of it transient of the supported. 
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Figure 3.3 shows the charge for the Zn2+ re-dissolution in the anodic scan at 

different concentrations of ZnO. The graph shows the results for unsupported 

suspensions (Figure 3.3a) and models of diffusion and migration. Figure 3.3b is 

the comparison of the supported (1 mM TBAP) and unsupported ZnO 

suspensions. The addition of TBAP results in a non-linear calibration curve that 

decreases the charge at higher concentrations and that would not be useful for 

analytical applications. Interestingly, the use of unsupported NPs yields a linear 

calibration curve. Furthermore, these results are consistent with the low frequency 

of collisions observed for this system (Table 3.1), compared to the supported 

system. We interpret these differences as the results of greater agglomeration that 

increases with the concentration of ZnO. This is an unexpected result because 

solutions with small concentrations of electrolyte (e. g., 1 mM) like the one used in 

this work, normally stabilize colloidal systems.64 To investigate these effects we 

performed DLS studies of the two NPs suspensions (see Appendix B, section 

7.5). Figure 7.4 shows the characterization by DLS for two different cases of NP 

suspensions, (black) without supporting electrolyte and (red) with the addition of 1 

mM TBAP. 

Note that this theoretical treatment in Equation s (94ï95) assumes that the total 

current will be a constant factor of the diffusional component, Ὧ . Based on the 

results of Figure 3.3, this assumption holds for the unsupported suspension, but 

the addition of electrolyte changes the colloidal behavior completely. There are 

several assumptions built into the model. Most significantly, Equation s (94ï95), 

were derived under the assumption that electroneutrality is conserved during the 
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electrolysis, an assumption that does not hold here at low concentrations when 

impurities in CH3CN and colloidal properties limit the transport of NPs by migration. 

The model in Equation  (93) yields the line in Figure 3.3 based on diffusion (ðð, 

yellow line) in Figure 3.3a. The line is calculated based on the measurements of 

diffusion coefficients obtained by DLS (see Appendix B, section 7.5). We note that 

the diffusion coefficients, and therefore also the model, correspond to 

agglomerates that are larger in diameter than the values expected for a ca. 10 nm 

diameter for a NP. Interestingly, the number of NPs/agglomerate will cancel out of 

equation (93) if the number of NPs per agglomerate is constant because it will 

divide the ὅᶻ  and multiply the ὲ  value (see Appendix B, section 7.7) 

 

Figure 3.3. Charge of Zn(Hg) stripping peak as a function of ZnO NP 
concentration. (a) in the absence of supporting electrolyte and (b) with 1 mM 

TBAP. The lines in (a) show the linear regression (½½, red), the experimental 

data (ǒ), the expected response based on the diffusion model (½½, yellow) 

and the migration model (½½, blue). The lines in (b) show the experimental 

data for unsupported (½½, purple) and supported 1 mM TBAP (½½, blue). 
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We were able to observe, by TEM, agglomerates (Figure 3.2d) that agree with the 

52 nm diameter entity detected by DLS. To account for the differences in mass 

transport, we measured the NPs zeta potential, mobility, and diffusion coefficients. 

Table 3.2 summarizes the NP properties and includes transport properties for the 

supporting electrolyte in CH3CN for the TBA+ and ClO4
- ions from ref. 63. Based 

on the properties in Table 3.2  and the data in Figure 7.4, we now discuss the 

transport properties and the expected slopes for the calibration curve of charge vs. 

NP concentration (see below). Figure 7.6 (Appendix B) shows a calibration curve 

for three different ZnO batches; these different batches result in wide variabilities 

on the analytical signal due to the significant differences in the colloidal properties 

(note the error bars). Although the experiments follow the same trend, the 

variability is high). However, the data in this paper contains experiments conducted 

with the same ZnO batch and therefore yield consistent results. The migration 

model and the kinetic studies of ZnO electrolysis yield charges within 30% based 

on the DLS size applied to the migration model, and the integration of the fast 

reduction transient. The migration behavior described above is also consistent with 

the data in Table 3.2. The zeta potential for the unsupported suspension is positive 

which indicates that the NPs will migrate towards the cathode. Upon addition of 

electrolyte, the NPs produce larger agglomerates (Figure 7.4), and interestingly, 

the zeta potential becomes negative and small in magnitude, which corresponds 

to the relatively low stability of the colloid (Figure 7.5). Therefore, based on the 

observations described above, we can apply the ñbalance sheetò approach65 to the 

NP migration for 40 nM NP concentration in the situations without electrolyte and 
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with 1 mM TBAP, using the data in Table 3.1 and with the calculations of 

transference numbers, ὸ, [Equation (98)]: 

 ὸ
ᾀὅό

Вȿᾀȿὅό
 (98) 

Where ό is the mobility of the charged species, and all other symbols have their 

usual meaning. We note that this approach has been applied to metal NPs 

before;[25] and we take the basis set of a single ZnO agglomerate of ca. 52 nm 

reduction which will require 6 ×106 electrons, shown in Figure 3.4. For the 

unsupported case depicted in scheme (a), mass transport limits NP reduction, with 

the rate of migration being the main contributor to the total flux at potentials more 

negative than 2.4 V vs. Ag/AgCl. Initially, the migration is limited by trace impurities 

that can balance the movement of the positive particles towards the UME 

(cathode). As the electrolysis progresses, charged byproducts aid in the transport, 

and help maintain electroneutrality near the electrode surface. This is consistent 

with our experimental observation that the reduction current tends to increase at 

longer electrolysis times (Figure 3.1a), since we find larger spikes and current 

steps at long experimental times. 
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Figure 3.4. Balance sheets for ZnO NPs colloids a) unsupported and b) 
supported 1 mM TBAP. 

 

The addition of electrolyte increases the size of agglomerates and reverses their 

charge, as evident on the change on zeta potential sign (Figure 7.5). We explain 

the change to a negative zeta potential by the preferential adsorption of ClO4
- at 

the NP surface that modifies the original charge at ZnO interface. Figure 3.4b 

shows the balance sheet for this case that is unfavorable for the reduction of a 

negatively charged ZnO agglomerate. The positive charge causes the 

agglomerate to migrate away from the working electrode and therefore, the NPs 

must diffuse back to the electrode. A 2 mV zeta potential is not consistent with a 

stable colloid for the weakly supported colloid, on the other hand, for the 

unsupported colloid we observed 13 mV of zeta potential, which is consistent 

with colloidal stability. The results of the supported case, which has a lower 

negative 2 mV zeta potential give a nonlinear calibration curve that decreases 
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the stripping charge at higher ZnO concentration. This is consistent with the lower 

stability of the colloid that increases the agglomerate concentration with higher 

ZnO concentration. The higher agglomerate concentration, in turn, gives a lower 

collision frequency that results from the lower diffusion coefficient of the 

agglomerates. The DLS data, including mobility measurements, and the 

concentration dependence of the stripping of Zn(Hg) from the ZnO NPs. This also 

explains why the number of NPs electrolyzed is larger in the unsupported case 

(Figure 3.3a) and adding electrolyte decreases the charge (Figure 3.3b). In 

addition, the stability of the colloid is a function of the absolute value of the zeta 

potential; thus, agglomerates are likely to precipitate in this weakly supported 

colloid. 
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  High-Resolution Current Transients 

We measured current transients to study the details of the collisions in terms of the 

nano-impact electrolysis model.34 To avoid complications from supporting 

electrolyte adsorption discussed above, we performed high-resolution experiments 

in unsupported suspensions. Figure 3.5 shows the high-resolution data of a single 

element response for two independent experiments; for (a), the sampling rate was 

5 kHz and for (b), the sampling rate was 781 Hz. These higher sampling 

frequencies allowed us to detect single entity reduction events. At low sampling 

frequencies, such as the ones used in Figure 3.1, we cannot detect these faster 

events because the reduction decays to the baseline within 100 ms. Note that the 

noise in the system at 30 Hz (lower panels of Figure 3.5a and b) cannot be 

removed using conventional low-pass filters because it is necessary to sample at 

a higher frequency rate, >100 Hz. According to the theory, there should be a rapid 

increase of current followed by a quadratic decay of the current to the baseline.34 

The experimental peaks show a relatively slow increase in current, which to the 

best of our knowledge, current models cannot adequately describe, although 

several reports point out that NPs can collide with an electrode surface multiple 

times, and these could be convoluted into the rising part of the peak due to 

instrumental limitations (discussed in detail below).37,66ï68 Because the total 

reduction charge is consistent with a larger entity, it is also possible that during the 

initial approach to the surface, the aggregate or agglomerate could bounce off the 

Hg surface before making contact or that the agglomerate itself reorganizes before 
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reaching a kinetically limited reduction rate. The details of these interactions will 

be the object of future investigation. Additionally, after the current reaches its 

maximum, the decay fits the quadratic Equation (97) well, with Ὑ πȢωω. Figure 

3.5a and b show the quadratic fitting of two high-resolution collisions to the 

expanded quadratic model from Equation (99): 

 Ὥ
ὲὊ“

ὠ
Ὧ ὶ  

Ὧ

τ
ὶ ὸ

Ὧ

ρφ
ὸ  (99) 

 

 

Figure 3.5. ZnO NPs electrolysis spike in high resolution transients. Sample 
interval (a) 0.2 ms and (b) 1.28 ms. 

 

Interestingly, the coefficient in the quadratic term in Equation (99), depends on the 

kinetic constant, Ὧ, and, the molar volume or crystallographic density, ὠ , which 

is available from crystallographic tables, for ZnO, ὠ ρρȢψπυ ὧά ȾÍÏÌ.69 The 

time-independent term and the linear term in Equation (99), give the radius of the 

entity and we present these values in Table 3 for three collisions. In summary, we 

determine Ὧ from the quadratic term and we use the other terms to check for 
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consistency (ὶ  in Table 3). Using a quadratic fit to the experimental data yields 

values a coefficient with an experimental error of 10%. The error propagation of 

the fitting error estimates the error in the rate constant, ί , as discussed in the 

Appendix B (section 7.8). Table 3.3 shows the results of Ὧ obtained for the two 

peaks in Figure 3.5 and one additional peak (data not shown); the values of and 

ί  indicate the precision of the rate constant measurement. 

Table 3.3. Electrolysis spike parameters at high-resolution transients. For a 

single ZnO NP, the expected charge is 6.96 ³10-15 C. 

 

Trial 
Sample 
Interval 

[ms] 

╠╘ 
[C] 

►╠
a) 

[nm] 

► 
[nm] 

▓█ 
b) 

[cm/s] 

1 (Figure 3.5a) 0.20 8.55 ×10-13 24.85 17.53 [2.4 ° 0.1]×10-4 

2 (Figure 3.5b) 1.28 1.25 ×10-12 28.17 40.63 [1.7 ° 0.1]×10-4 

3 (not shown) 5.12 1.21 ×10-12 27.87 23.48 [2.1 ° 0.1]×10-4 

a) Calculated with the electrolysis charge. 

b)  Error estimated from the error propagation of the fitting. 

 

Integration of the spike gives the electrolysis charge, ὗ and assuming a perfect 

sphere being electrolyzed, we solved for ►╠. Overall, the integration is consistent 

with the reduction transient being due to agglomerates. One of the possible 

reasons is the sensitivity of the potentiostat used for these measurements because 

the amount of charge for a single NP reduction would be 7³10-15 C. If the NP was 

reduced within 1 ms (the fastest we measured), the reduction current would be in 

the order of 10-16 C, smaller than our current limit of picoamperes. However, the 
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integrated charge of the transients, ►╠ measured from ὗ, is in good agreement 

with the electrolysis model ►. The charges measured are consistent with the 

charge for an agglomerate of 52 nm diameter from DLS, which is expected in the 

order of 9.8³10-13 C. In turn, these results are consistent with the mass transport 

studies described above and provide additional confidence on the validity of the 

model used here. 

  Instrumentation Effects 

Because the time scale of the reduction is within 100 ms, we discuss the 

instrumentation response time and its effect on the shape of the decay34ï36,70 and 

present a method to compensate for the instrumentation effect when determining 

the rate constant. We measured the time constant of our data acquisition by using 

a 10 Mɋ resistor and the same sampling, sensitivity (1 nA/V) and filtering 

conditions (150 kHz) as in the collision experiments. We applied a potential step 

to the resistor and we fitted the response to the step function (more details in Ref. 

[11]): 

 ίὸ Ὧρ ÅØÐ Ὢὸ  (100) 

s(t) is the normalized repose to the step function, and Ὧ and Ὢ depend on the 

overall gain of the potentiostat. From fitting to the experimental data, Ὢ  352 Hz, 

which is the potentiostat cutoff frequency modeled with a low-pass RC filter, where 

† ρȾὪ Ὑὅ. The value for the time constant of the potentiostat control is †

σ άί, and we investigated the effect of instrumentation on reduction events that 
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are in the timescale of <100 ms. Note that Ὢ  352 Hz Hz for the potentiostat 

amplification, corresponding to the rise time, is much smaller than the active 

analog filter of the potentiostat (a Bessel filter with Ὢȟ= 150 kHz), so we consider 

that the response is limited by the potentiostat rise time. 

Kanokkanchana et al.36 proposed that for accurate peak height measurement, the 

filtering time constant should be at least 5ï10 times smaller than the pulse width. 

The ZnO reduction process here is in the order of 100 ms, and the 3 ms time 

constant of the potentiostat is within the recommended limits (10ï20 ms).36 

Overall, the potentiostat is fast enough to measure accurately the peak height but 

we need to discuss the filtering effect of the potentiostat time constant on the shape 

of the decay. We modeled the effect using a digital approach based on the Fourier 

transform of an RC filter, Y(ɤ), similarly to a previous report,70 with the same time 

intervals of the data. Figure 3.6 shows the analysis of the fast reduction peak in 

Figure 3.5a, where Y(t) is the output of the simulated RC filter with † ςȢψτ άί. 

Figure 3.6a shows the data and the fit to a model that includes the filter effect, 

Y(t). For comparison, Figure 3.6b shows the theoretical response, assuming no 

filtering effects, and the result of filtering with Ὢ   357 Hz that accounts for the 

rise time of the potentiostat; as expected the filtering effect is more pronounced at 

lower times, but the shape of the decay still follows the quadratic decay. A 

regression of the model including the filter fits the quadratic equation (R2=0.9981) 

but yields kf that is significantly different from the raw data fit. Fitting the 

experimental data we obtained kf = (2.4 ° 0.1) ³ 10-4 cm/s, while considering the 
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filtering contributions, kf = (1.8 ° 0.1) ³ 10-4, consistent with the expectation that 

the filtering effect of the potentiostat yields an apparently slower rate constant.35 

The error bars from the error propagation of the fit to the raw data, where ů = 10 

% for the quadratic term. This correction of kf is consistent with the expectation 

that the relatively slow potentiostat response results in a smaller value of kf. The 

inset in Figure 3.6a shows the analysis of kf = 2 ³ 10-4 cm/s within 5s for the fitting, 

that is kf = 1 ³ 10-4, 2 ³ 10-4 and 3 ³ 10-4 cm/s, to illustrate the sensitivity of the 

fitting to a model including the filtering effect. These kf values fit the experimental 

results in Figure 3.6a, although the extreme values will fit better the initial or final 

parts of the decay. Therefore, we propose kf = (2 ° 1) ³ 10-4 cm/s for the reduction 

of ZnO under these conditions (E = -2.6 V vs NHE in CH3CN). 
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Figure 3.6. Electrolysis current transient in Figure 3.5a, with the effect of 
instrumentation delay simulated as an RC low pass filter, (t). a) Electrolysis 

data (ðð, black) and model for kf = 2 ³ 10-4 including the filtering effect (ð

ð, red). The inset shows the results for kf = 2 ³ 10-4 ° 5s. b) Comparison of 
the model in Equation (97) without filtering effects (ðð, green) and the effect 
of the RC low-pass filtering, (t) on the quadratic model (ðð, red). All 

filtering was done with Ű = RC = 2.84 s. 
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 Conclusion 

We demonstrate that the models for ionic migration and diffusion are satisfactory 

in predicting the mass transport of ZnO NPs and their agglomerates when the 

agglomerate size is constant over the concentration range studied. This explains 

why the electrochemical reduction of ZnO nanoparticles (NPs) on a Hg UME 

becomes more sensitive under conditions that favor the migration contribution. 

Although diffusion is an important contributor to the overall transport, controlling 

migration has the largest effect on NPs detection. Initially, migration to the UME is 

limited because in the absence of supporting electrolyte, trace impurities in the 

solvent limit the migration of NPs. As the ZnO NP electrolysis progresses, the 

byproducts introduce ionic species, increasing the migration rate and in turn, 

making ZnO detection more favorable. Overall, lower detection limits for the 

experiments performed in the absence of supporting electrolyte are achieved when 

compared to weakly supported solutions. Addition of supporting electrolyte,1 mM 

TBAP, has the effect of reversing the agglomerate charge and causing migration 

away from the working electrode.  

The diffusion coefficient also decreases because larger aggregates are formed at 

higher concentration and these effects combine to give a calibration curve with a 

negative and variable slope. For unsupported systems, we investigated the details 

of single entities collisions at high sampling rates to resolve the current transient 

for the reduction of a single agglomerate. The decay fits the quadratic dependence 

of the model of Kätelhön et al. for the destructive electrolysis nano-impacts.34 The 
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transients indicate that the reduction of a single agglomerate happens within 100 

ms, which is close to the limit of the potentiostat rise time with the trans-impedance 

needed for current measurements in the order of picoamperes. The analysis of the 

spike yielded the kinetic constant for the electrolysis process of ZnO entities. 

However, to determine the rate constant at these relatively fast rates, we had to 

take into account the instrumentation effects.  

We modeled the potentiostat as an RC circuit to simulate the effect of the response 

time on the reduction data for ZnO agglomerates on a Hg UME, and we propose 

the rate constant for the process is kf = (2 ° 1) ³ 10-4 cm/s. Overall, the model for 

destructive electrolysis yields agglomerate sizes that are consistent with the mass-

transport analysis and with the sizes obtained from the TEM and DLS 

measurements. The rate constant obtained for ZnO reduction is significantly 

smaller than the Ag oxidation constant (ca. 5 cm/s) from stochastic 

measurements,37 and from bulk Ag measurements (ca. 0.3 cm/s).37,71,72 This large 

difference in electron transfer kinetic constants could be because the reduction of 

Zn2+ in ZnO would be a two-electron process limited by the rate-determining step 

in the reduction mechanism that includes chemical steps. For example, it is 

possible that the mechanism will be EC or ECE, however, further studies are 

necessary to account for the significant rearrangement of the Zn2+ environment 

from the solid-state to the Zn(Hg) amalgam, and study the mechanism in detail. 

For example, it is of interest to our group to investigate the electron transport 
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through the agglomerate and its effect on the reduction kinetics, and these issues 

will be object of future investigation. 
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 Single Entity Photocatalytic Processes: 
Detection and Characterization 

 

 

 

 

 

 

 

 

ñSeeing is the beginning of understanding. This may seem an 
obvious truism, yet it conflicts with a dogma central to much of 

science, that knowledge of the underlying physical laws alone is 
sufficient for us to understand all things, even ones that cannot 

be seen. But the conflict is only apparent, for the dogma is false. 

[é] 

To many people the world of mesoscale phenomena would 
seem to be intrinsically confined, but we do not believe this is so. 
First, the richness of experimental phenomena in the field shows 

that the subject is still in its infancy.ò1  

The Middle Way 

R. B. Laughlin, David Pines, Joerg Schmalian, Branko P. 
Stojkovic, and Peter Wolynes. 

 

  



150 
 

 
 

 Abstract 

Due to global warming, greenhouse gases pollution and renewable energy 

demand, it is of fundamental importance to determine the limiting rates of individual 

semiconductor (SC) nanoparticles (NPs) under conditions that convert light into 

electricity and chemical energy. We propose different experiments to detect single 

TiO2 anatase NPs. The electrochemical detection of single entities, stepwise 

collisions, are counted as individual events and compared with results derived from 

the Mie theory for spherical particles and spectroscopic UV-Vis measurements on 

the colloid: TiO2 in methanol. Through measuring UV-Vis spectroscopic absorption 

data, we modeled single TiO2 NPs current size, considering the statistical 

uncertainties of measured properties, e.g., the SC optical properties, the laser 

power variations, and the NP diameters under a log-normal distribution. We 

validated the frequency of the photocurrent events observed when colloidal 

semiconductor NPs interact with the electrode surface, counting NP interactions. 

The Mie modeled UV-Vis spectroscopy data agreed with the average and standard 

deviation of the counting collision step size. In the stochastic SC experiments, we 

used this methodology to resolve a less scattered system, smaller diameters of 

NPs and more homogeneous size distribution, such as 18 nm TiO2 NPs. However, 

this system (18 nm TiO2) tends to have stronger physical interaction among NPs; 

thus, we detect agglomerates for eighty percent of the measurements. In addition, 

we measure the current transferred from a single anatase NP to the Pt electrode. 

The methanol photooxidation current of the trapped NP is consistent with our 



151 
 

 
 

statistical results, thus scattering affects the collision frequency. Moreover, the NP 

radius distribution is associated with the spread distribution of current step sizes. 

We isolated the NP and prepared a single Pt/TiO2 NP setup using a Ga ion-milling 

gun. Consequently, kinetics, rather than mass transport, limits the steady-state 

current, based on the turnover of methanol on the surface of the NPs. The rate 

constant of change for a 144 nm diameter system is ψ ρπ cm/s for a two-

electron process of oxidizing methanol to formaldehyde completely. This system 

correlates with the magnitude of the stochastic step size detection of NPs during 

photoelectrochemistry turnover and the UV-Vis data modeled by Mie Theory, 

which accounts for scattering losses. We demonstrate that the collision frequency 

increases by the light-induced dynamics of NP/metal interactions, likely due to 

multiple collisions. Furthermore, the collision frequency yields are greater than 

predicted with the diffusion-limited equation. However, it is important to notice that 

there are only collisions detected during illumination. Finally, high-resolution 

measurements detect events occurring on TiO2 NP networks, relating to the 

transport of electrons through crystalline structures.  
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 Introduction 

Analytical methods to understand the physical and chemical properties of 

nanoparticles (NPs) are of great interest due to applications on energy conversion 

devices.2,3 The properties of an ensemble of NPs have been studied to measure 

thermodynamic and kinetic properties of materials.4ï7 However, the next step 

towards understanding nanomaterials is to characterize single NPs. This single NP 

essays measure the current of a NP with no interactions with other mesoscopic 

units of the same natureð NPsðor capping agents or supporting electrolytes. In 

this context, nano-impact electroanalysis (NIA) is used to measure and study the 

properties of individual entities.8ï13 To characterize physical chemical properties 

and reactivity of different materials, that have energy conversion applications, 

different types of metal and metal oxide NPs are studied throughout the literature 

(more details on metal oxides, vide infra).14ï22   

The necessity of better systems to harvest solar energy  motivates the study of 

metal oxide nano-impacts or photoelectrocatalytic amplification.10 Moreover, there 

is also interest in photocatalysis of TiO2 in water using solar light because of its 

possible applications with remediation and waste removal.23ï25 Devices26 and cell 

assemble27 have been discussed in terms of efficiency and technological 

applications to solve problems related to human societies such as: pollution and 

renewable energies. In many cases, the device construction relates the specific 

application, but the most common being panels, Figure 4.1. Mainly, the light 

absorptive materials are generated for practical and industrial processes in powder 
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presentation, but they can also be deposited by other methods like atomic layer 

deposition28 or electrodeposition29. Figure 4.1 shows a solar panel build for a 

photocatalytic process on Titanium Dioxide Degussa P25 (commonly known as a 

de-facto standard titania photocatalyst30) in a thin-film fixed-bed reactor (TFFBR). 

At the TFFBR, water flows with organic matter along an inclined glass panel with 

film thickness ca. 100 ɛm. Moreover, 70% of the initial total organic carbon 

concentration was degraded after 250 minutes. In this scenario, TiO2 works as an 

excellent water remediator. The next step in the process determines the 

percentage of electrons harvested from the redox processes on the surface 

(decomposition of organic molecules) of the TiO2 crystals, which will give insight 

of the electric power generation in these devices. 
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Figure 4.1. TFFBR panel. Reprinted from Photocatalysis in Water 
Environments Using Artificial and Solar Light, Today 2000, 58 (2ï3), 199ï230 
199-230, Alfano, O. .; Bahnemann, D.; Cassano, A. E.; Dillert, R.; Goslich, 
Copyright (2021), with permission from Elsevier.26 

 

Solar water splitting has been under investigation since the seminal work of 

Fujishima and Honda demonstrated the viability of the cell27. This device is 

considered a viable option to take advantage of the solar spectra since it produces 

molecular hydrogen and oxygen, which are two environmentally friendly species. 

The cell can be understood as an energy conversion and storage system. The TiO2 

(anode) cell is fixed with a platinum black electrode (cathode) with an external 
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load.27 The most common films for reactor designs are prepared by sol-gel, spin-

coating, and sputtering deposition.2 In terms of energy efficiency, the best 

performance achieved for TiO2 films is the so-called dye-sensitized solar cells 

(DSSC). To the best of our knowledge, the system with a record on power 

conversion is a DSSC cell with a Co(II/III)tris(bipyridyl)ïbased redox electrolyte on 

the surface of an electrode of a zinc porphyrin dye as a sensitizer (designated 

YD2-o-C8) with a record of power conversion of 12.3%.31 The device was made in 

the laboratory of Professor Grätzel et al. at the Laboratory for Photonics and 

Interfaces, Institute of Chemical Sciences and Engineering, École Polytechnique 

Fédérale de Lausanne. This device is reported in the best research-cell efficiency 

chart from the national renewable energy laboratory of the U.S. Department of 

Energy as a dye-sensitized cell in the emerging photovoltaic devices, Figure 4.2.32 

 

Figure 4.2. Best Research-Cell Efficiency Chart ï emerging 
photovoltaics.The chart "Best Research-Cell Efficiencies" is reprinted with 
permission from the National Renewable Energy Laboratory, reference 32. 
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On the one hand, many parameters in the film preparation are crucial for the 

performance of the device, such as: the sputtering temperature, target to substrate 

distance, the wetting of the nanoparticles, the wettability of the materials, defects 

and heterogeneities, among others.2 Thus, more research has to be gathered in 

order to optimize the engineering and construction of the devices; since the 

fundamental part of the photocatalysis is far from being understood. Time-resolved 

analysisðof the kinetics on the surface and in the bulk of the semiconductor 

nanocrystals as performing in a deviceðwould bring us a step forward towards the 

improvement of solar cells. In this perspective, the development of an analytic 

tools, to understand the mechanistic complications on study kinetics of each 

reaction independently and being able to determine the rate determine step, is the 

major aim of this chapter. However, some cases and some processes of the 

reaction are still fast for the available instrumentation or hidden by the ensemble 

contributions. The research in this chapter is to address the latter.  

Furthermore, the analysis increases in complexity due to band bending and 

particle-particle contacts, Figure 4.3. Firstly, band bending is related to the surface 

of the film in contact with the electrolyte, which we understand as an electron 

transfer process. Secondly, the particle contact contributes to the particle transport 

through the film, which we understand as a mass transport process. In Figure 

4.3a, the outermost TiO2 grain is shown for a common TiO2 deposition by ion 

cluster beam (ICB).33 The film has a thickness of 300 nm and gran size in between 

100-150 nm, which means electron transport through the film.33 This type of 

transport is stochastic and has been studied in NP injection and ensemble 
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transport experiment; where a NP injected electrons on a TiO2 film (the ensemble), 

thus, waves of electrons are injected from the NP through the circuit passing an 

insulating film. The mass transport stochastic response shows a Gaussian signal 

when injecting NPs throughout the film (Figure 4.6c). 15,34  

 

Figure 4.3. (a) SEM images of TiO2 films prepared by the ICB method and 
later calcined at 973 K. Adapted with permission from ref. 33 Springer Nature 
Customer Service Centre GmbH: Springer Nature in Catalysis Letters, 
(Takeuchi, M.; Sakamoto, K.; Tsujimaru, K.; Anpo, M. Photo-Induced 
Superhydrophilicity on TiO2 Thin Films Prepared by an Ionized Cluster Beam 
Deposition Method. Catal. Letters 2009, 131 (1ï2), 189ï193), Copyright 2021. 
(b) Electron transfer (ET) and mass transport model for TiO2 Films. 

 

However, the process that we are interested to optimize, thus understand, is the 

electron transfer of NP by the generation of the hole-electron couple. We propose 

to isolate single entities on the surface of a Pt WE under laser radiation to avoid 

the convoluted mechanistic steps in the film: mass transport, mesoscopic effects, 

and cross-communication on the NP network (electron-hole recombination), 

Understanding of the photoelectrochemical (PEC) mechanisms and properties of 

individual entities is a challenge that needs to be overcome to enhance current 
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available technology. There are two main schemes for the detection of 

semiconductor nanoparticles (SCNPs); the nano-impact (NI) and the 

photoelectrocatalytic amplification (PCA). These schemes are discussed in 1.4 

Stochastic Electrochemistry. Again, the experimental argument, and the 

distinction between these two processes, is that the detection of a NI occurs in the 

dark while the PCA under illumination. The study of the light-driven interactions 

brings new information of the photocatalytic process. While the other brings 

information on the crystalline and chemical structure of the colloid explored, see 

Chapter 2. Therefore, both cases of study advance the understanding on colloid 

and single entity electrochemistry on SCNPs.  

The main case of study in the Alpuche group are the photoelectrochemistry of 

colloidal bared14 and sensitized TiO2 NPs.35,36 For the first case, the TiO2 

nanocrystal upon visible to UV light radiation produces an electron-hole couple that 

is used in methanol (MeOH) oxidation (photocatalytic process). We demonstrated 

the detection of individual semiconducting NPs using as illumination source an 

ozone-free Xe arc lamp (150 W, Newport Instruments) with an IR filter.14 The 

experiment aims to understanding of the particle-by-particle contribution to 

photocatalytic reactions. The electrochemical detection of single entities under the 

Xe arc lamp shows stepwise response, Figure 4.4, which agrees with the 

adsorption of TiO2 units on the surface of the electrode and the further stabilization 

towards a steady-state current related to the photocatalytic process. The main 

drawback of using a Xe arc lamp as an illumination source is the contribution of 



159 
 

 
 

different energy photons; this makes the analysis on photoelectrochemistry and 

kinetics of reaction complicated.  

 

Figure 4.4. Photoelectrochemical stochastic detection of colloidal TiO2 NPs, 
(a) schematics from mechanistic insight on SCNPs adsorption, and (b) data 
for 25 nM TiO2 NPs in MeOH and 25 µm diameter Pt UME. Illumination source 
Xe arc lamp. Reprinted with permission from (Fernando, A.; Parajuli, S.; 
Alpuche-Aviles, M. A. Observation of Individual Semiconducting 
Nanoparticle Collisions by Stochastic Photoelectrochemical Currents. J. 
Am. Chem. Soc. 2013, 135 (30), 10894ï10897.). Copyright (2021) American 
Chemical Society.14 

 

The addition of di-tetrabutylammonium cis-bis(isothiocyanato)bis(2,2ǋ-bipyridyl-

4,4ǋ-dicarboxylato)ruthenium(II), N719 in the dye nomenclature, at the surface of 

the NP is thought to enable the collection of more photons, which would increase 

photoelectrochemical current. In addition, N719 displayed complex stochastic 

response since it includes extra possible electron transfer processes: electron 

transfer to/from the SCNPs oxidation and reduction reactions of the dye and the 

mediator. Figure 4.5 shows the experimental results for the modified NPs by the 

dye N719 in the suspension TiO2 NPs in methanol. Without illumination, the 

observed anodic currents are related to oxidation of the dye N719 at the Pt surface 
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and the schematic model shows the electrochemical process, respectively Figure 

4.5a and b.  

Cathodic steps are linked to the reduction of the oxidized form of the dye generated 

after the photocatalytic process (under illumination), where electrons are injected 

from methanol to TiO2, for the experimental trace see Figure 4.5c and for the 

model d.36 

 

Figure 4.5. Current vs. time curve for 2.5 nM DSNPs in neat methanol at 
Eapp= 0.64 V vs. NHE, and a 25 µm diameter Pt UME  (a) in the dark showing 
anodic steps. (b) Under illumination showing cathodic and anodic steps. The 
inset shows the details of 0 to 50 s for trace (b). (c) and (d) are the schematics 
of the processes that are used to explain the different responses. 
Republished with permission of Royal Society of Chemistry, Barakoti, K. K.; 
Parajuli, S.; Chhetri, P.; Rana, G. R.; Kazemi, R.; Malkiewich, R.; Alpuche-
Aviles, M. A. Stochastic Electrochemistry and Photoelectrochemistry of 
Colloidal Dye-Sensitized Anatase Nanoparticles at a Pt Ultramicroelectrode. 
Faraday Discuss. 2016, 193, 313ï325, 2021 from permission conveyed 
through Copyright Clearance Center, Inc.36 
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In other studies, professor Long et al. were able to detect single dye-sensitized 

N719@ZnO nanocrystal (size τ ρ ὲά) collisions on an Au UME coated by a 

brush-painting technique of TiO2 nanocrystal paste anatase.15,37,38 Photocurrent 

transients were reported as asymmetric current spikes within the sub-millisecond 

time scale, Figure 4.6. Figure 4.6a shows schematics of the mechanism of 

photocatalytic amplification on the surface of N719@ZnO NPs and the later 

electron transfer through the TiO2 film. Figure 4.6b shows an experimental essay 

of N719@ZnO NPs nano-impacts under illumination and dark with an inset of the 

reported shape of the asymmetric Gaussian decays due to electron transfer. In 

another report by Professor Long, the same type of collision setup is studied 

changing the NP to N719@TiO2.15  

 

Figure 4.6. Current transient on a TiO2@Au UME in DMSO,  2.2M of water and 
200 pM of N719@ZnO nanocrystals for visible light (ɚ > 400 nm) water 
splitting, and b) zoom-in. Adapted with permission from (a, H.; Ma, W.; Chen, 
J.-F.; Liu, X.-Y.; Peng, Y.-Y.; Yang, Z.-Y.; Tian, H.; Long, Y.-T. Quantifying 
Visible-Light-Induced Electron Transfer Properties of Single Dye-Sensitized 
ZnO Entity for Water Splitting. J. Am. Chem. Soc. 2018, 140 (15), 5272ï5279. 
Copyright (2001) American Chemical Society.15. 
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From a representative transient, the lifetime of the current events was πȢσ 

πȢρ άί. These stochastic events are associated with the photocatalytic process of 

water splitting on the surface of the ZnO nanoparticles using a N719 as the dye to 

harvest photons. The photocatalytic efficiency of the system N719@ZnO was 

calculated by the turnover number (TON) for oxygen evolution of a single N719 

per collision at the TiO2@Au UME being ςψυ ρς  and in good agreement with 

TiO2 dye-sensitized photoanode.39 Oxygen production was measured with gas 

chromatography, an increase of 34% was reported in the presence of water for the 

ZnO@N719 NP system in DMSO and 50 mM TBAP as supporting electrolyte, 

Figure 4.7.  

 

Figure 4.7. Gas Chromatography trace of evolved oxygen in the collision cell. 
Adapted with permission from (a, H.; Ma, W.; Chen, J.-F.; Liu, X.-Y.; Peng, Y.-
Y.; Yang, Z.-Y.; Tian, H.; Long, Y.-T. Quantifying Visible-Light-Induced 
Electron Transfer Properties of Single Dye-Sensitized ZnO Entity for Water 
Splitting. J. Am. Chem. Soc. 2018, 140 (15), 5272ï5279. Copyright (2001) 
American Chemical Society.15 

 

The photoelectrochemical experiments were done using a filtered 500 W Xenon 

Lamp (Ocean Optic Inc., USA) so that the wavelengths were within the visible light 

(ɚ > 400 nm).40 All the experiments were carried out under a nitrogen atmosphere. 
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The observed photocurrent event frequency 88 Hz is closed to the theoretical value 

131 Hz for a 200 pM of NPs solution, Figure 4.8.  

 

Figure 4.8. Single nanocrystal characterization. a) Frequency plots as a 
function of the concentration of N719@ZnO. Particle sizing by means of b) 
TEM and c) photoelectrochemical collisions. Adapted with permission from 
(a, H.; Ma, W.; Chen, J.-F.; Liu, X.-Y.; Peng, Y.-Y.; Yang, Z.-Y.; Tian, H.; Long, 
Y.-T. Quantifying Visible-Light-Induced Electron Transfer Properties of 
Single Dye-Sensitized ZnO Entity for Water Splitting. J. Am. Chem. Soc. 2018, 
140 (15), 5272ï5279. Copyright (2001) American Chemical Society.15 

 

Collision detection decreased when increasing the concentration of N719@ZnO 

due to agglomeration. The film effect was studied by working with different TiO2 

film thicknesses. Simulations to model electron diffusivity and electron collection 

efficiency though out the TiO2 film are presented in Figure 4.9. Furthermore, the 

effect of electron tunneling in electrode/particle electron transfer has been studied 

and modeled in detail.41ï45  
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Figure 4.9. it curves for individual N719@ZnO photoelectrochemical 
stochastic collisions. Left panel SEM images with film thickness, central 
panel transient, right panel individual events zoom-in. Adapted with 
permission from (a, H.; Ma, W.; Chen, J.-F.; Liu, X.-Y.; Peng, Y.-Y.; Yang, Z.-
Y.; Tian, H.; Long, Y.-T. Quantifying Visible-Light-Induced Electron Transfer 
Properties of Single Dye-Sensitized ZnO Entity for Water Splitting. J. Am. 
Chem. Soc. 2018, 140 (15), 5272ï5279. Copyright (2001) American Chemical 
Society.15 

 

Finally, Professor Mirkin et al.22 introduced two new types of photoelectrochemical 

nano-impacts with an illumination source, a lamp of Hg-Xe (Newport Corporation, 

200 W). The first case involves a TiO2 NP decorated with Pt; collisions are tracked 

with a glass-sheathed carbon fiber UME. The collisions are detected as blips; this 

are produced by water oxidation on the surface of Pt@TiO2 NPs, Figure 4.10. Bare 

NPs show no response, which lead to the hypothesis of the low activity on TiO2 for 

water oxidation. Collisions were carried by a carbon UME (C-UME) with an applied 

potential of 1.1 % ρȢρ 6 ÖÓ !ÇȾ!Ç#Ì+#ÌÎÏÔ ÍÅÎÔÉÏÎÅÄ. The applied 

potential is sufficiently positive to prevent Pt deposition, while the oxygen evolution 
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reaction (OER) at this potential is slow; both hypotheses are derived from the 

properties of the C-UME. Figure 4.10a shows schematics of the mechanism of 

photocatalytic amplification on the surface of Pt@TiO2 NPs. Figure 4.10b 

Pt@TiO2 NPs under illumination with different light power curves (1) 0.5 mW, (2) 

1.2 mW, and (3) 2.4 mW. The size of the blips increases with increasing the power 

of the lamp. For these collisions, there are no blips for the control experiments 

either dark or illuminated systems. In contrast, the collision frequency measured 

at all tested concentrations does not match the diffusional frequency, from 

equation 115 (vide infra). There is a difference of 3 to 7 orders of magnitude, in 

agreement with other essays of SCNPs and our research on bare and dye 

sensitized TiO2.  

 

Figure 4.10. Pt@TiO2 NPs photocatalytic amplification of water oxidation. (a) 
Schematics of water oxidation, and (b) current vs. time transients at different 
light power: Curves (1) 0.5 mW, (2) 1.2 mW, and (3) 2.4 mW. Solution contains 
150 nM H2[PtCl6] and 150 nM TiO2 NPs in 50 mM phosphate buffer (pH 7). 
Adapted with permission from Wang, Q.; Bae, J. H.; Nepomnyashchii, A. B.; 
Jia, R.; Zhang, S.; Mirkin, M. V. Light-Controlled Nanoparticle Collision 
Experiments. J. Phys. Chem. Lett. 2020, 11 (8), 2972ï2976.. Copyright 2021 
American Chemical Society.22 
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The second case is collisions of IrOx NPs on the surface of a semiconductor 

electrode (Nb doped n-type TiO2 crystalline phase (110) rutile single crystal). Water 

oxidation is the tracked reaction as in the first case, see Figure 4.11a. Current 

transients were recorded with a tow electrode setup: WE the Nb:TiO2 crystal 

surface and Pt wire as CE and quasi-reference electrode (QRE). Blips were only 

observed with the presence of IrOx NPs. The photoactivity is related to the increase 

on irradiance on the surface of the IrOx NPs, thus, they reported an apparent 

increase in the blip area from curves 1 to 3, Figure 4.11b. The calculated 

frequency of collision is 4.5 s-1 which is ten times larger for curve 2 (Figure 4.11a) 

with a reported frequency of collisions of 0.4 s-1.22 

 

Figure 4.11. Pt@TiO2 NPs photocatalytic amplification of water oxidation on 
a microscopic portion of Nb Doped n-Type TiO2 (110) rutile single crystal. (a) 
Schematics of water oxidation with a micropipette device, and (b) current vs. 
time transients at different light power: Curves (1) 2.4  mW, (2) 6.3 mW, and 
(3) 15.7 mW. Solution contains 5 pM of IrOx NPs in 0.1 M of NaOH. Adapted 
with permission from Wang, Q.; Bae, J. H.; Nepomnyashchii, A. B.; Jia, R.; 
Zhang, S.; Mirkin, M. V. Light-Controlled Nanoparticle Collision Experiments. 
J. Phys. Chem. Lett. 2020, 11 (8), 2972ï2976.. Copyright 2021 American 
Chemical Society.22 
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We proposed to develop an analytical method to characterize charge transfer at 

nanoscaleðwhich adds to previous research work done in the Alpuche group and 

other essays Long and Mirkin groupðusing a laser amplified photocatalytic 

system. The use of a coherent and single wavelength source of electrons is 

important to develop a model of photon absorption. The depicted mechanistic 

steps of this analytic process of capturing semiconductor NPs are shown in Figure 

4.12a. The inserted Figure 4.12b shows a titanium dioxide NP on the surface of 

the Pt electrode captured with this methodology. 

 

Figure 4.12. Photoelectrochemical stochastic detection of semiconductor 
NPs. Adapted from reference 10. Copyright 2021 Elsevier. 

 

We argue that this is part of the integrated analysis in a photoelectrochemical 

device. This approach enhanced the knowledge of the fundamental mechanistic 

contribution of the single entity. Experiments where the contribution of capping 

agents, impurities, dyes, and different molecules as electron donors can be 
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analyzed in the mesoscopic domain by further developing single entity 

electrochemical characterization. This analysis can be reconciled with the device 

engineering and design as bottom-up analysis, where understanding the single 

unit first and later the blocks of NPs combine, like building blocks from 1 NP, 2 NP, 

and continuing with addition, and compared it with the device. New technologies 

cannot be implemented if they present considerable uncertainty, and we address 

the problem with these complicated experiments.1,46  

 Theory 

 Mie Theory and Colloids 

Mie theory solves the problem of scattering from a plane wave of monochromatic 

light on the surface of a spherical particle. The scattering phenomena can be used 

to understand the highly reflecting or highly absorbing particles47. Many books47,48 

and papers49ï53 have been devoted to the scattering and absorbance of a sphere. 

Here, we summarize the model of particle absorption, and how it derives into the 

electrochemical signal in nano-impact electrochemistry. 

The magnitude of absorption of electromagnetic energy through a medium in the 

direction of the propagation is denoted by the symbol Ὅ. This parameter is called 

irradiance with dimensions of area energy per unit of area. The absorbance of a 

colloid at a particular wavelength (‗) of photons is defined as the ratio or 

irradiances at two different points as denoted in equation 101 (Beer-Lambert law). 

This general equation describes the beam emerging at a path length. 
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 ὃ ὰέὫ
Ὅ

Ὅ
 (101) 

From equation 1, we can define the following spectroscopic parameters: 

Irradiances Ὅ at the beginning of path length or ᾀ π and Ὅ irradiance at different 

positions ᾀ ὰ of light after interaction with the colloid or solution, and the 

attenuation coefficient. Intensity is often used to denote the irradiance, Ὅ. We 

preferred the use of irradiance to avoid confusion with radiometric quantities 

recommended by Bohren and Huffman. The transmission or irradiances ratio I/I0 

is measured with high accuracy if reflections at the two interfaces are negligible. 

The response is measured with and without the sample inserted between the light 

source and the detector, as shown in Figure 4.13.47,48  

 

Figure 4.13. Absorption Measurement. 

 

The attenuation coefficient and the path length (ὰ) affects the exponential decay of 

the output irradiance. The attenuation coefficient relates to the number of particles 

(ὔ ΠέὪ ὴὥὶὸὭὧὰὩί ὴὩὶ όὲὭὸ ὺέὰόάὩ), and fundamental extinction cross-section 

(„ ὧάȾὴὥὶὸὭὧὰὩ), equation 115.48 
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 Ὅ ὍὩ  (102) 

Equations 101 and 115  express the absorbance in terms of microscopic properties 

such as the extinction cross-section and number of particles, equation 103.49ï51,53 

 ὃ
„ ὲὰ

ÌÎρπ
 (103) 

Scattering and absorption are not mutually independent processes. Moreover, the 

extinction is the attenuation of the incident light, by scattering and absorption, as 

the light crosses the sample (colloid suspension) from the cell to the detector. 

Equation 104 shows the relationship between the extinction coefficient and the 

cross-section terms.47,48 

 ‐ ὔ„ „  (104) 

To avoid the scattering contribution, we perform all the absorbance measurements 

in an integrating sphere (See Appendix C, section 8.3). In these type of 

measurement, we can rely in Beer-Lambert law to fit the relation between 

absorbance and concentration of NPs as equation 105.50,53  

 ὃ ‐ὰὅ (105) 

where ‐ is the extinction coefficient, ὅ the concentration of particles and ὰ path 

length. The relation between extinction coefficient and extinction cross-section, 

equation 106, is derived from equations 103 and 105.50 

 „
ρπππÌÎρπ‐

ὔ
 (106) 
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The factor, 1000, comes from the volume conversion in the concentration units 

from L to cm3, and ὔ  is the Avogadroôs number.50 

Finally, the extinction efficiency relates the ratio between the theoretical and 

experimental cross-section expressed in equation 107, where ὶ  is the radius of 

the particle obtained by TEM (Figure 8.3, Appendix C). Thus 49,50,53  

 ὗ
„

“ὶ
 (107) 

The extinction efficiency allows predicting the expected percentage of photon 

absorbance per NP in methanol. Different hole scavengers can be tested with this 

method.  

We elucidate relevant properties in the mesoscopic world by understanding the 

way NPs interact with the photon source and measure how photoelectrochemical 

reactions limit the steady state current in the spherical shape of the NP. 

Specifically, we can measure how the kinetic of each individual nano-entity 

contributes to the efficiency of a cell, if it is modified by another unit in a network 

(equation 22 and 23 in Kinetics and Rates of Reaction), and test different ways 

(reactions and physical constructions) to improve the efficiency on solar cells. 

Finally, the discussion Kinetics and Rates of Reaction and Photocatalytic 

Nanoparticles will help us to build a model of electrochemistry at the surface of 

semiconductor NPs, i.e., methanol oxidation on TiO2 anatase NPs. 
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  Photoelectrochemistry at Spherical Nanoparticles 

The photon flux gives the number of photons striking on any surface at a constant 

rate. The product of the photon flux with the energy of a photon defines the power 

density within the beam waist, equation 108. 

 Ὄ ɮϽ
Ὤὧ

‗
 (108) 

The power density of a laser can be calculated by the ratio of the delivered power 

and the radius of the coherent beam, ( ττςπωȢχπ 7Í , from equation 108.The 

power density on a nanoparticle is given by equation 109, which relates a simplified 

expression for both radii. 

 Ὄ 0Ͻ
ὶ

ὶ
 (109) 

The product of the power density on a NP by the inverse of the photon energy 

solves for photon flux on a NP, equation 110. 

 ɮ Ὄ Ͻ
‗

Ὤὧ
 (110) 

Photocatalysis is a chemical process that takes place on the surface of a 

semiconductor. In our specific case of study NPs, see more details section 

Electronic Excitation and Charge-Carrier Trapping. NPs under laser irradiation 

behave as microreactors, turning over hole and electron scavengers towards their 

oxidized and reduced forms, respectively. These processes are concerted 

reductions and oxidations of different redox couples. The first step in the 
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mechanism of heterogeneous photocatalysis is the generation of an electron-hole 

couple in the semiconductor particles, equation 111.2,24,54 

 4É/ Ó ÈʉᵶÅ 4É/ È 4É/  (111) 

The relation between the photon and the charge carrier is given by the chemical 

mechanism of oxidation. The specific mechanism of methanol, equation 112, is the 

model of the electron collection. If each generated hole catalyzed an oxidation 

reaction, a one-to-one relation hole-oxidation species, in the absence of electron 

recombination. 

 #(/(O  Ͻ#(/( ( ÅO  #(/ ( Å (112) 

A one-to-one photon electron relation in each oxidation step is derived from the 

stoichiometry on equation 112. The electron flux, ꞌ , solves for the stoichiometric 

relation given, but any ratio can be generalized in equation 113. 

 ꞌ ɮ Ͻ
ρ ὩὰὩὧὸὶέὲ

ρ ὴὬέὸέὲ
 (113) 

Thus, the current delivered to the electrode from each individual NP is the product 

of electron flux and the fundamental charge, equation 114. 

 Ὥ ꞌ ϽὩ (114) 
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 Experimental Section 

  Reagents and Materials 

Spectrophotometric grade methanol (Ó99.9 %) was obtained from Fisher 

Chemicals. 18 Mɋ cm water (Nanopure, Thermo Scientific) was used in all 

experiments. Platinum (ωωȢωωϷ) wire of 10 ɛm diameter (Goodfellow, Devon, PA) 

was used to fabricate the UME. Anatase titanium dioxide (TiO2) nanoparticles were 

obtained from US Research Nano-materials Inc. (Houston, TX). Platinum wire, 0.5 

mm diameter, annealed 99.95 metal basis (Alfa Aesar, Thermo Fischer Scientific).  

Iodine, Ó99.99 % trace metal basis (Sigma Aldrich). Tetrabutylammonium 

perchlorate, electrochemical grade (Alfa Aesar, Thermo Fischer Scientific). 

Titanium (IV) isopropoxide, TTIP (ωχϷ), 2-propanol (  ωωȢψϷȟ glacial acetic acid 

(  ωωȢχϷ) and Tetrabutylammonium iodide, Ó 99.0 % AT (Sigma Aldrich). 

Conductive Graphite sold by Ted Pella, Inc., Isopropanol base, 30 g (PELCO). 

  Characterization 

Two NP sizes will be analyzed through this work 18 and 144 nm diameter. NP 

diameter was determined by transmission electron microscopy (TEM), Figure 

4.14a and b. Both NP sizes have the same crystalline phase: anatase (see Figure 

8.1, Appendix C). The phase was confirmed by X-ray powder diffraction, technical 

details on Appendix C. It is important to study chemical processes on the surface 

of semiconductor NPs that have a well-defined crystalline structure. The 18 nm 

diameter NP was synthesized in the lab, and details of the procedure are given on 



175 
 

 
 

Appendix C (section 8.4), while the 144 nm NP was purchased from US Research 

Nano-materials Inc. NP imaging is shown in the inserts of Figure 4.14a and b, 

where ellipsoidal and quasi-spherical single units are found to agglomerate for both 

NP sizes. However, TEM is a characterization technique done at vacuum so 

agglomeration could change significantly in suspension. The size and form of 

individual units are imaged, analyzed with this technique, and later compared with 

the colloid characterization by: dynamic light scattering (DLS) and zeta potential 

(‒-Potential). The technical details of the instrument and the method of colloid 

characterization are discussed in Appendix C (section 8.5) for DLS and ‒-

Potential. NPs without capping agent and high purity methanol without supporting 

electrolyte forms the suspension; this helps to minimize the background current.  

Figure 4.14a and b depict the histogram of a population of NPs measured by TEM 

imaging, and we measure the diameter by tracing the surrounding circles on the 

2D image of the NP with the help of Image J®. The average diameters by TEM are 

[144 ± 56] nm and [18 ± 4] nm, respectively. Figure 4.14c and d show the 

hydrodynamic radius measured by DLS and the red trace is the TEM average 

radius of the NP. The red trace in Figure 4.14c and d show the measurement of 

the single units at vacuum. Both NP sizes are agglomerated: 5 times the diameter 

for the 18 nm NP and around two times for the 144 nm NP. However, there is a 

decrease of the agglomerate when moving to a smaller concentration for the larger 

system, which could mean that single particles presence below this range of 

concentrations. 
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The absolute value of the ‒-Potential is a measure of the relative stability of the 

colloid. The larger the absolute value the more stable a colloid is (red trace in 

Figure 4.14e and f). Moreover, the ‒-Potential is related to the charge of the NPs 

at the interface of the Stern layer and the diffusion layer. Thus, the sign indicates 

the direction the NP will flow, section 1.2.3 Mass Transfer, according to the 

imposed electric field. In phenomenological terms, when a cell is polarized, the 

sign of the polarization in the working electrode will enhance or diminish the mass 

transport of the NP toward the detector (working electrode) depending on the ‒-

Potential of the disperse phase of the colloid, in our case the NPs. For both NP 

sizes, the sign of the TiO2 NP is negatively charged likely due to the Ti-oxide 

surface moieties: hydroxide, oxygen, or radicals of either.2 So, the positively 

applied potential on the cell would enhance the mass transport of the NP toward 

the working electrode; he opposite potential (negative) would diminish it. 

Furthermore, we can conclude a log-normal distribution of sizes and some relevant 

agglomeration in the colloid based on the DLS particle size plots. Moreover, both 

colloids are relatively stable, however, interesting properties are shown for the low 

concentration colloid of the large NPs: more stability and less agglomerates. 
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Figure 4.14. Characterization summary  
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  Cross-Section Studies 

The UV-vis spectra (Figure 4.15a and b) of the colloid TiO2/methanol were 

measured for both NP diameters by the technique described in 4.3.1 Mie Theory 

and Colloids. For technical details of the experiment, see Appendix C section 

8.5.3.49,53 The least-square regression at the experimental absorbance of 325 nm 

(Figure 4.15c and d)ðwhich corresponds to the He-Cd UV laser wavelength (l = 

325 nm, beam radius 1.2 mm, TEM00 and 50 mW, Kimmon, see Appendix C 

section 8.3.1 5.1 for more technical details)ðwas used to calculate optical 

properties of the colloid, modeling the absorbance as a function of the 

concentration according to the Beer-Lambert law.  

 

Figure 4.15. UV-vis spectroscopy measurements of TiO2 at different 
concentrations (a) 18 nm and (b) 144 nm of diameter. Line of Best Fit for 
experimental absorbance at 325 nm for (c) 18 nm and (d) 144 nm of diameter 
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Figure 4.15a and b show the UV-Vis spectra of the 18 nm and 144 nm NP 

suspended on methanol, respectively. The line of best fit represents Beer-Lambert 

law, equation 105, and the analysis to extract analytical data is developed in 4.3.1 

Mie Theory and Colloids (vide supra). The extinction coefficient was measured 

from the slope by a least-square analysis, and the results are given in Table 4.1. 

The diameter of the NP (see S3 in Supporting Information), d, theoretical cross-

section, ˊr2, experimental absorption cross-section, ů, extinction efficiency, Qex, 

and percentage of photons absorbed, determined for both sizes of NPs are listed 

in Table 4.1. 

Table 4.1. Parameters calculated by UV-vis spectroscopy at ɚ = 325 nm 

Parameter Value 

d [nm] ρττ  υφ ρψ  τ 

Ů [M-1cm-1] ςȢσ πȢρ ρπ ρȢφππȢπσ ρπ 

ˊr2 [cm2] ρȢφςρπ  ςȢυτρπ  

ů[cm2] ψȢχχρπ  φȢρρρπ  

Qabs πȢπυσψ πȢςτπσ 

ὗ  ϽρππϷ υȢσψ ςτȢπσ 
 

The absorbance cross-section, ůabs is 8.77 ³ 10-12 cm2/particle, is approximately 

5% of the expected value based on geometrical considerations (pr2), which 

translates into an absorption efficiency, Qabs = 5.4 %.47ï49,52 In other words, only 

~5% of the photons that interact with the NP cross-section are absorbed, while the 

NP scatters the rest of the photons. The same analysis can be done for the smaller 

NPs where only 24.03% of the photons contribute in a photocatalysis reaction and 
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are not scattered. The comparison of the efficiency between the large and small 

NP can be understood from the scattering properties, which are a function of size. 

Experimentally, the scatter total irradiance has been proposed with the following 

proportional relations: to ὶȾ‗ when ὶ ‗, to ὶȾ‗ when ὶ ‗, and to ὶ when 

ὶ ‗.55,56 Thus, there is more scattering irradiance from large particles, around 

260000 times more scattering for the 144 nm NPs compared to the 18 nm (ὶ ‗ 

for both cases). These results translate into the absorption losses reported in 

Table 4.1.  

Finally, the expected current per particle adsorption on the surface of the electrode 

is derived from the relation of photon, current flux, and using the extinction 

efficiency measured by the UV-Vis, equations 110 through 114. Table 4.2 shows 

the average current value per NP adsorption. The standard deviation on the 

measurement is derived from the propagation of error of the expected current, 

which is outlined in section 8.6 (Appendix C).  

Table 4.2. Current delivered by a NP from the electron flux 

NP Diameter [nm] Ὥ  Ð! 

144 ρπ  ςω 

18 πȢχρ πȢςσ 

 

  TiO2 NP Detection 

The electrochemical detection requires the NP to collide with the WE. We prepare 

a colloid of a well-defined log-normal distribution of NP sizes with the same 
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crystalline phase. Colloidal stability is important to avoid unexpected precipitation 

during the experiment. ‒-Potential indicates the stability of the colloid in the range 

of concentrations of this work, below -10 mV for both NP sizes (4.4.2  

Characterization). The stochastic experiments are done in the femtomolar range 

of concentrations; however, the colloid characterization, namely DLS and ‒-

Potential, is not sensitive enough to study those concentrations. This is a major 

advantage of analytical techniques developed from stochastic electrochemistry 

and allow us to determine concentration (fM), and aggregate formation, among 

others in a low concentration range. The expected frequency of collisions is 

calculated from equation 11513 (restated from other chapters due to its relevancy) 

using the diffusion coefficient for the experimental conditions calculated from 

dynamic light scattering (DLS) analysis (see 8.5.1 in Appendix C). The frequency 

of collision limits the cutoff frequency of the analysis as discussed in Chapter 2.  

 Ὢȟ τὈὶὧ  (115) 

where the diffusion coefficient of the particle is Ὀ , the radius of the disk electrode 

is ὶ, and the average bulk concentration of particles is ὧ .  

Table 4.3 shows the expected frequency of collisions for a 50 fM NP concentration 

of methanol suspension. The average diffusion coefficient for both TiO2 systems 

was calculated from the range of concentrations in Figure 4.14c and d. This is the 

best approximation since DLS limits the characterization of lower concentrations, 

as explained before. However, the diffusion coefficient does not vary significantly 

in this range of concentration as observed in the standard deviation in Table 4.3. 
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We have calculated from equation 87 in Chapter 2 the minimum cutoff frequency 

to resolve simultaneous collisions in a suspension of 50 fM of TiO2. It is important 

to note that this cutoff boundary is dynamic and contingent to the concentration 

where we assume diffusion-limited conditions, where Ὢȟ Ὢ. The difference 

between these two parameters has been discussed in Chapters 1 and 2.  

Table 4.3. Nano-impact parameters 

NP Diameter 
[nm] 

Ὀ * 

ὧάȾί ρπ  

Ὢȟ 

(Ú 
Ὢ 
(Ú 

144 ςȢχυ πȢπτ 0.002 0.04 

18 χȢσψ πȢπς 0.004 0.09 

*from DLS measurements, Appendix C, section 8.5.1. 

From the parameters calculated in table 3, the collisions and capture experiments 

can be driven in an optimal way. Electrochemical semiconductor nano-collisions 

experiments were measured with a CH Instruments (CHI 760D or 700D) 

workstation by photoelectrochemical amplification using photons at 325 nm 

generated by a HeCd Laser irradiated on the surface of the couple NP/Pt 

Electrode. As stated in previous chapters, we adopt the Texas convention of 

currents: anodic currents are negative. Electrochemical and photoelectrochemical 

experiments were performed in a cell with a quartz window or a quartz cell in a 

three-electrode configuration. A 10, 2 or 0.6 µm Pt disk UME was used as the 

working electrode (WE), coiled Pt wire was the counter electrode (CE), and a 

home-made57 I-/I3- reference electrode (RE: Pt/ I- (10 mM)/I3- (10 mM), TBAP (100 

mM), CH3OH/ compartmentalized from the cell). Ὥ ὸ transients were recorded at 
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an applied potential more positive than the photocurrent onset potential of TiO2 (-

0.14 V vs. NHE).14 Two types of suspension experiments were performed: 

homogenized suspension (TiO2 NPs suspended in the cell with fixed 

concentration, alignment and electrochemical measurement are done after the cell 

assembled) and spiked suspension (injection of a concentrated colloidal 

suspension of TiO2 NPs at a certain time in the Ὥ ὸ transient measurement after 

alignment of the laser). The applied potential of all the Ὥ ὸ transient was %

πȢπ 6 ÖÓ )Ⱦ) ςπ Í- 4"!) πȢς 6 ÖÓ &ÃȾ&Ã πȢσχ 6 ÖÓ .(%, unless stated 

otherwise.14,58  

A He-Cd UV laser, (details mentioned, vide infra or Appendix C, section 8.3 ) is 

the main irradiation source and it illuminates orthogonally to the electrode plane. 

The laser was warmed up for 30 min before any experiment, and an automatic 

shutter (built in-house) chops the light on the working electrode after alignment 

(more details in Section 8.7, Appendix C). The laser and cell setup are aligned on 

a Newport optical breadboard, which is mounted on a heavy table. The latter is set 

to minimize vibrations. Besides current vs. time transients, we also perform 

potential sweep techniques with different scan rates and chopping cycles that will 

be specified in each case.  

 Single Entity Experiments 

Commonly, a 600 nm diameter UME was used to collect collisions data for a few 

minutes until a NP capture. The perturbation (nano detection) follows the step 

response, as discussed 4.5.2 Homogenized Suspension and 4.5.3  Spiked 
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Suspension (vide supra). The capture process is the spiking of the suspension, 

adsorption of single entities, and removing the electrode from the solution. In some 

experiments, the adsorbed amount of NPs increased due to further 

electrochemical characterization before last step. After collisions, the UME was 

assembled into an electrode holder with carbon ink, and coated with Ag layer (ca. 

5 nm) using a Turbo Sputter Coater (Quorum Technologies K575X) to cover the 

insulating glass embedding the WE tip. SEM creates an image and focuses the 

working electrode, to spot NPs on its surface and, later, a Ga gun removes the 

NPs except for one near the center of Pt electrode. After the imaging, we treated 

the electrode with 5 M HNO3 to remove the Ag coating. Finally, electrochemical 

characterization in methanol was done with the single Pt (UME)/TiO2 one NP 

electrode. 

 Results and Discussion 

Optical properties, described in the 4.3 Theory and later numerical values 

presented at 4.4.3  Cross-Section Studies, give a starting value point on the 

expected current for each nano-collision. However, this is just the first part of the 

process as described in Chapter 3, where the interaction of the NP with the 

electrochemical detector (the working electrode) is as two-step process:  

(1) Mass transport of NPs towards the WE.  
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(2) Electrochemical interaction of the NP with the surface of the working electrode 

(adsorption, connection, or other type of collision dynamic like tunneling interaction 

in a multi-collision process).  

As discussed above, we have tried two types of NP/mass transport regime 

experiments: homogenized and spiked suspensions. Both system work as controls 

to analyze these two steps of the stochastic experiment. Finally, we discussed 

single entities trapped on the electrode to confirm the photocurrent predicted from 

UV-Vis colloidal suspension and the nano-impact step size.  

 Ideal Collision Responses 

We have trace ideal cases of three types of collisions to interpret the current vs. 

time transients better. The probable perturbation shape is based on the 

background gather from experiments and theory on nano-impacts. Blips and steps 

were discussed in section 1.4 Stochastic Electrochemistry, specifically, 

equation 64 describes the relation of an ideal case (working electrode that acts as 

a sink of NPs) of collisions and how the adsorption process makes a determining 

step in the shape of the nano-impact. In addition, the shape of the transient is also 

derived by using knowledge of Agglomeration and Binary Potential. The first 

case a blip, Figure 4.16a, can be the result of a non-adsorptive collision. On the 

other hand, the step is the result of an adsorptive collision, Figure 4.16b. Here, we 

have not advanced any further from the previous description of stochastic 

electrochemistry (experiments and previous discussion on section 1.4). However, 

there are other type of collisions that have a tiny plateau with a later recover to the 
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background current. The NP sets a new steady-state current, Figure 4.16c, which 

we describe as a plateau. Either this type of collision must be a type of tunneling 

interaction or the result of multiple collisions; with both scenarios resulting in 

adsorption of the NP. The SS current set by the NP set could be less when it loses 

surface area by connecting to a defect on the WE.   

 

Figure 4.16. Ideal cases of nano-impacts: (a) blip, (b) step, and (c) step with 
plateau. 

 

  Homogenized Suspension 

A colloidal suspension of TiO2 NPs [144 ± 56] nm is prepared in the femtomolar 

range of concentration. The colloidal suspension was dispersed prior to assembly 

the cell. The first part of the Ὥ ὸ transient for the homogenized colloidal 

suspension measurement may be compromised since it takes around 5 minutes 

to settle the cell inside the Faradaic cage and later between 10-30 s to focus the 

beam on the electrode, as shown in Appendix C section 8.7. NP adsorption on 

the electrode could have occurred by the time the cell had been assemble and the 

laser aligned. The %  of the electrochemical cell sets an anodic current (negative) 

before the laser irradiation. The laser is aligned before the measurement, this 
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procedure is not shown. The laser gate was opened (LGO) after 30 s of the Ὥ ὸ 

transient experiment and the anodic current increased compared to the dark (no 

irradiation) current transient, as shown in Figure 4.17a and b. In more detail, the 

rate of success for detecting the first event is compromised due to the alignment 

process at the beginning of this type of experiment; the total photocurrent depends 

on the electrode's history. Moreover, the NP has not been stressed out asðit has 

not changed from chemical environment as compared with the spiked techniqueð

which helps in the stabilization of the colloid. As shown in the two current vs time 

transients in Figure 4.17a (red and blue curve), the photocurrent is proportional to 

the concentration meaning that more NPs populate the electrode as increasing the 

concentration, following the proportionality in equation 115. The black trace in 

Figure 4.17a shows the methanol blank current versus time transient for the same 

working electrode as the 50 and 500 fM systems. This control experiment, the 

blank high purity methanol, does not show any perturbation from nano-impacts. 

These results support our prior observations,14 where the photocurrents increase 

in discrete values assigned directly to single entities adsorption onto the WE 

surface. 
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Figure 4.17. Current vs. time for a 10 µm diameter Pt UME in homogenized 
TiO2 suspensions at a concentration of (a) 500, 50 fM and blank (MeOH) for 
1200 s and (b) only 50 fM zoom in. E = 0.38 V vs NHE; the laser gate was 
opened at 30 s. The NPs were suspended in MeOH, and the illumination 
source was a 50 mW HeCd continuous wave laser. Assembled inside Ar 
glovebox in a sealed PTFE cell. Zoom in of collisions in homogenized 
suspension (c) 500 fM from 0 to 120 s and (d) 50 fM zoom from 0 to 145 s The 
data has been filtered digitally with a low-pass filter with cutoff frequency of 
fc = 5 Hz (filtering details on Chapter 2 and Section 8.9, Appendix C). 

 

Blip collision, seeing in Figure 4.17, mean non-adsorptive events. Figure 4.17b 

shows details of the collisions of 50 fM suspension. This is considering a zoom-in 

since the curve is hindered by the Ὥ ὸ transient of the 500 fM suspension. 

However, Ὥ ὸ transients indicate that photocurrent increases with concentration, 

more adsorptive collisions occurring. Both, steps, and blips are recorded along the 
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process. It becomes hard to analyze the type of interactions on the surface of the 

electrode independently for the homogenized system. Before starting the 

electrochemical measurement, interactions related to TiO2 adsorptions occur. 

Either an interaction of the electrode and NP, or an interaction of a TiO2 NP 

adsorbed interacting with another TiO2 unit. The Pt/TiO2 can be analyzed with 

other control experiments such as spiking suspensions. While the TiO2/TiO2 is still 

under investigation since its complexity to set up an experiment without 

contributions from stochastic events by other TiO2 NPs.  

It seems like there is some type of activation of the NP already trapped in the 

electrode by the time we start recording; we can see blips. Some blips have a 

plateau before reaching back to the steady-state current. Moreover, the digital 

filtering smooths the process for fast small transients. This could be a reason why 

we see mixed collision from blips rather than blips with plateau. However, larger 

blips are well recorded, and the plateau is not hindered by the cutoff frequency of 

the potentiostat or the digital filtering, see Figure 4.17c and d. 

Homogenized suspensions have three type of collisions:  

¶ Blips (Figure 4.17d at 80, 85 and 97 s and for Figure 4.17c they are spread 

after 65 s in tiny blips mostly from 90 s to 120 s), 

¶ Steps with a plateau later converging to the transient background current or 

a new set steady-state current (Figure 4.17d at 40 and 60 s, for Figure 

4.17c at 45 s an spread tiny plateau, in Figure 4.17d it is really hard to 

define the event around 97 s as a single blip it seems that it has a plateau 



190 
 

 
 

with an slow recover. However, this can be an artifice of the digital filtering 

and for Figure 4.17c the decay is evident and slow in the event at 70 s), 

¶ Steps (Figure 4.17d at 380 s and for Figure 4.17c one at 137 s).  

This complex behavior has been discussed by Bo Zhang and his group for Pt 

adsorption and later hydrogen evolution mechanism.20 However, we added to the 

discussion and proposed that this behavior, blip plus plateau, or decay, can be part 

of the process of surface adsorption and later the corresponding redox reaction, 

either catalysis or electrolysis, on the NP. In the TiO2 case nano-impacts, the NP 

acts like an activated photocatalytic nano center on the surface of Pt. On the other 

hand, steps are the final part of the adsorption and reactivation process of the TiO2 

entity. 

  Spiked Suspension 

An aliquot of TiO2 NPs was delivered to the electrochemical cell to give a final 

concentration of NPs in the femtomolar range. The concentrated colloidal 

suspension (delivered aliquot) was dispersed prior to the PEC experiment. The 

%  (the same as the Homogenized Suspension) of the electrochemical cell sets 

an anodic current (negative) before the laser radiation. The laser gate (LG) was 

opened at 30 s of the Ὥ ὸ transient, and the anodic current increased until the NP 

injection. At 60 s, TiO2 NP suspension was spiked in the solution. The current was 

recorded from 0-30 s in dark conditions for the experiments.  
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4.5.3.1  TiO2 (144 nm) 

After the injection protocol (vide supra) some equilibration time happens before the 

first particle reaches the surface of the UME, see Figure 4.18. Around 700 s, a 

first step of 8 pA is recorded and then a second one of 30 pA, the diameters of the 

NPs are 105 and 203 nm based on the current step and the cross-sectional studies 

of the 144 nm NPs. These two events are followed by a stochastic pattern that 

goes from 60 pA to 115 pA, well-defined after 800 s in Figure 4.18. These 

stochastic events look like blips that return to the baseline of 60 pA. No more 

discrete events (steps) can be resolved from this measurement. However, the 

current continued to increase (see 8.8 in Appendix C), which is evidence that 

more collisions occur within the experimental time but cannot be resolved because 

of the stochastic steady-state current set by previously adsorbed NPs.  
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Figure 4.18. Plot of current vs time for a suspension of 1 pM in MeOH on a 
10 µm diameter Pt UME with ἏἩἸἸ Ȣ  ἤ ἾἻ ἚἒἏ illuminated with a 50 mW 

HeCd continuous wave Laser. The solution was N2 purged for 30 minutes 
before the experiment and kept under an N2 blanket during the run. 

Based on collisions at ρ Ð-, the concentration of the aliquot was decreased 

twenty times. and the sample rate was increased to improve resolution. One of our 

first hypotheses, the saturation of the signal, is due to multiple collisions happening 

at the interface of the electrode combine with the recombination process of the NP. 

The noise increased with decreasing the sampling rate since the instrument does 

and oversampling average filtering the long run experiments show less noise.59 

This noise can be understood in terms of Johnson-Nyquist relation by increasing 

the bandwidth you expect more frequencies to be monitored, since the power 

spectral density (Ὓȟ ) relation due to thermal motion of charges comes to be Ὓȟ

τὯὝὙὩὣὪ , where ὙὩὣὪ  is the real part of the complex admittance.60,61 The 
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power spectral density derives to a noise current of Ὥ
τὯὝЎὪ

ὙὩὣὪ  

which indicates that an increase in bandwidth increase the noise recorded. 

Each Ὥ ὸ transient was part of an automated experiment program (CH 

Instruments macro commands); thus, no time runs in between. Before filtering, an 

analysis of frequencies was done to design the filter. The smoothing was done in 

the frequency domain with the help of a Fourier transform and a rectangular filter 

in with a cutoff of 5 Hz (filtering details on Chapter 2 and section 8.9, Appendix C) 

using the frequency of collisions as a reference (Table 4.3) for the low pass digital 

filter.  

 

Figure 4.19. Plots of current vs time for a suspension of 50 fM in MeOH and 
on a 10 µm diameter Pt UME with ἏἩἸἸ Ȣ  ἤ ἾἻ ἚἒἏ illuminated with a 50 

mW HeCd continuous wave Laser, (Black) Spiked 0-300 s, (Red) 300-600 s. 
The solution was N2 purged for 30 minutes before the experiment and kept 
under an N2 blanket during the run.The data has been filtered digitally with a 
low-pass filter with cutoff frequency of fc = 5 Hz (filtering details on Chapter 

2 and Section 8.9, Appendix C). 
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Again, some quiet time occurs before the first NP encounter, approximately 400 s 

of relaxation. Using equation 11 and the diffusion coefficient for the NP Measured 

by DLS, the theoretical number of collisions at this concentration should be 

approximately one particle colliding each 300 s for both particle sizes. The 

experimental number of collisions is 24 for the first Ὥ ὸ transient of the spike 

suspension, Figure 4.19, which is the same time range as shown in Figure 4.17b. 

The number of collisions in this system is related to the skewed Brownian motion 

since the injection gives an initial velocity to the NPs. The gate was not closed for 

the subsequent Ὥ ὸ transients in Figure 4.20b and c.  

The net photocurrent tends to increase as the TiO2 NPs gradually modify the Pt 

UME surface, as observed in the homogenized system, Figure 4.17. Most of the 

photocurrent steps are < 30 pA, and this is consistent with the photocurrent 

detected by single NPs.  

Large collisions are seen in the current vs. time transients. On the other hand, 

small collisions are mixed with the signal generated by previous encounters, which 

modified the UME surface and start methanol turnover on its surface. The 

photocurrent increased from Figure 4.20a to d with some big events in Ὥ ὸ 

transients.  
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Figure 4.20. Current vs time for a spiked suspension of 50 fM in MeOH on a 
10 µm diameter Pt UME with ἏἩἸἸ Ȣ  ἤ ἾἻ ἚἒἏ illuminated with a 50 mW 

HeCd continuous wave Laser. From (A) 600-900 s, (B) 900-1200 s, (C) 1200-
1500 s, and (D) 1500-1800 s. The solution was N2 purged for 30 minutes 
before the experiment and kept under an N2 blanket during the run. The data 
has been filtered digitally with a low-pass filter with cutoff frequency of fc = 

5 Hz (filtering details on Chapter 2 and Section 8.9, Appendix C). 

 

In Figure 4.20b, there is one event of ca. 140 pA, which we assign to an 

agglomerate since a single entity with that delivered current would have a size of 

438 nm far from the results of TEM and DLS (Figure 4.14b and d, respectively). 

However, the dynamic nature of the NP collision can be seen in Figure 4.20 (note 

that we will be describing the Figure 4.20 letter index from a to d):  

(a) Show a detected blip-decay to plateau  where the initial blip is probably 

matching the adsorption20 of the entity, and a fast decay to the later set 
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steady-state of the NP to the photocurrent turnover of methanol of one NP 

of ca. 25 pA. 

(b) Some processes occurring by the previous entities attached to the WE and 

a transition of an agglomerate adsorbing and desorbing ca. 220s of 140 pA. 

(c) One desorption of an entity ca. 50 s and the further stabilization to the new 

configuration of the electrode. 

(d) After the LGO tiny blips covered the whole Ὥ ὸ transient curve which could 

correspond to the stochastic nature of electrochemical processes on the 

surface of single entities attached to the Pt surface. 

Here, we propose that the photocurrent data is the main experimental parameter 

to validate the detection of single NPs, because the frequency of collisions under 

illumination, does not necessarily follow the quantitative models.  

Note that immediately after the spiking, the current trace does not show, 

immediately, collisions. The time of first arrival (TFA) is longer than expected 

based on migration (0.8 s), calculated from the NP mobility.62 For three different 

experiments, the TFA was 1,405 s, 881 s, and 280 s. On the other hand, these 

values are lower than what time expected for one-dimensional diffusion of NPs (t 

= Dx2/2D º 1 ³ 108 s), which indicates that the Brownian motion of the NPs is 

skewed by the spiking stirring the solution and by migration towards the biased 

WE. When the NPs interact with the electrode, the photocurrent shows a stepwise 

increase consistent with single entities adsorbing to the surface.13,63 The frequency 

of events does not agree with the values expected from theory, equation (115).  
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As described previously at 4.5.2 Homogenized Suspension and in more detail 

Figure 4.17, three different types of collisions can be described in the current 

transients. Figure 4.16 opened the framework for a discussion of the phenomena 

taking place at each type of collision, where blips and steps are the major type of 

collisions for TiO2 NPs colliding the WE. Figure 4.21 shows a collection of FFT 

smoothen nano-impacts for spiked suspension experiments. These traces have 

been plotted with its corresponding set of raw data to add more information to the 

discussion. 
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Figure 4.21. Current vs time zoom-in of TiO2 nano-impacts for different spike 
suspensions. Experiments from (a) to (d) all experiments have the same 
conditions 50 fM in MeOH on a 10 µm diameter Pt UME with ἏἩἸἸ
Ȣ  ἤ ἾἻ ἚἒἏ illuminated with a 50 mW HeCd continuous wave Laser. The 

solution was N2 purged for 30 minutes before the experiment and kept under 
an N2 blanket during the run. The data has been filtered digitally with a low-
pass filter with cutoff frequency of fc = 5 Hz (filtering details on Chapter 2 and 

Section 8.9, Appendix C). 

 
























































































































































































































































































