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ABSTRACT 

 

In this work, we use optical methods to study electrochemical reactions and 

processes occurring on the nanometer length scale. Optical methods are advantageous 

over traditional electrochemical methods because of their high spatial resolution and 

sensitivity at both the single nanoparticle and single molecule level.  This dissertation 

describes a series of studies in which super-localization and dark-field optical imaging is 

used to provide insight into spatial and temporal heterogeneity in nanoscale 

electrochemical systems with <25 nm spatial resolution.  In the first set of experiments, 

three-dimensional (3-D) super-resolution imaging is used to determine the tip-substrate 

distance in nanoscale scanning electrochemical microscopy (SECM) with precision better 

than 25 nm. Correlating the tip-substrate distance using both optical and electrochemical 

techniques showed excellent agreement. Second, single nanoparticles (NP) were 

delivered through a nanopipette, and their resistive-pulse signals were correlated with a 

fluorescence optical signal. The diffusion trajectories of individual NP delivered to the 

external solution and to an electrified interface were obtained by 3-D super-resolution 

imaging, and showed signatures of both sub-diffusive and super-diffusive behavior, 

depending on the balance of forces between the flow from the pipette and the applied 

potential at the electrified substrate.  

Next, we studied the influence of surface oxide layers on single silver NP 

electrodissolution by tracking the intensity and spatial variation of scattering from single 

nanoparticles over time. We discovered that silver NPs can undergo electrodissolution in 

either a spatially symmetric or asymmetric manner, based on the nature of the surface 
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oxide layer. Moreover, we also reported the simultaneous electrodeposition of silver 

oxide at the electrode surface during the electrodissolution of silver NPs, which enabled 

us to study the effect of multiple simultaneous redox reactions and their effects on one 

another. Overall, these experiments reveal local heterogeneity in nanoscale 

electrochemical processes and allow for many single nanoparticles to be measured in 

parallel, revealing relationships that are hidden using traditional electrochemical 

measurements. 
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CHAPTER 1: INTRODUCTION 

1.1 Single Entity Electrochemistry 

 Nanomaterials are continuously gaining interest for use as electrodes in various 

electrochemical arenas such as energy conversion and storage,
1
 biosensors,

2
 corrosion,

3
 

and industrial electrolysis.
4
 Typically the performance and efficiency of these 

nanomaterials-based electrodes are evaluated using traditional electrochemical methods 

like potentiometric and amperometric techniques, which report the ensemble-averaged 

electrochemical performance of the electrode.
5,6

 This makes interpreting structure-

property relations challenging, which are essential for tailoring efficient electrode 

materials. For example, Ivanova and Zamborini performed ensemble oxidation of silver 

nanoparticles (NPs) and reported a negative shift in peak potential as the NP size 

decreases.
7
 However, Kanoufi and co-workers performed the same silver NP oxidation 

experiment but at the single NP level and reported that in addition to NP size, NP 

coverage on the electrode, and Ag
+
 ions in the solution can also shift the peak potential.

8
 

The difference between the results obtained from the ensemble and single NP studies for 

the oxidation of silver NPs suggests that single NP measurements are advantageous 

because they account for the effect of multiple experimental factors and sample 

heterogeneity that are lost in ensemble studies. Single entity electrochemistry is 

electrochemistry applied to single entities such as individual units (NPs, molecule 

nanobubbles, enzymes, biological cells, etc.) or single nanoscale features (grain 

boundaries, active sites, etc.). It is a broad field which includes developing new 

techniques and progressing existing techniques for measuring the electrochemical 

performance of these single entities.
9–12
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1.2 Electrochemical Methods for Single Entity Electrochemistry 

 Various electrochemical techniques have been developed in the past ten years to 

perform electrochemistry at the single- and sub-entity level, which include scanning 

electrochemical microscopy (SECM)
12–14

, resistive-pulse sensing and delivery of single 

NPs,
15–17

 collision-based approaches,
18–20

 scanning electrochemical cell microscopy,
21,22

 

and scanning ion conductance microscopy.
23

 One of the earliest electrochemical 

techniques is SECM (Figure 1A), which employs an ultramicroelectrode (UME), 

typically less than 25 µm in diameter, that is made using either platinum or gold wire 

surrounded by an insulating glass sheath.
24

 The UME (known as the tip electrode) is 

axially positioned very close to a secondary electrode (commonly known as substrate 

electrode), roughly within the diameter of the tip electrode. Then, the biased tip electrode 

probes electroactivity and topography of the substrate electrode based on a redox 

mediator, with spatial resolution that is determined by the size of the tip electrode. 

Improvement in UME fabrication led to UMEs on the order of a few tens of nanometers 

in diameter and allows the electroactivity of a single NP to be read out. For example, 

Mirkin and co-workers used a 15 nm radius tip electrode and mapped hydrogen evolution 

on individual 20 nm gold NPs (Figure 1A, bottom panel).
14

 Moreover, this technique has 

also been used to study redox activities inside a single biological cell and to understand 

kinetics of electron-transfer processes.
25,26

  

 Another method used for single entity electrochemistry is the resistive pulse 

technique (Figure 1B),
16

 in which a nanopipette is filled with a dilute solution of NPs and 

immersed in a bulk electrolyte solution with two electrodes (typically Ag/AgCl): one 

inside and one outside the nanopipette. Using a patch clamp, voltage is applied across the 



3 

 

two electrodes and the ionic current is measured as a function of time. When a NP passes 

through the nanopipette orifice either through pressure or voltage driven flow, there is a 

drop in the measured ionic current due to the momentary blocking of the nanopipette 

orifice (Figure 1B, middle and bottom panels). This technique is not only useful for 

delivering a single NP but also for determining NP size, concentration and surface charge 

in real time.    

 

Figure 1.1. (A) Schematic of nano scanning electrochemical microscopy for sensing 

hydrogen production at a gold NP (top) and electroactivity map of a single Au NP 

towards hydrogen evolution (bottom). Adapted from Reference 14. Copyright 2014, John 

Wiley and Sons. (B) Resistive pulse schematic with no particles in solution (top), a 

particle traveling from the external solution into the pipette (middle), and a particle being 

delivered from the nanopipette to the external solution.  (right column) The 

corresponding ionic current-time trace to the three events described at left. Adapted from 

Reference 16. Copyright 2014, John Wiley and Sons. (C) Schematic of a single NP 

collision with a noncatalytic UME (top) and the current response due to the “turn on” of 

the water oxidation reaction due to the collision of iridium oxide NP (bottom). (i) 

Background current from the UME with no NP; (ii) sharp increase in the current due to 

the collision and adsorption of NP on a UME; (iii) current returns to the background after 

the desorption of NP from the UME. Adapted from Reference 18. Copyright 2010, 

American Chemical Society.      

The most recent single entity electrochemical technique is a collision-based 

approach where an inert or noncatalytic UME is biased electrochemically and immersed 
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in a solution containing electrocatalytic NPs, which can drive a redox reaction.
18

 When 

these NPs stochastically collide and make electrical contact with the UME, a reaction 

occurs such that the associated redox current increases relative to the background current 

(Figure 1C). For example, Bard and co-workers studied the electroactivity of single 

iridium oxide NP towards water oxidation.
19

 As the electrochemically-active iridium 

oxide NP collides with a non-catalytic Pt UME, it produces a step increase of the current 

due to the “turn on” of electrochemical water oxidation reaction (Figure 1C, bottom 

panel). Based on the magnitude of the redox current, particle-to-particle heterogeneity 

towards water oxidation can be uncovered. This collision-based approach has also been 

extended to study various electrocatalytic redox reactions such as hydrogen evolution,
27

 

oxygen reduction
28

 and enzyme catalyzed oxidation.
29 

 

 Overall, nano-electrochemical tools are continuously gaining interest due to the 

direct readout of electroactivity of a single entity, revealing heterogeneity in the 

electrochemical behavior of single nanoparticles and allowing electron transfer kinetics to 

be determined. Despite their usefulness, there are several limitations in taking these tools 

to the next level, including poor sensitivity in the measurement of low current, the time-

consuming nature of the experiments because only one particle is studied at a given time, 

lack of sensitivity to unreactive particles, and lack of spatial or compositional 

information.    

1.3 Optical Methods for Single Entity Electrochemistry 

 In addition to the nano-electrochemical methods described above, optical methods 

are of great interest for studying electrochemistry at the single entity level because of 1) 
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the high sensitivity of optical signals (i.e., single molecule/particle sensitivity), 2) the 

ability to screen multiple individual NPs at a given time, and 3) the capability to obtain 

spatial information.
30,31

 There are a range of optical techniques useful for 

nanoelectrochemistry which can be classfied in two categories. The first category of 

optical techniques allows us to visualize the analyte molecule as it undergoes a redox 

reaction on the electrode surface (e.g., surface- and tip-enhanced Raman scattering 

(SERS and TERS respectively), fluorescence, electrogenerated chemiluminescence and 

super-resolution/localization imaging), which is particularly useful to map the 

electroactivity of single nanostructures with high sensitivity and spatial resolution.
32–35

 

For example, Van Duyne and co-workers used SERS to study single electron transfer of 

Rhodamine 6G (analyte) on Ag nanoparticles.
32

 The electrochemical reduction of single 

Rhodamine 6G molecule is identified by the loss in SERS signal, allowing the reduction 

potential of individual molecules to be determined. This approach has been extended to 

study various SERS active analyte molecules.
32

 Instead of using SERS as a reporting 

signal, Chen and co-workers used single molecule fluorogenic reaction to study the 

electroactivity of single walled carbon nanotubes.
33

 Based on the frequency of 

fluorescence signal obtained by the conversion of non-fluorescent molecule resazurin to 

fluorescent resorufin, electroactivity of single carbon nanotubes can be obtained. In both 

SERS and fluorescence techniques, an external illumination (laser) is used to excite the 

analyte molecules, which could impact the electrochemical behavior of 

nanomaterials/electrocatalysts. As an alternative strategy, our group used 

electrogenerated chemiluminescence (generation of light through the electrochemical 
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reaction of analyte molecule) as a novel methodology to study the electrochemical 

behavior of gold nanowires.
34 

    

The second category of optical techniques for studying nanoscale electrochemical 

reactions directly monitors the electrochemistry of single NPs without the use of analyte 

probes (eg., dark-field, fluorescence and super-resolution/localization imaging imaging). 

These tools are useful to track single NP movement and to visualize chemical 

transformations associated with the NP during applied potential/current.
36–38

 For instance, 

Pan and co-workers used dark-field imaging to visualize the electrodeposition of single 

silver nanoparticles.
36

 By tracking the scattering intensity over time, they show 

heterogeneity in the electrodeposition potential of individual nanoparticles. Other groups 

have used this technique to study the electrodeposition of cobalt oxide
39

 and to study the 

capacitive charging effect of plasmonic NPs.
40 

In addition to dark-field imaging, 

fluorescence imaging has also been used to study the single particle electrochemistry. For 

example, Zhang and co-workers used this technique to study the collision and conversion 

of single non-fluorescent Ag NPs to fluorescent Ag2O3 NPs.
38

 For the work described in 

this dissertation, dark-field and super-localization imaging are used throughout, and thus 

detailed descriptions of these techniques are discussed in the next section.   

1.4 Optical Techniques Used in this Dissertation 

Dark-field optical imaging:  

 In one variant of dark-field optical imaging (Figure 2A), a white light source is 

passed through a high numerical aperture (N.A.) dark-field condenser, which allows only 

high angle light to illuminate the sample (e.g. metal NP). Any light scattered at low angle 
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by the sample is collected by a low N.A objective (while rejecting the excitation light) 

and imaged on to a detector; this offers high sensitivity since the sample is bright while 

the background is dark. This technique is particularly useful for imaging metal NPs like 

gold and silver, which undergo localized surface plasmon resonance (i.e., collective 

oscillation of surface conduction electrons when exposed to light) and scatter at a 

particular wavelength range based on their size, shape, and environment. For example, 

Ginger and co-workers imaged inhomogeneous silver NPs that scatter different 

wavelengths as shown in Figure 2B.
41

 Using a spectrometer in the detection path, single 

NP scattering spectra can be obtained (Figure 2C). Other research groups have adapted 

this technique to study electrochemistry of single NPs for understanding the kinetics of 

metal NP electrodeposition and corrosion by tracking the dark-field scattering intensity 

over time. In this dissertation, dark-field optical imaging is used to monitor 

electrochemical reactions involving individual Ag NPs.   
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Figure 1.2. (A) Schematic of dark-field optical microscopy using a high NA condenser. 

Adapted from Reference 30. Copyright 2014, Annual Reviews. (B) Dark-field optical 

image of silver NPs with different shapes and sizes scattering light at different 

wavelengths. (C) Dark-field scattering spectra of seven individual particles corresponding 

to panel B. Adapted from Reference 41. Copyright 2007, American Chemical Society. 

Super-localization imaging:  

 In general, optical techniques are limited in terms of their spatial resolution 

because of the Rayleigh criterion, which describes that the minimum resolvable distance 

between two objects is roughly half the wavelength of light; that is, if 600 nm wavelength 

light is used for imaging, the minimum resolvable distance is 300 nm. Moreover, 

objects that are smaller than the Rayleigh criterion will appear as spots with radius of half 

the wavelength of light.  For example, a single gold nanorod, which can be resolved using 

atomic force microscopy (Figure 1.3A) and electron microscopy (Figure 1.3B), would 

appear as a diffraction-limited optical image with no information on the shape or size of 

the NP in an optical microscope (Figure 1.3C). However, this diffraction-limited image 

can be fit to a model function (e.g., two-dimensional Gaussian) to extract the average 

center position of the particle with a few tens of nm precision, which is known as the 
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super-localization imaging.
42

 This technique is used in this dissertation for determining 

the tip-substrate gap in SECM, tracking nanoscale movement, and tracking structural 

changes of a single NP with high precision. Detailed experimental methods of this 

technique are explained in the respective chapters. 

 

Figure 1.3. A single gold nanorod imaged using (A) atomic force microscopy, (B) 

electron microscopy, and (C) optical microscopy.  

1.5 Scope of this Work 

 This dissertation focuses on using optical techniques to study nanoscale 

electrochemical phenomena with a level of mechanistic understanding that is not 

accessible using ensemble or nano electroanalytical tools. Chapter 3 combines three-

dimensional super-resolution imaging with nano-scanning electrochemical microscopy to 

independently determine the distance of the nanogap between a nano UME and substrate 

electrode without the use of electrochemical current. This addresses a longstanding 

challenge in SECM in which the effects of topography and electroactivity on the 

electrochemical current cannot be independently resolved. Chapter 4 uses three-

dimensional super-resolution imaging to track a single fluorescent NP delivered using a 
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nanopipette/resistive-pulse setup and to study its interaction with an underlying 

electrochemical substrate. The combined optical-resistive pulse setup allows us to control 

the trajectory of a single NP in real time. Chapter 5 details the visualization of 

electrodissolution of single silver NPs using two-dimensional super-resolution dark-field 

imaging, which reveals heterogeneity in both the electrodissolution kinetics and structural 

transformations of the NPs. Finally, in Chapter 6 we use optical dark-field microscopy as 

an all optical-approach to study the impact of multiple simultaneous electrochemical 

reactions occurring at/near single silver nanoparticles, which are not possible to separate 

using electrochemical measurements.  
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CHAPTER 2: METHODS 

2.1 Experimental Section for Chapter 3 

Chemicals and Materials 

Ferrocenemethanol (FcMeOH, 97%), resorufin (dye content 95%, λemission = 585 

nm), fluorescent nanodiamonds (>800 NV/particle, 100 nm average particle size, 

λemission = 690 nm), potassium chloride (BioXtra, ≥99.0%), sodium hydroxide 

(BioXtra, ≥98%), D-(+)-glucose (≥99.5%, GC), and (3-aminopropyl)triethoxysilane 

(APTES, ≥98%) were purchased from Sigma-Aldrich. Fluorescent sky blue nanospheres 

(220 nm diameter, λemission = 610 and 660 nm) were purchased from Spherotech Inc. Ethyl 

alcohol (200 proof) was purchased from Pharmco-Aaper. Glass coverslips (25 × 25 mm, 

0.17 mm thickness) and glass slides were purchased from Fisher Scientific. Quartz 

capillaries (1 mm outer diameter, 0.3 mm inner diameter and 7.5 cm in length) were 

purchased from Sutter instruments. A 25 μm diameter Pt wire was purchased from 

Goodfellow. Polishing materials were purchased from Ted Pella Inc. All solutions were 

prepared with nanopure water (18 MΩ· cm, arium pro, Sartorius).  

Attachment of Fluorescent Nanoparticle to the Substrate 

 Glass coverslips with thickness of 0.17 µm were cleaned by sonication in acetone, 

isopropanol and de-ionized water for 15 minutes each. Then, a chamber was prepared 

using microscope slides as the sidewalls and the cleaned glass coverslip as the bottom 

substrate, using two-part epoxy (DEVCON 5 min epoxy) to secure the walls. The glass 

chamber was treated with 1 vol % of (3-Aminopropyl)triethoxysilane (APTES) in ethanol 

solution for 30 minutes and rinsed with excess ethanol. 220 nm skyblue fluorescent 

particles were diluted 100 times from stock, then 100 µl of the diluted solution was 
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introduced to the APTES treated glass chamber and shaken for 5 minutes to promote 

electrostatic attachment of the fluorescent particles to the substrate to serve as markers. 

As an alternative to the skyblue fluorescent particles, which undergo photobleaching after 

prolonged illumination, we used 100 nm fluorescent nanodiamonds (>800 nitrogen 

vacancies/particle) as fluorescent nanoparticles, following the same protocol as 

mentioned above (100x dilution of stock, etc). 

Fabrication of Nanoelectrode 

 The accepted method of producing nanoscale platinum electrodes has been 

published in detail elsewhere.
1–5

 Briefly, approximately 2 cm of 25 µm diameter platinum 

wire was inserted into a 7.5 cm long quartz capillary with an outer diameter of 1 mm and 

inner diameter of 0.3 mm, with special care taken to keep the platinum wire clean, 

straight, and well centered in the capillary tube. A hydrogen torch was used to seal one 

end of the capillary tube. The prepared capillary tube was then placed in a Sutter P-2000 

laser puller such that the platinum wire was centered in the laser beam path. A sealing 

step is crucial to ensuring that the platinum and quartz are in good contact during the final 

pulling step. A custom clamp was installed on the laser puller to prevent pulling and a 

vacuum line was attached to the open end of the capillary tube. A number of heating and 

cooling cycles (Heat: 740, Filament: 10) were undertaken until visual inspection revealed 

a good seal between quartz and platinum wire. This typically can take upwards of 5 

cycles of 40s heating and 30s cooling. The clamp preventing normal pulling operation 

was then removed along with the vacuum line. Finally, a standard pulling process was 

employed to draw the platinum and quartz to needle fine tips (Heat: 780, Filament: 2, 

Velocity: 60, Delay: 140, Pull: 200). Each of the previous steps required visual inspection 
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under a microscope. Next, a 250 µm tungsten wire was coated at one end with conductive 

silver paste and inserted gently into the pulled capillary tube until contact was made with 

the interior platinum wire. Once the paste had set, a dab of two part epoxy was used to 

seal the back end of the tube allowing only a short length of tungsten wire to protrude for 

electrical connection. The final electrode dimensions were the result of fine polishing. A 

diamond compound polishing pad was mounted to a custom 7500 rpm polishing wheel 

while the pulled capillary was mounted in a micro-positioner. Great care was taken to 

gently polish the end of the pulled capillary to yield the smallest electrode dimensions.  

Electrochemical Measurements 

 All electrochemical measurements were performed using a CH750E potentiostat 

(CH Instruments). A Pt wire and an Ag/AgCl (1 M KCl; CH Instruments) were used as a 

counter and reference electrode respectively throughout the experiment. Pt disk 

electrodes with diameters of 230 nm (ratio of the insulator sheath radius to the Pt disk 

electrode radius, RG: 40) and 510 nm (RG: 20) were fabricated using a laser puller and 

polished as mentioned above. Characterization of the fabricated electrodes was 

performed by cyclic voltammetry at low scan rates in 1 mM FcMeOH and 100 mM KCl 

as supporting electrolyte (Figure 2.1). Assuming a disc shaped electrode surface, the size 

of the electrode can be calculated the diffusion-limited steady state current equation 

(equation 2.1):  

                                                      i=4nFDCr                                                    equation 2.1                                             
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Here n is the number of electrons transferred per molecule, F is Faraday's constant, D is 

the diffusion coefficient for the redox molecule employed, C is its concentration of the 

redox molecule, and r is the radius of the disc electrode surface.  

 

Figure 2.1. Cyclic voltammetry of a Pt nano electrode with 230 nm diameter calculated 

using the steady state current and steady state approximation for disc electrode. 

Negative feedback electrochemical approach curves were obtained using 1 mM 

FcMeOH in 0.1 M KCl in a homemade spectroelectrochemical cell with a glass coverslip 

as the substrate and performed on top of an inverted optical microscope (Figure 2.2). The 

tip electrode was positioned ∼20 μm above the substrate (this value is estimated by 

setting the focal plane of the objective ∼20 μm above the substrate) using a stepper motor 

(Microdrive, Mad City Labs Inc.). The process is continuously monitored with the optical 

microscope in a bright-field geometry. A piezo controller (Thorlabs) is employed for 

further approach of the tip towards the substrate with a step size of 40 nm. The current 

from the bipotentiostat is acquired using a data acquisition card (PCI6221, National 
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Instruments) and synchronized with the piezo controller using home written LabView 

code (National Instruments). 

3-D Super-Resolution Imaging  

 Optical measurements were performed on an inverted microscope 

(Olympus IX-73) with an Olympus 60× oil immersion objective (Olympus PlanoApo N) 

in a widefield epi-illumination geometry. The objective was attached to a piezo stage 

(Piezosystem jena), allowing its vertical position (and thus the focal plane of the imaging 

system) to be adjusted in 50 nm steps. A 532 nm laser excitation (Spectra-Physics, 

532−50-CDRH) was introduced through the objective to excite fluorescence from the 

sample, which was then collected by the same objective and filtered with a dichroic/long-

pass/notch filter combination with a cutoff near 540 nm (Semrock). The emission is then 

passed through a 4f imaging system with a double-helix phase-mask, DHPM 

(DoubleHelix LLC) in the detection path.
6
 The phase mask induces a double helix 

emission pattern, which is imaged onto an electron-multiplied CCD detector (ProEM, 

Princeton Instruments). To create calibration curves relating the angle between the two 

lobes to the position of the focal plane of the objective, either the objective or the SECM 

tip is moved in steps of 50 nm using their respective piezo controllers, and synchronized 

images are acquired on the CCD camera. For each position, we acquired five frames with 

an acquisition time of 50 ms. The procedure for fitting each image to extract quantitative 

position information is described below and in more detail in the Figure 2.3. 

Attachment of Fluorescent Nanodiamond to the Sheath of the Nanoelectrode 

 A glass chamber with the glass coverslip at the bottom was functionalized using a 

dilute fluorescent nanodiamond solution as described above. After focusing on the 
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nanodiamonds using 532 nm laser and 60x objective (Figure 2.2A), the focal plane was 

manually set ∼100 µm above the substrate-attached nanodiamonds. Then the 

nanodiamond free, polished and cleaned Pt nanoelectrode was attached to a stepper and 

piezo-controlled electrode holder, and using white light bright-field imaging for 

feedback, was moved towards the surface until it reached the focal plane 100 µm above 

the surface (Figure 2.2B). Once the electrode reached the focal plane, the step size was 

changed to 5 µm and the focus was adjusted until the electrode was ∼20 µm above the 

coverslip. Once the electrode reaches this point, the focal plane is set to the substrate 

plane, and the electrode is moved in 100 nm steps until both fluorescence from the 

nanodiamond and scattering from the electrode are apparent in the image (Figure 2.2C). 

After visualizing the scattering from the electrode, the electrode is positioned in the x-y 

plane using a micropositioner to ensure the nanodiamond attaches to the sheath and not 

the active region. Next, the electrode is lowered in steps of 50 nm until we observe a 

disturbance in the angle between the lobes in the nanodiamond emission (Figure 2.2D). 

After the disturbance, the electrode is retracted and if the nanodiamond has successfully 

been attached via electrostatic interactions, we observe the nanodiamond emission lobes 

rotate to signal that its vertical position is changing (Figure 2.2E). If not, the attachment 

protocol is repeated until successful attachment of the nanodiamond. Usually attachment 

occurs in our first or second trial. After the attachment of the nanodiamond, the stability 

of the electrode is checked with the FcMeOH solution. Note that this method works best 

with electrodes with larger RG ratio (e.g. large sheath). 
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Figure 2.2. Optical images obtained through combination of bright field and fluorescence 

technique. A) DH-PSF image of fluorescent nanodiamond on the substrate. B) 

Nanodiamond free polished nanoelectrode focused 100 µm above the substrate. C) 

Nanodiamond fluorescence and scattering from the nanoelectrode when the electrode is 

several microns above the substrate. D) Deviation in the axial position of the 

nanodiamond after the electrode contacts the substrate. E) Withdrawing the tip from the 

substrate shows rotation of the DH-PSF of the nanodiamond, indicative of attachment. 

Calculation of Angle Between the Lobes 

 To calculate the angle between the lobes in the DH-PSF, each lobe in an image 

(Figure 2.3A) was treated separately and fit to a two dimensional Gaussian model 

function (Figure 2.3B) using an in house written MATLAB code to extract the center 

position of the lobes (Figure 2.3C). The angle between the lobes was calculated using the 

extracted center positions as shown in Figure 2.3D. 
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Figure 2.3. Process of 3-D super-resolution image fitting to determine the angle between 

the lobes. A) A representative 3-D super-resolution optical image with the double helix 

lobes. B) 2- D Gaussian function. C) The center positions (x0, y0) of each of the two lobes 

calculated using the 2-D Gaussian, represented as red X’s. D) Schematic representation 

showing the process of calculating the angle between the two lobes using the calculated 

center positions. 

2.2 Experimental Section for Chapter 4 

Chemicals and Materials 

Sodium phosphate monobasic (NaH2PO4, >99%) and sodium phosphate dibasic 

heptahydrate (Na2HPO4·7H2O, ≥99.99%) were purchased from Sigma-Aldrich. 

Fluorescent sky blue polystyrene particles with nominal diameters of 540 and 260 nm 

and λemission = 610 and 660 nm were from Spherotech. 

Fabrication and characterization of Pipettes 

Pipettes were fabricated using a laser puller (P2000, Sutter) from quartz 

capillaries (1 mm outer diameter, 0.7 mm inner diameter, Sutter) using the following 

settings: heat = 440, filament = 1, velocity = 30, delay = 145, pull = 175. Conical 

geometry of the nanopipette was characterized using scanning electron microscope 

(SEM) and current-voltage measurement (Figure 2.4).  
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Figure 2.4. (A) SEM image of a nanopipette with diameter of 672 nm. (B) The current-

voltage response of the same nanopipette in 50 mM buffer solution (20 mM NaH2PO4 

and 30 mM Na2HPO4, pH 7.1). The scan rate was 50 mV/s.   

Optical Setup 

 Optical experiments were performed using an Olympus IX-73 inverted 

microscope with a 60× oil immersion objective (Olympus PlanoApo N) in an epi-

illumination geometry. A glass coverslip (Fisher Scientific, 25 × 25 mm, 0.17 mm 

thickness) or tin-doped indium oxide (ITO)-coated coverslip (SPI Supplies, 22 × 22 mm, 

15-30 Ω resistivity) were used as the substrates. Pipettes were positioned with the aid of 

stepper motors (Microdrive, Mad City Labs Inc.) and a single axis piezo positioner (z-

axis) (TSGNFL5, Thorlabs). A 532 nm laser excitation (Spectra-Physics, 532-50-CDRH) 

was passed through the objective and used to excite the fluorescent particles, and the 

emission was collected through the same objective and filtered with the combination of 

dichroic/long-pass/notch filters (Semrock) before imaging on the EM-CCD detector 

(ProEM, Princeton Instruments) after passing through a double-helix phase mask 

(DoubleHelix LLC) or through a relay lens. An acquisition time of 50 ms on the EM-

CCD detector was used throughout the experiments. 
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Resistive-pulse Setup 

 The pipettes were filled with an electrolyte solution containing fluorescent 

polystyrene particle using a MicroFil needle (MF34G-5, World Precision Instruments). A 

pipette was mounted to a pipette holder (MEW-M10FL, Warner Instruments) containing 

a Ag/AgCl wire and a connector for pneumatic tubing. A second Ag/AgCl wire was 

placed in the external solution, and the ionic current between the two Ag/AgCl wires was 

measured by a current amplifier (ChemClamp, Dagan Corporation). The current signal 

was digitized using a data acquisition card (PCI-6221, National Instrument) at a sampling 

frequency of 10 kHz with a low-pass filter of 10 kHz. To drive the particles in and out of 

the pipette, the pneumatic tubing was connected to an air-filled 1 mL syringe to change 

the pressure, and the applied pressure was measured with a pressure meter (33500-086, 

VWR International). A schematic of this setup is shown in Figure 2.5. The electric 

potential at the ITO was applied by a potentiostat (CH 750E, CH Instruments). A 

Ag/AgCl wire was used as a quasi-reference electrode, and a Pt wire was used as the 

counter electrode. 
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Figure 2.5. Schematic representation of the setup for resistive-pulse measurements. The 

electrolyte-filled pipette, connected to a syringe and a pressure meter, is immersed in 

electrolyte in an electrochemical cell. One Ag/AgCl wires is placed in the internal 

solution and another in the external solution. The ionic current flowing between the two 

quasi-reference electrodes is recorded with a patch clamp amplifier. For clarity the 

microscope, Faraday cage, stepper motors and piezoelectric positioners are omitted.  

Three-dimensional Super-resolution Imaging 

 Figure 2.6A− C shows the double-helix lobes for a 130 nm radius fluorescent 

polystyrene particle on a surface positioned above, at, and below the focal plane of the 

objective respectively. The calibration curve was obtained by shifting the focal plane of 

the objective by a known distance and calculating the angle between the two lobes 

(Figure 2.6D). The focal plane of the objective was changed in steps of 50 nm for the 

range of 1 μm above and below the nanoparticle using the piezo-controlled microscope 

objective. At each position, five images were acquired using the CCD detector, and the 

average angle was calculated for each position and plotted against the position of the 

focal plane with respect to the fluorescent particle. The three-dimensional trajectories 

were obtained by localizing the center position of the two lobes from each emitting 
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particle. A schematic representation showing how the three-dimensional coordinates were 

generated is shown in Figure 2.7. The in-plane (x,y) center position of each lobe 

displayed in the optical image (Figure 2.7A) was extracted using a radial symmetry 

algorithm (Figure 2.7C).
7
 This method assumes that diffraction-limited emission is 

radially symmetric around its center position, and thus a line drawn from an arbitrary 

point that runs parallel to the intensity gradient of the diffraction-limited spot will 

intersect the center of the emission, allowing its position to be determined. The (x,y) 

center positions of the two lobes are found by this algorithm using MATLAB code 

provided as part of reference 7, and then their average is computed to generate the lateral 

(in-plane) position of the particle (Figure 2.7D). The resolution in the lateral direction is 5 

nm, determined from the fitting results of a stationary marker (Figure 2.7F). The axial 

position, z, was obtained by calculating the angle between the two lobes and converting it 

into the relative distance from the focal plane using the optical calibration curve (Figures 

2.6D and 2.7E). The 10 nm precision in the z direction is determined by first calculating 

the uncertainty for the y variable (Sy) in the calibration curve (Figure 2.6D) and secondly, 

solving the uncertainty in the x value (Sx) using the equation 2.2.  

  

                                                                                                                    equation 2.2 

 

where,  

Sy  - Uncertainty in the y variable (Sy = √
(𝑦𝑖−𝑦)2

𝑛−2
) 

m – Slope of the calibration curve 

k – Number of measurements in unknown sample 
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n – Number of points in calibration curve 

y - Value of unknown 

𝑦 – Average y-value of calibration curve points 

Xi – Values of x data on calibration curve 

𝑋 – Average x-value of calibration curve points 

To obtain the distance of a moving emitter to the substrate, a surface marker (130 

nm radius fluorescent particles) immobilized on the substrate was analyzed using the 

same approach. One should note that the precision in localizing a moving particle cannot 

be accurately determined because the PSF is smeared out over the integration time of the 

camera. In a few cases, the particle moves too fast or travels out of the dynamic range of 

the phase mask (e.g., Figure 4.4C); in these cases, only the x-y coordinates can be 

obtained, which is done using the manual tracking plugin in ImageJ.
8
 

 

Figure 2.6. Double helix optical image of a 130-nm-radius fluorescent polystyrene 

particle showing different angles between the lobes when the particle is placed above (A), 

on (B) and below (C) the focal plane of the objective. (D) Optical calibration curve shows 

the degrees between the two lobes as a function of the relative position of the focal plane 

from the fluorescent particle. 
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Figure 2.7. Schematic showing the process of obtaining 3-D coordinates of an NP. (A) 

Example of a double-helix image of a single NP with the two lobes. (B) Fitting the 

optical image (2.7A) using a Radial symmetry algorithm. (C) The center positions 

(marked in red ‘X’) of the two lobes in a double-helix image. (D) Schematics of 

obtaining the lateral coordinates (x and y). (E) Schematics of obtaining the axial 

coordinates (z). (F) x-y coordinates obtained from the fitting of 100 images of a stationary 

marker. The positions of the left lobe, the right lobe and the average of the two lobes are 

shown in panels i, ii, and iii, respectively. The standard deviation is 5 nm. 

Finite Element Simulation 

 The finite element simulations were performed using COMSOL Multiphysics 

v5.3 (COMSOL) to model the fluid dynamics and the current response during a particle 

translocation.  

2.3 Experimental Section for Chapter 5 

Chemicals and Materials 

Citrate-capped Ag NPs (73 ± 8 nm diameter, λmax = 449 nm) were purchased from 

nanoComposix. ITO coated glass cover slides (22 × 22 mm, 15−30 Ω/sq, and thickness 
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#1) were purchased from SPI Supplies. Conductive silver epoxy (Electrically/Thermally 

Conductive Bond 556) was purchased from Electron Microscopy Sciences. A two-part 

silicone elastomer (SYLGARD 184) and two-part epoxy adhesive (DEVCON 5 min 

epoxy) were purchased from Fisher Scientific. The 2 mm platinum wire purchased from 

Alfa Aesar was used for both reference and counter electrodes. Potassium nitrate 

(ReagentPlus, ≥99.0%), silver nitrate (99.9999% trace metal basis), and sodium 

hydroxide (BioXtra, ≥98%) were purchased from Sigma-Aldrich. All solutions were 

prepared with nanopure water (18 MΩ·cm, arium pro, Sartorius). 

Experimental Setup 

 The spectroelectrochemical cell was prepared by drop casting 73 nm diameter Ag 

NPs on ITO coated glass coverslips and attaching a silicone elastomer well with adequate 

dimensions as previously described.
9
 Two separate Pt wires were inserted through the 

sidewalls of the silicone elastomer well and serve as the counter and reference electrodes. 

The exposed area of the planar ITO electrode is ∼84 mm
2
, and the Pt wire counter 

electrode is ∼5 mm long and 2 mm in diameter. The counter electrode is inserted through 

one wall of the silicone elastomer well, with a vertical distance between the ITO 

electrode and counter electrode of ∼3.5 mm. An electrical connection was made to the 

working electrode (ITO with the Ag NPs) by attaching copper wire to the ITO using an 

electrically conductive silver epoxy. All electrodes were connected to a potentiostat 

(CH750E, CH Instruments). A 20 mM potassium nitrate solution (pH ∼ 7) was used as 

the electrolyte in all experiments unless otherwise stated. During all experiments, the 

electrochemical cell is open to the ambient atmosphere, and oxygen was not removed 

from the electrolyte solution. 
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 The spectroelectrochemical cell was mounted on top of an inverted optical 

microscope (Olympus IX-73) equipped with a 100× objective (Olympus oil immersion, 

NA 0.6), a tungsten-halogen white light source, and a dark-field condenser (Olympus U-

DCD). White light passing through the dark-field condenser was used to illuminate the 

working electrode, and the low angle scattered light from the Ag NPs was collected 

through the objective and imaged onto an EM-CCD camera (Princeton Instruments 

PhotonMAX) after passing through a relay lens. The schematic of the experimental setup 

is shown in Figure 2.8. The images on the CCD camera were acquired with an acquisition 

time of 0.1 s per frame. The potentiostat output signal (TTL pulse) was sent to trigger 

CCD (through a BNC cable) to obtain synchronized measurements. The synchronization 

was checked using an oscilloscope by monitoring the output of potentiostat and CCD 

signals.  
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Figure 2.8. Schematic of the experimental setup in which an electrochemical cell is 

mounted on an inverted optical microscope and dark field scattering from single 

nanoparticles is observed as a function of an applied potential. 

Super-localization Imaging 

 The center position of each Ag NP was obtained by localizing each diffraction-

limited image of a single scatterer to a two-dimensional Gaussian equation (equation 2.3) 

as shown in Figure 2.9.  

  

                                                                                                                         equation 2.3 

In this equation, I(x,y) is the intensity of the diffraction-limited spot, z0 is the background 

intensity, sx and sy are the standard deviation (or width) of the spot, and x0 and y0 are the 

center position of the spot. We approximate that the center of the Gaussian fit (e.g., x0, y0) 
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represents the center of the scattering nanoparticle (red ‘X’ in Figure 2.9B). Home-

written MATLAB code was used to fit each nanoparticle region-of-interest by a least-

squares algorithm to obtain the center position. To ensure the quality of the fits, only the 

center positions obtained with a coefficient of determination (R
2
 ) above a threshold of 

0.85 were considered. 

 

Figure 2.9. Schematic depicting the process of super-localization imaging to extract the 

center positions of a single Ag NP. (A) Diffraction limited dark-field optical image 

(bottom) of a Ag NP and a three dimensional representation of the optical image (top) 

with the pixel coordinates in x & y and the intensity in the z coordinates. (B) After fitting 

the image in panel A to a 2-dimensional (2-D) Gaussian equation, the center position of 

the particle is extracted which shown as a red ‘X’ mark in the optical image.    

2.4 Experimental Section for Chapter 6 

Chemicals and Materials 

ITO coated glass cover slides (22  26 mm, 15–30 /sq, thickness #1) were 

purchased from SPI Supplies and served as the working electrodes. 2 mm Platinum wire 

was purchased from Alfa Aesar and was used for both reference and counter electrodes. 

Conductive silver epoxy (Electrically/Thermally Conductive Bond 556) was purchased 

from Electron Microscopy Sciences. A two-part silicone elastomer (SYLGARD 184), 
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two-part epoxy adhesive (DEVCON 5 min epoxy) and nitric acid were purchased from 

Fisher Scientific. Silver nitrate (99.9999 % trace metal basis) and sodium hydroxide 

(BioXtra, 98 %) were purchased from Sigma-Aldrich. All solutions were prepared with 

nanopure water (18 M.cm, arium pro, Sartorius). 

Experimental Setup 

 The spectroelectrochemical cell was prepared by first making an electric 

connection through attachment of a copper wire to an ITO coated glass coverslip (the 

working electrode) using an electrically-conductive silver epoxy. Using transparent ITO 

coated glass coverslips as the working electrode allows simultaneous optical imaging of 

the electrochemical measurements. A silicon elastomer well was prepared with outer 

frame dimensions of 20  15  4 mm and an inner opening of 12  7 mm and attached to 

the ITO with a two-part 5 minute epoxy adhesive. Two separate 2 mm Pt wires were 

inserted through the side walls of the attached silicone elastomer well and served as the 

counter and reference electrodes. The working, counter, and reference electrodes were 

connected to a potentiostat (CHI750E, CH Instruments) that controlled the voltage. 

 An inverted optical microscope (Olympus IX-73) equipped with a100 objective 

(Olympus oil immersion, NA 0.6), tungsten-halogen white light source and a dark-field 

condenser (Olympus U-DCD) was used to obtain the correlated optical images. White 

light was passed through a dark-field condenser to illuminate the working electrode of the 

spectroelectrochemical cell that was mounted above the microscope objective. Low angle 

light scattered from the Ag NPs on the surface of the working electrode was collected 

through the microscope objective, passed through a relay lens and then imaged onto an 
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EM-CCD camera (Princeton Instruments PhotonMAX). All images were acquired with 

an acquisition time of 0.1 s per frame. To obtain correlated optical images and electro-

chemical measurements, the CCD camera was triggered to begin image collection using 

the potentiostat output signal. The experimental setup as described above is shown in 

Figure 2.8. 

Finite Element Simulation 

 The finite element simulations were performed using COMSOL Multiphysics 

v5.2a (COMSOL) to model the flux and concentration of Ag
+ 

ions near the particle. 

Details of the simulations are shown in Appendix A. 
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CHAPTER 3: VISUALIZING AND CALCULATING TIP–SUBSTRATE 

DISTANCE IN NANOSCALE SCANNING ELECTROCHEMICAL 

MICROSCOPY USING 3-DIMENSIONAL SUPER-RESOLUTION OPTICAL 

IMAGING
1
 

3.1 Introduction 

 Nanoscale scanning electrochemical microscopy (SECM) is evolving as a 

powerful tool to obtain electrochemical images and investigate electron-transfer 

processes with nanoscale resolution.
1−3

 Using nanometer-sized electrodes as scanning 

probe tips, it is possible to image the topography of electrochemically-active nano-

objects,
4−7

 probe electrocatalytic reactions at single nanoparticles,
6,7

 detect short-lived 

reaction intermediates,
8,9

 and interrogate biological cells.
10,11

 In a feedback-mode SECM 

experiment, a voltage is applied to an electroactive tip immersed in a solution of a redox-

active mediator in order to generate a current, which is then measured as the tip 

approaches either an electrochemically inert or active substrate. The current at the tip 

either decreases or increases as the tip approaches the substrate due to the hindered 

diffusion of the redox mediator by the inert substrate (negative feedback, Figure 3.1A) or 

the regeneration of the redox mediator at the active substrate (positive feedback, Figure 

3.1B), respectively.
1
 By fitting the current versus distance approach curve, it is possible 

to use measured currents to extract information about the tip-substrate gap in subsequent 

experiments. A feedback mode experiment utilizes very fast mass transport and can 

                                                 
1
 Reprinted with permission from V. Sundaresan, K. Marchuk, Y. Yu, E.J. Titus, A.J. Wilson, C.M. 

Armstrong, B. Zhang, K.A. Willets. “Visualizing and Calculating Tip-Substrate Distance in Nanoscale 

Scanning Electrochemical Microscopy Using 3-Dimensional Super-Resolution Optical Imaging”, Anal. 

Chem., 2017, 89, 922-928. Copyright 2016 American Chemical Society.   
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provide high axial spatial resolution, which has been extensively used for topographic 

imaging
4−7

 and determining rapid electron-transfer kinetics.
12−15

 

 

Figure 3.1. Example showing (A) negative feedback approach curve, which shows a 

decrease in tip current as the tip approaches an insulating substrate due to hindered 

diffusion of the redox mediator. (B) Positive feedback approach curve shows an increase 

in tip current as the tip approaches a conductive substrate due to regeneration of the redox 

mediator. Adapted with permission from Bard, A. J.; Faulkner, L. R. Electrochemical 

Methods: Fundamentals and Applications, second Edition; Wiley New York, 2001. 

Copyright 2000, John Wiley and Sons. 

Because the steady-state tip current strongly depends on the tip-substrate distance, 

obtaining accurate spatial information along this axial dimension is essential to interpret 

feedback mode data. Typically, the minimum electrochemically measurable tip-sample 
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gap is limited by the size of the electrode and the thickness of the protective sheath 

(usually glass) that surrounds the electrode, making it difficult to measure nanoscale tip- 

sample gaps. Moreover, to extract the separation distance between the tip and the 

substrate, approach curves for a diffusion-controlled process are fit to a theoretical model, 

which depends on the geometries of the tip electrode and substrate.
1
 Difficulties in 

characterizing the nanoelectrode geometry, compensating for thermal drift,
16

 and 

achieving perfect alignment of the nano-tip to the substrate
17

 often cause considerable 

uncertainties in the distance determination using an electrochemical approach curve. 

Further, in an actual experiment, the measured current will depend on both the tip-sample 

gap as well as any electrochemical activity at the sample itself. Thus, if the sample drifts 

over time, it is extremely difficult to know whether the change in the measured current is 

due to drift in the tip-sample gap, changes in the electrochemical activity of the sample, 

or some combination of the two. To overcome these limitations, hybrid techniques using 

tip position modulation,
18

 shear force,
19,20

 atomic force,
21,22

 and intermittent contact 

SECM
23

 have been developed to facilitate tip positioning and distance control by 

providing a secondary distance-dependent feedback signal. In these hybrid techniques, 

either the tip has to be modified in its shape, requiring extensive fabrication efforts,
21,22

 or 

is oscillated in solution, which perturbs the native environment of the system.
18 

Moreover, several of these techniques have limited dynamic range in determining the tip-

sample gap due to the tip-substrate interaction that is necessary to achieve this secondary 

feedback.
1
 

 To address the aforementioned challenges, we have integrated SECM with three-

dimensional (3-D) super-resolution optical microscopy in order to use optical feedback to 
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measure tip-sample gaps with a dynamic range of ∼2 μm and, in many cases, resolution 

better than 25 nm. In 3-D super-resolution imaging, an optic such as a cylindrical lens or 

spatial light modulator is inserted into the emission path of an optical microscope to 

induce a distortion on the point spread function (PSF) of an emitter. This distortion 

depends strongly on the axial position of the probe relative to the focus of the 

microscope.
24−29

 Here, we use the 3-D super-resolution approach described by Moerner 

and co-workers, in which they generated a double helix PSF (DH-PSF) to measure the 

axial position of a fluorescent emitter with precision better than 25 nm.
30−33

 To use this 

technique for measuring tip-substrate gaps in SECM, we introduce two emission sources, 

one at the substrate surface and the other at the SECM tip, which produce different 

emission patterns based on their relative axial positions. By fitting the DH-PSF of the two 

emitters, we are able to calculate the distance between the tip and the substrate, 

independent of the electrochemical activity of the system and with no dependence on the 

geometry of the nanoelectrode. For our initial experiments, we used a fluorogenic 

resorufin redox reaction occurring at the nanoelectrode to monitor the axial position of 

the tip, while later experiments extended this technique to non-fluorescent redox 

reactions by attaching a fluorescent particle to the protective sheath of the SECM tip. 

Using this 3-D super-resolution approach, we demonstrate excellent agreement between 

the optical and electrochemical approach curve data, indicating that optical feedback 

provides a robust strategy for measuring tip-sample gaps with large dynamic range and 

excellent spatial resolution. 
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3.2 Calibration Curve of Surface Marker and Electrode  

 The experimental setup (Figure 3.2) to optically determine the tip-substrate 

distance consists of  a home-built SECM cell with a disk shaped Pt nanoelectrode 

(working electrode) along with the Ag/AgCl reference and Pt counter electrodes, which is 

mounted on top of an inverted optical microscope equipped with a 60 oil immersion 

objective (1.45 N.A.). To report on the substrate position, skyblue fluorescent beads or 

nanodiamonds were attached to the substrate as described previously in section 2.1; we 

refer to these as surface markers in the remainder of this dissertation. To image the 

fluorogenic resorufin reaction at the SECM tip, a solution of 50 μM resorufin and 67 mM 

D-(+)-glucose in 0.5 M NaOH was prepared fresh before each experiment.
34

 A 230 nm 

diameter platinum nanoelectrode was used as the tip electrode. The resorufin is 

chemically reduced to non-fluorescent dihydroresorufin by glucose in NaOH, and the Pt 

nanoelectrode is biased at an oxidation potential (+0.4 V) to generate fluorescent 

resorufin at the tip only (Figures 3.3 and the right side of 3.2). A 532 nm laser is used to 

read the fluorescence from both surface marker and fluorogenic reaction and imaged on 

an EM-CCD using a double helix phase mask (DHPM) in the detection path. Due to the 

DHPM, two emission lobes are observed for a single emitter, and the angle between the 

two lobes changes as a function of the axial position of the emitter relative to the focal 

plane of the objective. The phase mask was commercially purchased for a system with 

total magnification of 60× and an emission wavelength centered at 665 nm.    
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Figure 3.2. Schematic of experimental setup. The SECM cell contains three electrodes 

connected to a bipotentiostat and mounted on an inverted optical microscope with a 60× 

1.45 NA oil immersion objective. A 532 nm laser excites fluorescence and the resulting 

emission is imaged on an EM-CCD after passing through a double helix phase mask 

(DHPM), producing a double lobed emission pattern as shown (bottom left). (Far right) 

Schematic showing the reactions occurring in the electrochemical cell: dihydroresorufin 

is oxidized to fluorescent resorufin at the Pt tip, while resorufin is reduced back to 

dihydroresorufin by glucose in NaOH solution. Fluorescent surface markers (red spheres) 

are also included to mark the substrate surface. 
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Figure 3.3. Pt nano electrode in the (dihydro)resorufin/glucose solution (A) with no 

potential applied and (B) with an oxidation potential of +0.4 V. The conversion of 

dihydroresorufin to resorufin is indicated by the appearance of fluorescence at the Pt 

UME surface. Scale bars: 5 µm. 

The first step of these experiments is to measure calibration curves, in which we 

relate the emission pattern induced by the double helix phase mask to the distance of the 

emitter from the focus of the microscope. The distance between the surface marker and 

the electrode from the focal plane is defined as ds and de respectively (Figure 3.4).  Figure 

3.5A shows representative emission patterns from a single nanodiamond surface marker 

as the focus of the microscope is changed relative to the substrate. When the surface 

marker is in focus, it exhibits two lobes horizontal to each other; we define this angle as 

0°. When the surface marker is below or above the focus of the microscope, the angle 

between the two lobes rotates, as shown. By fitting each lobe to a two-dimensional 

Gaussian function, we are able to extract the angle between the two lobes (Figure 2.3). To 

create the calibration curve shown in Figure 3.5B, we move the focus of the microscope 

by 50 nm steps roughly 1 μm above and below the substrate surface and calculate the 

angle between the two lobes. These data then allow us to calculate the distance between 

the surface marker and focal plane (ds) based on the angle between the lobes.  
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Figure 3.4. Schematic showing surface marker and Pt nanoelectrode below and above the 

focal plane respectively along with their expected double helix PSF orientation.  

 

Figure 3.5. (A) DH-PSF images of a nanodiamond surface marker when it is below, in, 

and above the focal plane. (B) Optical calibration curve relating the angle between the 

two lobes in the DH-PSF images and the distance between the surface marker and the 

focus of the microscope (ds). (C) DH-PSF images of the resorufin fluorescence at the 

SECM tip when it is below, in and above the focal plane. The insulting sheath of the 

SECM tip can also be observed in these images. Insets show zoomed-in images of the 

lobes at the electrode. (D) Optical calibration curve of the resorufin fluorescence at the Pt 

nanoelectrode relating the angle between the two lobes in the DH-PSF images and the 

distance between the electrode and the focus of the microscope (de). 
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Similarly, a calibration curve was obtained for the electrode using resorufin 

fluorescence at the electrode tip as shown in Figure 3.5, C and D. The focal plane of the 

microscope was set roughly 3-5 μm above the substrate, and the electrode was held close 

to this focal plane while an oxidation potential of +0.4 V was applied to generate 

fluorescent resorufin. When the electrode is at the focal plane of the microscope, the two 

lobes associated with resorufin emission appear roughly horizontal, and they rotate as the 

electrode is moved in steps of 50 nm roughly 1 μm above and below the focal plane 

(Figure 3.5C). We create the calibration curve shown in Figure 3.5D by stepping the 

position of the electrode relative to the fixed focal plane of the microscope. The 

calibration curve allows us to calculate the distance between the electrode and the focal 

plane (de) based on the angle between the two lobes. We point out that the two lobes are 

not as clearly resolved in the images in Figure 3.5C in comparison to the surface marker 

images from Figure 3.5A. This is most likely due to diffusion of the resorufin probe from 

the electrode surface, which causes broadening in the resulting diffraction-limited spot. 

To reduce this diffusion-based effect, we work in a solution of glucose in NaOH, which 

chemically reduces the resorufin produced at the electrode to non-fluorescent 

dihydroresorufin, thereby mitigating the impact of diffusion on our images. Further, we 

also use electrodes for these measurements that have diameters at or below the diffraction 

limit of light, such that we observe clean double helix point spread function images 

associated with the resorufin emission. This electrode size restriction is a limitation of 

monitoring fluorogenic reactions at the electrode surface, which will be addressed in 

more detail below 
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3.3 Optical Determination of Tip-Substrate Distance in Nano-SECM 

 Using the two calibration curves, we can now determine the tip-substrate distance 

as the height of the electrode is changed relative to the substrate. Figure 3.6 shows a 

series of images where both the emission from the resorufin at the tip (yellow circle) and 

the emission of a surface marker at the substrate (white circle) are observed. Note that the 

two emitters are spatially separated such that the two images do not overlap; otherwise, 

we would be unable to determine their individual angles and therefore axial position. The 

focus of the microscope is set between the substrate and the initial position of the 

electrode, as indicated by the opposite polarity of the lobes in Figure 3.6A (Figure 3.7). 

Next, the electrode is stepped closer to the surface, as shown in Figure 3.6, B - H, causing 

the angle between the lobes associated with the resorufin emission to rotate (note that the 

angle between the lobes of the surface markers is constant unless the electrode comes into 

contact with the surface, Figure 3.8). In panels A-D, the angles between the lobes of the 

resorufin emission have a positive rotation, indicating that the electrode is above the focal 

plane, while in panel E the lobes are roughly horizontal, indicating the electrode is near/in 

the focal plane. Panels F and G show negative angles between the lobes of the resorufin 

emission, indicating the electrode has passed below the focal plane. The angle between 

the lobes of the resorufin and surface marker emission are fit using a 2-D Gaussian model 

function (Figure 2.3) and de and ds are then calculated from the individual calibration 

curves. The sum of de and ds provides the tip-substrate distance, as indicated in each of 

the panels of Figure 3.6. 
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Figure 3.6. 3-D super-resolution optical images to determine the tip-substrate distance 

for various positions of the tip relative to the substrate. The emission in the white circle is 

from a surface marker at the substrate and the emission in the yellow circle is due to 

resorufin fluorescence at the electrode. The calculated tip-substrate distance at various 

position are (A) 1.92, (B) 1.51, (C) 0.92, (D), 0.74, (E) 0.50, (F) 0.36, (G) 0.27, and (H) 

0.15 μm. Scale bars: 3 μm. 
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Figure 3.7. Fluorescence optical image with double-helix point spread function showing 

the resorufin fluorescence at the electrode and surface marker fluorescence at the 

substrate. The tip is above the focal plane and the surface maker is below the focal plane, 

which is indicated by the polarity difference of the angle between the lobes. Scale bar: 3 

µm. 

 

 

Figure 3.8. Angle between the lobes of the surface marker as a function of electrode 

position relative to the focus. The surface marker angle deviates when the tip contacts the 

substrate. 
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3.4 Correlated Electrochemical and Optical Determination of Tip-Substrate 

Distance in Nano-SECM 

 One challenge with using the optical feedback approach we have described thus 

far is that it requires a fluorogenic redox probe to define the electrode surface, which 

limits the applicability of the technique. Moreover, because we use glucose to quickly 

reduce the resorufin produced at the SECM tip back to dihydroresorufin, the currents that 

we measure as we approach the electrode to the surface do not follow the expected 

negative feedback profile, making it difficult to compare our optical data to 

electrochemical data. To overcome these limitations and improve the generality of this 

technique, we attached a fluorescent nanodiamond to the non-conducting glass sheath of 

our SECM tip, which provides an optical readout of the tip position while allowing us to 

probe any electrochemical reaction of interest at the electrode (Figure 3.9A, see section 

2.1 for details about nanodiamond attachment). We will refer to the nanodiamonds 

attached to the sheath of the SECM tip as electrode markers, for clarity. 

 For correlated 3-D super-resolution optical and electrochemical experiments, we 

immersed the nanodiamond-functionalized electrode (here, a 510 nm diameter Pt 

electrode) in 1 mM FcMeOH in 0.1 M KCl and applied +0.4 V versus Ag/AgCl (1 M 

KCl). The focal plane of the microscope was set several nanometers above the substrate 

(as defined by the surface markers) and the nanodiamond-functionalized tip was allowed 

to approach the substrate in steps of 40 nm using the piezo controller. The current was 

continuously monitored and when the electrode reached ∼1 μm above the focal plane, we 

started to observe emission corresponding to the electrode markers. Figure 3.9B shows 

four representative optical images, indicating the surface marker (white circle) and the 
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brightest electrode marker (yellow circle). The lobes associated with the electrode marker 

rotate as the electrode approaches the surface (Figure 3.9B, panels 1-3) while the lobes 

associated with surface marker remain at a consistent angle. Using calibration curves for 

this system, we calculate the distance of both the electrode and the surface marker 

relative to the focus (Figure 3.9C). As expected, ds is constant as the electrode 

approaches, while de changes smoothly as the electrode moves through the focal plane. 

The summation of de and ds results in the tip-substrate distance (1.24, 0.8, and 0.27 μm, 

respectively, for Figure 3.9B, panels 1-3). Once the tip hits the substrate, the lobes in the 

PSF of both the electrode and the surface markers rotate (Figure 3.9B, panel 4), resulting 

in changes in both ds and de along with significant error in their determination (Figure 

3.9C). 
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Figure 3.9. (A) Schematic showing FcMeOH oxidation at the Pt tip electrode and the 

nanodiamond (electrode marker) attached to the sheath. (B) Optical images in panels 1-4 

represent four different positions of the electrode, corresponding to the labeled points in 

panel (C). The white and yellow circles correspond to emission from the surface and 

electrode markers, respectively. The optically calculated tip-substrate distances are 

indicated in panels 1-3. The angle between the lobes of the surface marker changes when 

the electrode hits the surface (panel 4). Scale bars: 5 μm. (C) Calculated distances 

(angles) of a surface marker (red triangles) and an electrode marker (blue circles) from 

the focal plane as a function of piezo positions. The green dotted line indicates the 

position of the focal plane and the red dashed line represents the position at which the tip 

hits the substrate. The distances between the focal plane and surface marker as well as the 

focal plane and electrode marker are shown as ds and de, respectively. The calculated 

distances (angles) of the surface and tip electrode markers fluctuate after the electrode 

hits the surface. Note that the piezo displacement increases relative to its starting position 

as the tip gets closer to the substrate surface. 



51 

 

 Next, we compared the results of the optical experiment to the electrochemical 

data that was obtained simultaneously. The normalized current versus distance approach 

curve is shown in Figure 3.10A. As expected, as the tip approaches the insulating 

substrate, the tip current gradually decreases, and then abruptly levels off, indicating that 

the glass sheath of the tip touched the substrate surface. The electrochemical data was fit 

to negative feedback theory,
35

 using the tip radius and RG ratio determined from the 

steady-state voltammogram and the optical microscope image, respectively. The piezo 

displacement of zero separation distance (Z0) was used as an adjustable parameter. While 

the curvature of the distance-current curve essentially depends on the tip radius (a) and 

RG, the Z0 value could be confidently determined from the fitting. The tip-substrate 

separation distance of each data point was evaluated from the tip current and compared 

with optical results. Figure 3.10B shows the tip-substrate separation distances calculated 

using both the electrochemical and optical data, and they show excellent overall 

agreement, indicating that the optical approach is able to reproduce electrochemical data 

with high fidelity.  
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Figure 3.10. (A) Experimental electrochemical approach curve (symbols) fitted to the 

theory for pure negative feedback (blue solid line) with RG = 20. The distance is 

normalized by tip radius, a = 255 nm and the tip current is normalized by i∞ = 75 pA. (B) 

Tip-substrate separation distances vs piezo displacement determined from the optical 

measurement (blue squares), SECM approach curve fit (black solid line), and tip currents 

(red triangle). Note that the piezo displacement increases relative to its starting position 

as the tip gets closer to the substrate surface. 

 One additional advantage of our 3-D super-resolution optical feedback approach 

is that we are able to calculate the tilt of the electrode. In traditional SECM experiments, 

electrode tilt cannot be measured directly and is instead inferred when an approach curve 
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deviates significantly from ideal feedback behavior. Using the optical approach, if there 

are multiple markers on the SECM tip, we can measure the vertical distance between 

them: if the electrode is tilted, the emission from electrode markers will have different 

angles between the lobes in the DH-PSF images, indicating that the markers are in 

different axial planes (Figure 3.11), whereas if the electrode is flat, the electrode markers 

will appear in the same axial plane (Figure 3.12). We have demonstrated the ability to 

measure tilt angles as large as 22° and as small as 1.8° using this technique, allowing us 

to have excellent control over tilt. Moreover, because we can place multiple markers on 

both the substrate and the tip, we are able to monitor both tilts simultaneously, providing 

us with the ability to ensure that the two electrochemical components are well-aligned 

relative to each other. 
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Figure 3.11. Calculation of tilt of the nanoelectrode by resorufin fluorescence at the Pt 

electrode and fluorescent nanodiamond on the sheath of the electrode. A) Nanodiamond 

(represented as ND) is in focus, as indicated by the two horizontal lobes, whereas 

resorufin (represented as R) is out of focus with lobes smeared out. The contrasted 

magnified image of the nanodiamond lobes are shown as inset with the blue outline. B) 

Same electrode after moving 1.9 µm (without altering the focal plane): the resorufin is 

now in focus and the lobes corresponding to the nanodiamond are distorted. The 

contrasted magnified image of the resorufin lobes in focus are shown as inset with the red 

outline. C) Schematic representation of the tilted tip electrode. D) Schematic for 

calculating the tilt angle of the tip electrode. Scale bars: 5 µm. 
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Figure 3.12. Optical imaging showing two nanodiamonds on the tip sheath, allowing 

calculation of the tilt of the tip. The nanodiamond in the red box is closer to the focal 

plane than the nanodiamond in the yellow box. The calculated axial difference between 

these nanodiamonds was found to be 93.2 nm (h) and the planar distance between these 

nanodiamonds were calculated optically as 3 µm (d). The tilt of the tip was calculated as 

1.78 degrees using sin
-1

(h/d). Scale bar: 3 µm. 

3.5 Conclusion 

 In summary, we have developed a nano SECM combined with a 3-D super-

resolution optical microscope to determine tip-substrate distance optically with axial 

resolution better than 25 nm. The optical approach curve data agrees with simultaneously 

obtained electrochemical approach data, providing a secondary feedback mechanism for 

SECM tip-sample gap measurements in an experiment. Moreover, our approach allows 

us to measure the tilt of both an electrode and a surface without the risk of electrode 

damage.  

 Despite the success of these initial experiments, there are some improvements that 

can be made to yield even better axial resolution. For example, our DH-PSF phase mask 
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is optimized for a 665 nm emitter, which is red of the emission of both the resorufin and 

the nanodiamonds. Thus, using a wavelength optimized phase mask (or a spatial light 

modulator which allows dynamic phase mask control) would improve the quality of the 

optical images and yield even better resolution. Second, we have tested two different 

fitting algorithms to extract the angle between the two lobes in the DH-PSF: fitting to two 

separate two-dimensional Gaussians and using radial symmetry fitting.
36

 While the 

former yielded better precision in the fits, the latter is significantly faster and would be 

easier to implement in a real-time SECM experiment. Thus, finding an algorithm that can 

determine the angle between the two lobes of the different PSFs and make drift 

corrections in real time remains a future improvement to this experiment. Finally, 

minimizing vibration of the tip is a significant experimental challenge that further limits 

our resolution. For some of our experiments, we obtain precision better than ∼25 nm 

(e.g., Figure 3.5), but in other cases, we observe small vibrations in the tip that limit the 

resolution to ∼50 nm (Figures 3.9 and 3.10). Further improvements to the tip holder and 

introducing improved vibration isolation will help address these issues and allow even 

better axial precision. However, even with these experimental challenges, we believe this 

initial demonstration of correlated 3-D super-resolution and SECM offers a promising 

avenue towards improved performance as we push towards even more nano-resolved 

electrochemical imaging. 
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CHAPTER 4: THREE-DIMENSIONAL SUPER-RESOLUTION IMAGING OF 

SINGLE NANOPARTICLES DELIVERED BY PIPETTES
2
 

4.1 Introduction 

 Nanoparticles (NPs) are of significant interest because of their wide applications 

in catalysis, optics, biomedicine, and sensing.
1−5

 Studying their properties at the single 

particle level is essential for elucidating their structure-function relationship and 

resolving heterogeneity that may be hidden in the ensemble population.
6,7

 To perform 

single nanoparticle studies at surfaces, nanoparticles are typically either templated 

lithographically
8,9

 or introduced from dilute solution,
10

 in order to control the particle 

density such that individual nanoparticles can be spatially (or temporally) resolved. 

However, these strategies do not offer the ability to control (in real time) where 

nanoparticles are placed on the surface or to dynamically manipulate the position of the 

particles once they are placed on the surface. Here, we demonstrate the ability to deliver 

single nanoparticles from a pipette suspended above a substrate, visualize the three-

dimensional (3-D) trajectories of the delivered nanoparticles as they diffuse from the 

orifice of the pipette to the substrate, and ultimately trap and manipulate the particles at 

the surface. To deliver single NPs, a pressure is applied to a pipette loaded with a dilute 

solution of nanoparticles, which forces the nanoparticles from the interior of the pipette 

into bulk solution. Individual NPs crossing the orifice of the pipette are detected as a 

resistive pulse,
11−13

 that is, a transient change in the ionic current between two electrodes 

placed on either side of the orifice. While most reported resistive-pulse experiments are 

                                                 
2
 Reprinted with permission from Y. Yu, V. Sundaresan, S. Bandyopadhyay, Y. Zhang, M.A. Edwards, K. 

McKelvey, H.S. White, K.A. Willets. “Three-Dimensional Super-Resolution Imaging of Single 

Nanoparticle Delivered by Pipettes”, ACS Nano, 2017, 11, 10529-10538. Copyright 2017 American 

Chemical Society.   
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performed with solid-state nanopores, enabling sensing applications such as NP 

sizing,
14,15

 probing surface charge,
15−17

 single molecule detection,
18,19

 and DNA 

sequencing,
20,21

 nanopipettes can also be employed, provided that the size of the orifice is 

roughly the same order of magnitude as the size of the detected analyte.
22−26

 An 

important advantage of nanopipettes is that they can be employed as tips in a scanning 

probe microscope, allowing them to be precisely positioned above a substrate with high 

spatial resolution.
27

 Thus, by controlling the position of the nanopipette relative to the 

substrate, it is possible to deliver individual nanoparticles to a target area of the surface. 

 In previous work, White and co-workers used resistive-pulse control to deliver 

single polystyrene NPs to the surface of an ultramicroelectrode positioned beneath the 

orifice of the pipette.
28

 In these studies, NP delivery to the substrate was confirmed 

electrochemically, by measuring a decrease in current due to blocking of the electrode 

surface by the delivered NP. Excellent correlation between electrochemical signatures of 

NP translocation and collision was observed, demonstrating the effectiveness of this 

pipette-based NP delivery approach. However, these experiments are unable to track the 

transport dynamics of the NP during the transit time between the two interfaces and 

cannot monitor the position of the nanoparticle once it collides with the surface of the 

ultramicroelectrode. Thus, a strategy that enables us to understand the mass transport of 

NPs between delivery and collision is essential for further optimizing targeted delivery. 

 Optical techniques, such as dark-field microscopy,
29,30

 fluorescence 

microscopy,
31−34

 holographic microscopy,
35,36

 and super-resolution microscopy,
37−39

 have 

been used to track single NPs in both two and three dimensions, offering an approach for 

studying NP mass transport from nanopipette delivery to substrate collision. Herein, we 
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employ a resistive-pulse setup integrated with 3-D super-resolution optical microscopy 

for controlled delivery of individual fluorescent NPs. To achieve 3-D spatial resolution, 

we use an approach described by Moerner and co-workers in which a double-helix point 

spread function (DH-PSF) of an emitter is generated, reporting both the lateral and axial 

position of the emitter with high precision.
40,41

 In this approach, a double-helix phase 

mask (DHPM) is inserted into the emission path of an optical microscope. The distortion 

of the point spread function of an emitter induced by the DHPM results in two lobes in 

the optical image of the emitter, with the angle between the two lobes changing as a 

function of the vertical (axial) distance between the focal plane and the emitter. By fitting 

the DH-PSF of an emitter, the axial coordinate of the emitter can be resolved with a 

dynamic range of ∼2 μm and resolution better than 10 nm. In our experiments, single 

fluorescent NPs are delivered from a pipette, and their positions are localized with 3-D 

super-resolution microscopy. The diffusion trajectories of single NPs and their 

subsequent interactions with an interface are visualized, and transport dynamics under 

different driving forces are resolved. Moreover, we demonstrate the ability to manipulate 

NP trajectories by balancing the effects of pressure-driven flow from the nanopipette and 

an applied potential at the substrate, providing new insights into utilizing nanopipettes as 

tools for targeted delivery. 

4.2 Detection of Single NP Translocation Events 

 Our first goal is to verify that optical readouts of nanoparticle translocation events 

through the orifice of a nanopipette agree with the traditional resistive-pulse 

measurements. In our experimental setup (Figure 4.1 and 2.5), a well characterized 

pipette (as shown in Figure 2.4) containing a solution of fluorescent polystyrene NPs in 
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50 mM phosphate buffer is positioned above a transparent substrate immersed in the 

same buffer without NPs. Each NP of suitable size that passes through the pipette orifice 

generates a resistive pulse, that is, a momentary decrease in the ionic current flowing 

between the Ag/AgCl electrodes inside and outside the pipette (Figure 2.5). 

Simultaneously, the translocation of each NP is monitored optically by an inverted 

microscope with a 60× oil immersion objective. A 532 nm laser excitation is used to 

excite the fluorescent particle delivered from the nanopipette, and the emission is 

collected through the objective and imaged on an electron multiplying CCD (EM-CCD) 

detector. To obtain 3-D super-resolved images, a DHPM is inserted in the emission path, 

as shown in Figure 4.1. Panels i−iii in Figure 4.1 show a time series of optical images of 

a fluorescent NP (bright spot, highlighted by dashed square) being released by the pipette 

(dark shadow at the bottom of the image) and diffusing into the external solution. 
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Figure 4.1. Schematic illustration of the optical setup. A pipette loaded with fluorescent 

NPs is positioned above a transparent substrate. A 532 nm laser is used to excite the 

fluorescent NPs, and the emission is passed through a double-helix phase mask and 

detected by an EM-CCD camera. A white light source (not shown) is used to illuminate 

the system from above the nanopipette, producing a shadow from the pipette that allows 

for its position to be monitored in the optical image. Panels i-iii show a time series of 

images of a NP (inside the white square in panels ii and iii) being released from the 

pipette and diffusing in the external solution. Rapid diffusion leads to slight smearing of 

the two lobes of the DHPSF associated with the NP emission. A position marker on the 

surface of the substrate is observed on the right side of the image (white arrow), 

providing a fixed angle reference point for the orientation of the DH-PSF at the sample 

surface. 

To validate that the optical and resistive-pulse measurements produce identical 

results for nanoparticle translocation events, a ∼0.5 pM solution of 270 nm radius 

fluorescent NPs was loaded into a pipette with an orifice radius of 1.2 μm. We control the 

delivery of the NPs by adjusting the pressure applied to the pipette using a syringe 

(Figure 2.5). Given that sub-micrometer to micrometer sized pipettes and a moderately 
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high electrolyte concentration are used in this experiment, the velocity and the direction 

of the NP translocation depend on the pressure applied to the pipette, as the effects of 

electrophoresis and electro-osmosis are negligible.
42

 A single NP was pushed from the 

pipette into the external solution by applying a positive differential pressure (pressure 

inside the pipette minus pressure outside equal to +1 mmHg). Upon a resistive pulse 

being observed, indicating that a single NP had traversed the pipette orifice, the direction 

of the fluid flow was reversed by applying a negative differential pressure (−1 mmHg), 

driving the NP back into the pipette. This process was repeated several times, and 

multiple passes of one NP in and out of the pipette were successfully achieved and 

monitored by the optical microscope. 
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Figure 4.2. Correlated resistive-pulse and optical signals of the translocation of a 270 nm 

radius fluorescent NP through a 1.2 μm radius quartz pipette in 50 mM phosphate buffer 

(pH 7.1). (A) Current-time recording (blue) and optical intensity trace at the pipette 

orifice (red). A 1 mmHg differential pressure (internal-external) was applied and reversed 

before and after events 1, 3, 5, and 7. The black dashed lines indicate the times at which 

the pressure is reversed. −0.5 V was applied to the internal Ag/AgCl reference electrode 

vs the external Ag/AgCl reference. The current reading was obtained with a sampling rate 

of 10 kHz. The optical images were recorded with a rate of 50 ms/frame. Zoomed-in 

images of the i-t traces corresponding to events 3 and 4 are shown in panels (B) and (C), 

respectively.  

Figure 4.2A shows the correlated resistive-pulse and optical responses of these 

translocation events. Odd- and even numbered events correspond to the outward and 

inward translocation events of a single NP, respectively. The fluctuation of the baseline 

current in the resistive-pulse data (blue trace) as the pressure is reversed has been 
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previously reported
14

 and is due to slightly different electrolyte concentrations on either 

side of the pipette orifice as well as changes in the pressure-dependent ion current 

rectification.
43

 The zoomed-in current spikes for events 3 and 4 are shown in Figure 4.2B, 

and C, respectively. The magnitude of the current spikes (0.5 nA ± 0.05%) is dependent 

on the size ratio of the NP and the pipette orifice and is comparable to simulated results 

(Figure 4.3). The asymmetric shape of the resistive pulses arises from the conical shape 

of the pipette and provides information on the translocation direction;
12

 for example, 

when a NP translocates from the internal solution to the external solution (Figure 4.2B), 

the ionic current shows a gradual decrease until it reaches a minimum value and then 

sharply returns to baseline. 

 For the corresponding optical data, we plot the total integrated intensity of a ∼3 × 

3 μm
2
 area at the pipette orifice (for clarity, we call this the integration area). As soon as 

a NP is released, the intensity increases abruptly, signaling the appearance of the NP in 

the external solution. As the NP diffuses out of the integration area, the intensity 

gradually decreases to the background level (spikes 1, 3, 5, and 7 in the red trace). Upon 

reversing the pressure to draw the NP back into the pipette, we observe a slow rise in the 

intensity as the nanoparticle moves closer to the integration area, followed by a sharp 

drop in intensity as the NP enters the pipette. Interestingly, the optical spikes are the 

mirror image of the current transients shown in Figure 4.2B and C. The shape of the ionic 

current transient is mainly attributed to the NP location change inside the pipette (Figure 

4.3), whereas the transient of the optical signal is caused by the NP movement outside the 

pipette. Importantly, we not only have excellent agreement between the resistive-pulse 
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and optical measurements in our correlated system, but we also retain the information 

about the translocation direction of the particle. 

 

Figure 4.3. Simulated resistive pulse of a 270-nm-radius particle translocating through 

the orifice of a 1-μm-radius pipette. z=0, z>0, and z<0 correspond to the NP located at 

the pipette orifice, outside and inside pipette, respectively. i0 is the ionic current when the 

particle is far away from orifice. Surface charge on glass or particle is not incorporated in 

the simulation. 

4.3 Effects of Pressure on Nanoparticle Translocation 

 Having validated that the optical signature of a NP translocation event mirrors the 

electrochemical response, we can now study the effect of pressure. The simulated fluid 

velocity profile for pressure-driven flow from a pipette is shown in Figure 4.4A. The 

color represents the magnitude of the fluid velocity. A large pressure gradient is formed 

near the pipette orifice that causes the highest fluid velocities in this region. 

Consequently, a NP is expected to travel most rapidly near the orifice and gradually slow 

down after leaving the pipette. Our optical approach allows us to visualize this time-

dependent change in NP velocity. The orientation of the flow vectors (white arrows) 
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suggests that NPs should follow the convective flow profile and travel symmetrically 

away from the pipette. To validate this, 70 NPs were optically tracked as they exited the 

pipette orifice, and their x-y trajectories are shown in Figure 4.4B. The orientations of the 

lateral trajectories essentially cover 360°, with minor bias to the left side. This is most 

likely due to a slight tilt of the pipette or an imperfect geometry of the pipette orifice, 

leading to an induced asymmetry in the flow profile. Unfortunately, the NP trajectories 

while inside the pipette and during translocation through the orifice are not readily 

resolved by our three-dimensional super-resolution tracking. The electrically measured 

translocations shown in Figure 4.2B, and C are >10 times faster than the frame rate of our 

CCD (20 Hz). In order to resolve these trajectories optically, we would either need to 

significantly slow translocations (e.g., by using a higher viscosity solution) or use a high-

speed imaging camera (such as a CMOS detector). 
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Figure 4.4. (A) Simulated velocity profile near a 1 μm radius pipette with 1 mmHg 

differential pressure applied. (B) Measured x-y trajectories of 70 NPs (130 nm in radius) 

delivered from a 1 μm radius pipette with 1 mmHg differential pressure applied. (C) x-y 

trajectories of the NP from Figure 2. Trajectories correspond to events 1-2 (red), 3-4 

(green), 5-6 (orange), and 7-8 (blue). (D) Plot of the particle translocation frequency as a 

function of applied pressure. 

Next, we analyzed the x-y trajectories of the NP described in Figure 4.2 as it 

moves in and out of the pipette. Individual x-y trajectories are shown in Figure 4.4C for 

events 1-2 (red), 3-4 (green), 5-6 (orange), and 7-8 (blue). For each of the four 

trajectories, the NP follows nearly the same path when it travels out from and back 

toward the pipette (with events 1-2 showing the highest fidelity between the outward and 

inward trajectory and subsequent events showing larger path variations). The relative 

agreement between the outward and inward paths of the individual trajectories supports 
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that the NP motion is dominated by the pressure-driven flow, although we do see some 

suggestion of solution agitation influencing later events (e.g., 7-8 show lower path 

fidelity than 1-2). We also note that each outward translocation event follows a different 

trajectory, suggesting that the nanoparticle is ejected from varying positions within the 

orifice, thereby experiencing a slightly different flow environment, consistent with Figure 

4.4A, and B. 

 A quantitative evaluation of the dynamics is obtained by studying the pressure 

dependence of the NP translocation frequency. The volumetric flow rate in a conical 

pipette, Q, is given by equation 4.1
44

 

                                            Q = 3a
3 p/(8 cot)                                          equation 4.1 

where a is the pipette radius, Δp is the applied differential pressure, η is the solution 

viscosity, and θ is the taper angle of the pipette. Assuming the NPs are uniformly 

dispersed in the solution, the translocation frequency (particle concentration × Q) should 

be proportional to the applied pressure. The translocation frequency is evaluated by 

counting the number of high intensity spikes in the integration area of an optical image as 

single 130 nm radius NPs (0.1 pM) were translocating through a 1 μm radius pipette 

(Figure 4.5). Figure 4.4D shows a linear relationship between the translocation frequency 

and the applied pressure. This agrees well with equation 4.1 and further supports our 

claim that optical readouts provide a high fidelity recording of single nanoparticle 

translocation events. 
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Figure 4.5. Traces of optical intensity at the pipette orifice vs. time for particles leaving 

the pipette under different applied pressures (labelled). Solution containing 130-nm-

radius NPs was filled inside a 1-µm-radius pipette. 

4.4 3-D Nanoparticle Tracking at the Substrate Surface 

 Our next goal is to understand how nanoparticles interact with an underlying 

substrate, with the ultimate goal of being able to capture pipette-delivered particles within 

a well-defined target area. Unlike the previous translocation experiments where we used 

correlated electrochemical and optical data, here, we are limited to using optical readouts 

exclusively, due to the relatively large size of our substrates, which prevents us from 

observing collision data electrochemically. However, our optical approach allows us to 

study both electrified and non-electrified substrates and determine the effects of surface 
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charge on the diffusive behavior of NPs near an interface, thus enabling us to control 

capture efficiency. 

 Figure 4.6A shows three optical images of a 130 nm radius fluorescent NP 

diffusing near a bare glass substrate. As described above, the DHPM is used to convert 

the emission from the NP to a double-lobed DH-PSF, where the angle between the lobes 

reflects the axial position of the NP relative to the focus of the microscope. The glass 

slide is also covered with static surface markers (indicated by the white arrows) to reveal 

the angle between the lobes when a NP is residing at the surface. From these data, we 

extract the 3-D position of the NP as a function of time (see Figures 2.6 and 2.7) and plot 

the horizontal (x-y) and vertical (z) trajectories of the NP as the red curves in Figure 4.6B, 

and C, respectively. 
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Figure 4.6. (A) Optical images of a diffusing fluorescent NP at t = 0.10 s (i), t = 0.95 s 

(ii), and t = 2.25 s (iii). The white arrows point to a surface marker which provides a 

stable reference for the substrate surface. The x-y traces (B) and z-t traces (C) of two 

different 130 nm radius NPs near a bare glass surface (red) and an ITO surface with a 

bias of 1 V (blue) in 0.5 mM phosphate buffer. The trajectories were recorded on a 

camera with a frame rate of 50 ms/frame. (D) Log-log plot of the mean-squared 

displacement, ⟨r2
(t)⟩, as a function of the time lag (Δt) as well as the best-fit line for two 

different NPs diffusing near bare glass (red) and the biased ITO surface (blue). 

Histograms of the α (E) and D (F) values obtained from the power law analysis of NPs 

diffusing near a bare glass (red) and the biased ITO surface (blue).  

To quantify the motion of the NP, the transport dynamics of the NP are evaluated 

by calculating the mean-squared displacement, ⟨r2
(t)⟩, as a function of the time lag (Δt). 

The diffusional displacement should follow the power law described by equation 4.2:
34

 

                                                 <r
2
(t)> = 6Dt


                                                   equation 4.2 

where D is the diffusion coefficient of the NP and α is a parameter that describes its 

diffusion type. Plotting this relationship on a log-log scale yields a straight line with a 

slope equivalent to α, where α = 1 is indicative of Brownian motion. The power law plot 

of this NP on glass is displayed in Figure 4.6D (red), and a linear fit to the data yields α = 
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0.996, which is consistent with Brownian motion. The diffusion coefficient, D, evaluated 

from the intercept of the linear fit (0.791), is 1.03 μm
2
/s (10

0.791
/6). This value is 

comparable to 1.88 μm
2
/s calculated from the Stokes-Einstein equation. The slightly 

lower value may result from the near-wall hindered diffusion.
45

 The mean values for α 

and D evaluated for nine different NPs is 1.05 ± 0.09 and 1.11 ± 0.2 μm
2
/s, and their 

distributions are shown in the red histograms in Figures 4.6E, and F, respectively. 

 Next, we attempt to control the diffusion of the negatively charged NPs near the 

surface by applying a positive potential to a transparent ITO substrate to create an 

attractive electric field at the surface. The x-y and z trajectories of a 130 nm radius 

negatively charged NP (ζ-potential = −55 mV) diffusing close to ITO biased at +1 V are 

shown in the blue curves in Figure 4.6B, and C, respectively. Compared to the NP 

diffusing near the bare glass (red curves), the NP in the attractive electric field appears 

restrained in its axial motion, with the z-position of the NP remaining within 1 μm of the 

substrate (Figure 4.6C). The power law plot of ⟨r2
(t)⟩ versus Δt shown in the blue curve 

in Figure 4.6D yields a linear fit with the slope of α = 0.691; α < 1 is indicative of sub-

diffusive behavior, which occurs when the NP experiences a trapping force that prevents 

it from diffusing freely. The diffusion coefficient D = 0.39 μm
2
/s calculated from the 

intercept is also lower than that of a freely diffusing NP. The average values of α and D 

obtained from 11 individual NPs is 0.72 ± 0.1 and 0.51 ± 0.2 μm
2
/s, with the distributions 

shown in the blue histograms in Figure 4.6E, and F, respectively. The observed 

anomalous 3-D diffusion suggests that the applied electric field is sufficient to hinder the 

particle transport once it is sufficiently close to the electrified surface. 
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4.5 Tracking Delivered Nanoparticles from Pipette to Substrate 

 Having demonstrated our ability to track both NP deliveries from a pipette and 

monitor NP interactions with a substrate, we next put the two systems together in order to 

track NPs from delivery to collision. A pipette filled with 130 nm radius negatively 

charged NPs (∼0.5 pM) is positioned 5 μm away from an ITO substrate, by monitoring 

the distance dependent ionic current change (Figure 4.7). As the pipette approaches the 

substrate the current decreases due to hindered diffusion of ionic flow, this phenomena is 

useful to position the pipette 5 μm away from an ITO substrate. A positive differential 

pressure is applied to drive individual NPs into the external solution and toward the 

substrate. A positive potential is applied to the ITO to promote interaction/adhesion of the 

negatively charged polystyrene NPs to the substrate. In these experiments, only optical 

signals were recorded, which were used for both detecting NP translocations through the 

pipette and tracking the particles near the surface. By adjusting the microscope focus to a 

suitable position, events at the pipette orifice and the ITO surface can be simultaneously 

monitored. 
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Figure 4.7. Current versus pipette displacement curve of a 280-nm-radius pipette 

approaching to a glass substrate. Note that the piezo displacement (d) decreases relative 

to its starting position as the pipette gets closer to the substrate. 

 

 

Figure 4.8. Intensity versus time trace of the optical intensity at the pipette orifice (red) 

and the underlying ITO surface (blue) for the delivery of 130 nm radius fluorescent 

particles, with EITO = 1.4 V (A) and EITO = 1 V (B). The x-y trajectories of 130 nm radius 

NPs with EITO = 1.4 V (C) and EITO = 1 V (D), the z-d plot with EITO = 1.4 V (E) and EITO 

= 1 V (F), and the z-t plots with EITO = 1.4 V (G) and EITO = 1 V (H). The trajectories 

were recorded with a rate of 50 ms/frame. 
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 When 1.4 V electric potential is applied to the ITO (EITO = 1.4 V) in 0.5 mM 

phosphate buffer, a strong electric field will form near the electrode surface. NPs released 

from the pipette are driven by the pressure flow toward the surface, where they are 

expected to be strongly attracted to the substrate due to this positive potential. The optical 

intensities at the pipette orifice and the ITO surface are shown in the red and the blue 

traces in Figure 4.8A, respectively. Two fluorescent NPs released from the pipette 

produce two consecutive spikes in the intensity at the pipette orifice (red curve). After the 

initial translocation events, each is transported to the underlying ITO surface where they 

collide and adhere, as evidenced by two steps in the fluorescence intensity measured at 

the surface (blue curve) that are time-correlated with the original delivery events. When 

the ITO bias was switched to 1 V (Figure 4.8B), we again observe two distinct NP 

translocation events (two spikes in the red curve) and two time-correlated intensity steps 

near the substrate surface (blue curve). However, we observe significant fluctuations in 

the fluorescence intensity for the NPs near the surface, suggesting that they are not 

adhered to the substrate but have sub-diffusive behavior, similar to that in Figure 4.6. 

When the ITO potential was further lowered to 0.8 V, the electric force is not strong 

enough to retain the NPs near the substrate, and after an intensity spike at the surface 

indicative of a collision, the NPs diffuse back into bulk solution (Figure 4.9). The 3-D 

trajectories provide additional information about the transport behavior of the NPs as the 

surface potential is varied. The x-y trajectories of the two NPs from panel A, when EITO = 

1.4 V, are shown in Figure 4.8C. The lateral coordinates stop changing soon after the 

delivery, indicating that the particle is adhered to the surface. The axial coordinates, z, 

versus the lateral coordinates, d, where d is the lateral distance of the particle relative to 
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the pipette orifice (d = √∆𝑥2 +  ∆𝑦2 ), are plotted in Figure 4.8E. The z coordinate 

becomes fixed near zero, and the particles appear stuck ∼13 μm (1) and ∼10 μm (2) 

away from the pipette orifice. One can gain further insight into the axial information by 

plotting z versus t (Figure 4.8G). In each case, the axial position quickly drops to zero in 

less than 0.6 s after delivery and remains constant afterward. Thus, it is concluded that 

1.4 V is high enough to form a strong field that can immobilize the NPs. The positions of 

13 additional NPs, which were delivered and immobilized in the same way (Figure 4.10), 

show deposition that was essentially uniform around the pipette orifice, with an average 

lateral distance of 11.5 μm, consistent with the results in Figure 4.4A, and B. We use 

finite element simulations of the fluid flow, to calculate the force on a single particle 

induced by solution flow impinging on it. The calculated radial component of the force 

which the fluid exerts upon a particle on the surface is 0.07-0.17 fN, where the variability 

comes from the uncertainty in the pipette radius (2.0-2.5 μm), which alters the volume 

flow rate through equation 4.1. As the radial force decreases monotonically with radial 

position in this region (vide infra), the surface attraction that resists motion of the particle 

must be less than or equal to this calculated value. 
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Figure 4.9. (A) Optical intensity vs time as assessed at the pipette orifice (red) and the 

underlying ITO surface (blue) for the delivery of four 130-nm-radius nanoparticles from 

a pipette.  (B) The x-y trajectories of the 4 NPs in panel A. 1 mmHg differential pressure 

was applied to the pipette and the ITO was poised at EITO=0.8 V vs Ag/AgCl. 

 

 

Figure 4.10. (A) Optical images of 13 130-nm-radius NPs immobilized after delivery 

from a pipette to an ITO surface poised at 1.4 V vs Ag/AgCl. (B) The positions of the 

NPs (red points) and the pipette (black circle) extracted from panel A.  

When EITO = 1 V, significant lateral diffusion of the delivered NPs was observed 

(Figure 4.8D), although the electric field was sufficiently attractive to keep the NPs 

within 2 μm of the surface (Figure 4.8F, and H). Analyzing the trajectory of “particle 1” 

using the power law analysis described above reveals α = 1.46. The trajectories of seven 

additional NPs delivered at this ITO potential are shown in Figure 4.11, and results of the 
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power law analysis are listed in Table 4.1. The average α value of these NPs is 1.20, 

which is indicative of super-diffusive behavior; that is, the transport dynamics at the 

substrate are affected by the pressure induced fluid flow from the pipette, which 

continuously pushes the particle on the surface along a preferred trajectory. The average 

D = 1.27 μm
2
 /s is also slightly higher than the value obtained from a freely diffusing NP. 

Unlike most of the NPs, “particle 2” seems to be trapped at a certain lateral spot (8 μm < 

d < 11 μm, Figure 4.8F), and it shows hindered diffusion with α = 0.67. This may result 

from a strong local electric field caused by the heterogeneity of the ITO surface or a 

specific NP carrying a higher charge than the ensemble average. In this case, the 

attractive electric force of the substrate overcomes the fluid dragging force of the pipette, 

and the NP motion is suppressed at this spot. 

 

Figure 4.11. (A) 3-D trajectories of 7 NPs (130-nm-radius) delivered by a 1-µm-radius 

pipette to an ITO surface with EITO=1 V vs Ag/AgCl. (B) x-y trajectories and (C) z-t plots 

of the same particles. (D) Plots of the mean squared displacement vs time from delivery 

(points) and linear fits to these data (lines). 
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Table 4.1. α and D values of the seven NPs obtained by linear fitting of the power law 

(equation 4.2) to the data shown in Figure 4.11, part D. 

 α D (µm
2
/s) 

1 1.18 0.76 

2 1.16 1.51 

3 0.99 0.64 

4 1.48 1.77 

5 1.45 2.37 

6 1.46 1.46 

7 0.67 0.40 

 

4.6 Manipulation of the Nanoparticle Trajectory 

 Knowledge of the effect of both pressure and electric fields on the NP transport 

dynamics can be employed to manipulate the NP motion. A strong electric field at the 

substrate (EITO = 1.4 V) immobilizes a NP, whereas a moderate potential (EITO = 1 V) is 

sufficient to keep the NP close to the substrate, but with freedom to move laterally. In the 

latter case, the pressure-driven flow from the pipette can then be used to push or pull the 

NP laterally, either away or toward the pipette orifice, by applying a positive or negative 

differential pressure, respectively. This is illustrated in Figure 4.12A, which shows the x-

y trajectories of two 130 nm radius NPs traveling along the ITO surface under the 

combination of a positive differential pressure (1 mmHg) and a moderately strong electric 

field (EITO = 1 V). After delivery to the surface, the NPs move systematically in one 

direction, tracking the direction of the pressure-driven fluid flow in a super-diffusive 

manner. However, once the particles are sufficiently far from the particle orifice, the 

influence of fluid flow decreases, and the lateral motion becomes more random. Upon 

reversing the pressure to a negative differential pressure, while keeping EITO unchanged, 
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the NPs are driven back toward the pipette. Eventually, the force induced by the fluid 

flow on the particle is sufficiently large to overcome the electric field, and the NPs are 

pulled from the surface and back into the pipette, as shown in Figure 4.12B. This 

approach suggests the possibility for controlled delivery and uptake of nano-objects by 

balancing the attractive/repulsive effects of the electric field and fluid flow. 

  

Figure 4.12. (A) x-y trajectories and (B) z-t plot of 130 nm radius NPs delivered to an 

ITO surface with EITO = 1 V. The black dashed line in (B) indicates the time when the 

applied pressure is reversed. (C) Controlled NP manipulation with EITO = 1 V to keep the 

particle close to the substrate and a negative differential pressure at the pipette to drag the 

particle along the surface. (Top) 3-D trajectories of the pipette (black) and the NP (red) 

positions show that the NP tracks the lateral position of the pipette as it moves along the 

y-axis. The black and red arrows in the 3-D trajectories indicate the moving direction. 

(Bottom) Optical micrographs showing snapshots of the pipette and NP positions. The 

white arrows in panel i point to static surface markers to help guide the eye, and the NP is 

inside the white square in panels ii-iv.  

Finally, we show that by balancing the forces associated with the pressure-driven 

flow and electric fields produced by the pipette and substrate, respectively, we are able to 



85 

 

actively control and manipulate the position of the particle. For example, when a NP is 

positioned directly underneath the pipette orifice, it should be free of any dragging forces 

in the lateral direction. The NP motion in the axial direction will depend on the 

combination of the pressure and the electric force. An attempt to balance the two forces 

was made by tuning the applied negative differential pressure, which provides an upward 

force, while holding the system at EITO = 1 V, providing a downward force. We observed 

that several NPs could be observed hovering under the pipette orifice with a suitable 

negative differential pressure (−0.5 to −1 mmHg) and a constant potential bias (EITO = 1 

V). The upward dragging force from the pressure field was initially equal to or less than 

the downward attractive force of the electrified substrate. However, after the substrate 

was switched to open circuit, the dragging force dominated and drove the NPs into the 

pipette. 

 Using this same principle of balancing forces, we were able to manipulate the 

position of a NP in real time by moving a pipette laterally and dragging the particle along 

using the fluid flow. In these experiments, the pipette was positioned 5 μm away from the 

substrate, with 1 V potential applied on the ITO. Figure 4.12C shows the 3-D trajectories 

of the pipette orifice (black) and the delivered NP (red), alongside a series of optical 

micrographs of this process. Two surface markers indicated by the arrows in panel i serve 

as a reference. In panel ii, a 130 nm radius NP was delivered using a positive differential 

pressure and was immediately attracted by the substrate. The applied pressure was then 

reversed and adjusted between −0.5 and −1 mmHg. Next, the pipette was translated along 

the y-axis, and the NP (highlighted by the dashed squares) followed the pipette position 

as shown both in the optical micrographs (panels ii-iv) as well as in the 3-D trajectories. 
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The lateral distance between the NP and the pipette orifice remained within 4 μm 

throughout this process, and the axial distance from the nanoparticle to the substrate 

stayed within 1.6 μm, showing the balance between the two opposing forces. Figure 4.13 

shows a second example in which the pipette is reversibly moved between the +y and −y 

directions, with the NP starting ∼20 μm away from the orifice. In this example, the 

motion of the NP continues to track the direction of the pipette, with no lag time between 

a change in the pipette trajectory and a corresponding change in the NP trajectory. 

 

Figure 4.13. The trajectory of a moving pipette (1-µm-radius, black dots) and a 130-nm-

radius NP in the external solution (red dots). A negative differential pressure (-1 mmHg) 

was applied and EITO=1 V. The pipette was manually shifted along the y-axis. The NP 

was essentially following the pipette trajectory. 

To understand these effects, we simulated the forces caused by the pressure-

driven flow impinging upon the particle, as shown in Figure 4.14A, and B, for a negative 

differential pressure of −1 mmHg (other parameters chosen to match experiments). In 

Figure 4.14A, the negative sign of the radial force, which is apparent for all positions of 

the particle, indicates this force acts toward the axis of the pipette (radial position = 0), as 
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would be expected for the inward flow induced by the applied pressure. At far distances, 

where the flow velocity is lower, the radial component of the force diminishes, and when 

this is less than the adhesive (electrostatic) forces, the particle can no longer be moved by 

the fluid flow. At these moderate to far distances (radial position ≥ 4 μm), there is 

essentially no vertical component to the force on the particle. The pressure field around 

the particle (panel B) shows that the pressure on the top left side of the particle is lower 

than that on the lower-left side, which would indicate a force away from the surface; 

however, the pressures on the right-hand side of the particle show the opposite trend, 

leading to a minimal net lift force on the particle. In contrast, the radial force arises from 

the discrepancy in the forces in the top-right and top-left quadrants of the particle. The 

resultant force vector (red arrow) shows the ∼50:1 radial to vertical force ratio. When the 

particle is close to the orifice of the pipette, there is a concomitant drop in the radial force 

and a significant positive (upward) vertical force is observed. A reversal of the applied 

pressure causes the direction of the forces to flip, repelling the particle from the pipette 

(not shown). 
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Figure 4.14. (A) Simulated force on a single nanoparticle as a function of its radial 

position and (B) simulated pressure profile near the particle. The white streamlines 

indicate the directions of flow (right to left). The red arrow represents the direction of the 

force on the particle. 

4.7 Conclusion 

 In summary, we have demonstrated the use of a resistive-pulse setup coupled with 

an optical microscope for controlled delivery of single fluorescent NPs to an electrified 

substrate. Correlated resistive-pulse and optical signals were obtained during delivery 

from a pipette, and single NP trajectories showed the expected radial and pressure-

dependent responses based on the profile of the pressure-driven flow. By using 3-D 

super-resolution imaging, precise diffusion trajectories of NPs could be resolved, 

allowing us to follow the dynamics of single NPs from delivery to collision and any 

subsequent dynamics. In the absence of pressure-driven flow from the pipette, NPs 

experience attractive forces at an electrified interface and show sub-diffusive behavior. 

However, upon the addition of a pressure-driven flow, super-diffusion is observed, 

indicating that the force acting on the NP from the fluid can compete with the force 

generated by the electric field. This competition was exploited to manipulate the motion 

of a NP in real time by controlling the pressure and the applied potential. The developed 
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approach for controlled delivery and capture of individual NPs has implications for 

surface patterning,
46,47

 drug delivery,
48−50

 and nanosampling
51,52

 in biological cells. 
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CHAPTER 5: VISUALIZING THE EFFECT OF PARTIAL OXIDE 

FORMATION ON SINGLE SILVER NANOPARTICLE 

ELECTRODISSOLUTION
3
 

5.1 Introduction 

Plasmonic nanoparticles (NPs) are used in a variety of applications such as substrates 

for surface-enhanced spectroscopies (e.g., surface-enhanced Raman scattering, SERS),
1−3

 

plasmonic heating,
4−6

 and plasmon-mediated electrochemical reactions.
7,8

 Silver NPs are 

of particular interest due to their localized surface plasmon resonance lying in the visible 

region, the tunability of their spectral properties based on the particle size and shape, and 

their utility in plasmon-based electrochemical reactions due to high generation of hot 

electrons.
9,10

 However, the main challenge associated with Ag NPs is the formation of 

silver oxide on the NP surface, which damps the plasmon response of the nanoparticles 

and reduces their efficacy as nanoscale electrodes.
11

 It is well-known that the native oxide 

layer on the Ag NP lowers the enhancement factor of the electromagnetic field 

surrounding the nanoparticle and thus affects the SERS enhancement.
12,13

 However, the 

role of the surface oxide on electrochemical reactions involving silver NPs is less well-

known. Here we study the electrodissolution of single Ag NPs to uncover both temporal 

and spatial heterogeneity in the silver oxidation process and to understand how surface 

oxide formation impacts local electrochemical reactions. 

Single nanoparticle electrochemistry is essential to understand nanoscale 

electrochemical mechanisms because it exposes any surface-induced heterogeneity, 

                                                 
3
 Reprinted with permission from V. Sundaresan, J.W. Monaghan, K.A. Willets. “Visualizing the Effect of 

Partial Oxide Formation on Single Silver Nanoparticle Electrodissolution”, J. Phys. Chem. C, 2018, 122, 

3138-3145. Copyright 2018 American Chemical Society.  
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which would be hidden in an ensemble-averaged measurement.
14−17

 Electrodissolution/ 

corrosion of single Ag NPs has been studied by several other groups using 

electrochemical,
18−23

 optical,
24−31

 and correlated electrochemical-optical approaches.
32−34

 

Electrochemical measurements of single nanoparticle electrodissolution typically involve 

measuring changes in current as a silver nanoparticle collides with an ultramicroelectrode 

and is subsequently oxidized. The charge associated with each collision event reveals the 

extent to which the particle is oxidized at the surface.
18

 Although the collision-based 

experiments show heterogeneity in the magnitude of the oxidation current, the collision 

of inactive particles cannot be observed, and particles that show sluggish or delayed 

oxidation kinetics cannot be easily identified. To overcome this limitation, optical 

methods such as dark-field scattering or photoluminescence imaging are used,
27

 in which 

electrochemical reactions involving the nanoparticle modulate the intensity of its optical 

signature. This strategy allows every NP on the surface to be observed (provided they 

generate sufficient signal) and readily exposes inactive particles or delayed oxidation 

events. However, while both the electrochemical and optical methods reveal 

heterogeneity in the electrodissolution of nanoparticles on an electrode surface, neither 

provides insight into why this heterogeneous behavior occurs. In this chapter, we use 

dark-field super-localization optical imaging to probe electrodissolution of single silver 

nanoparticles on an electrode surface and reveal both temporally and spatially 

heterogeneous behavior, which we attribute to differences in the formation of oxide 

layers on the nanoparticle surfaces. This method offers a spatial precision better than 10 

nm, which makes it a useful tool for understanding real-time nanoscale variations in the 

electrodissolution properties of single NPs on the electrode surface. 
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5.2 Heterogeneity in the Oxidation Kinetics of Individual Ag NPs 

 To uncover the heterogeneity in the oxidation kinetics of individual Ag NPs and 

their relationship to the applied oxidation potential, potential-dependent dark-field 

imaging was employed. The schematic of experimental setup is shown in Figure 5.1, in 

which 73 nm diameter Ag NPs were drop-cast on an ITO coated glass coverslip to serve 

as a working electrode, and two individual Pt wires serve as reference and counter 

electrodes. White light passed through the dark-field condenser was used to illuminate 

Ag NPs, and the scattered light from Ag NP was collected through a 100x oil immersion 

objective and imaged on an EM-CCD camera. The oxidation of Ag NPs was observed as 

a decrease in the dark-field scattering intensity as each particle shrinks in size during the 

electrodissolution process. In addition to particle shrinkage, scattering intensity changes 

can be observed due to the shifts in the refractive index of the particles due to changes in 

the native surface oxide layer as well as changes in particle shape. Figure 5.2A shows 

three different types of oxidation behaviors that occur as the potential is stepped from 0 

to 1.2 V: (1) fast oxidation, in which the scattering intensity drops to background in less 

than 0.5 s (green trace); (2) slow oxidation, in which the scattering intensity falls 

gradually over time but does not show complete oxidation by 0.5 s (blue trace); and (3) 

no oxidation, indicated by no change in the scattering intensity (orange trace). We note 

that the criterion for distinguishing fast oxidation from slow oxidation (0.5 s) is arbitrarily 

chosen but allows us to easily discriminate the two oxidation behaviors in a large 

population of nanoparticles. 
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Figure 5.1. Schematic of the experimental setup in which an electrochemical cell is 

mounted on an inverted optical microscope and dark field scattering from single 

nanoparticles is observed as a function of an applied potential. 
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Figure 5.2. (A) Scattering intensity vs time for three representative Ag NPs, showing 

different oxidation behaviors: fast oxidation (0.5 s, blue trace), and no oxidation (orange 

trace). The corresponding optical images for each of the three cases are shown and color-

coded accordingly. The applied potentials are indicated at the top of the graph and are as 

follows: 0 V for 10 s, 1.2 V for 120 s, and open circuit potential (ocp) for 20 s. (B) 

Oxidation behavior summary for 250 Ag NPs taken at four different potentials: 0.8, 1.0, 

1.2, and 1.4 V. (C) Histogram of the time required for the particle intensity to drop to 

50% of its original value at 1.2 V (blue) and 1.4 V (pink). (D) Histogram of the time 

required for the particle intensity to drop to 90% of its original value at 1.2 V (blue) and 

1.4 V (pink). The red dashed lines indicate particles that either do not oxidize or do not 

reach the intensity threshold within 120 s. 

Figure 5.2B summarizes the fraction of nanoparticles undergoing fast, slow, and 

no oxidation at four different oxidation potentials. At the lowest applied potential (0.8 V), 

about 85% of the particles show no oxidation, indicating that the supporting ITO 

substrate requires a significant overpotential to generate silver oxidation. For potentials 

above 1.0 V, where silver oxidation is observed for most of the nanoparticles studied, 

slow oxidation behavior dominates fast oxidation (this can also be observed in the graphs 



100 

 

in Figure 5.3), although fast oxidation becomes more prominent at a potential of 1.4 V. 

Because slow oxidation events do not always show a continuous drop in intensity or fall 

completely to background (Figure 5.4), we cannot fit the data to a single exponential (or 

other function) to extract kinetic data. Instead, we calculate the time required for the 

scattering intensity to drop to either 50% or 90% of its original value for 250 individual 

nanoparticles and plot the results for the two most oxidizing potentials (1.2 and 1.4 V) in 

Figures 5.2C and D, respectively. The histogram in Figure 5.2C shows that most particles 

reach 50% of their original intensity by 40 s for both applied potentials (1.2 V (blue) and 

1.4 V (pink)). However, the histogram in Figure 5.2D shows the emergence of multiple 

time scales required for the nanoparticles to drop to 90% of their original intensity. (The 

data shown after the red dotted line corresponds to particles that showed no oxidation or 

did not reach the respective threshold intensity drop by the time the potential was 

returned to open circuit.) Moreover, when the 90% intensity drop criterion is imposed, 

there is a clear shift to shorter oxidation times for the nanoparticles oxidized at 1.4 V vs 

1.2 V. This study shows that kinetics of nanoparticle oxidation is heterogeneous over 

different oxidation potentials and that at least 1.2 V is required to oxidize nearly all of the 

particles on the ITO substrate, with the significant overpotential (E > 1 V) most likely 

due to the sluggish electron transfer kinetics of the ITO substrate.
27,35 
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Figure 5.3.  Comparison of the three sub-types of silver oxidation (slow, fast and no 

oxidation) observed at varying potentials as labelled.  For each potential, 250 particles 

were analyzed and separated into the respective sub-type of oxidation behavior.  

 

Figure 5.4.  Four different individual Ag NP showing diverse slow oxidation (t>0.5 s to 

oxidize) behaviors.   
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5.3 Spatial and Temporal Dependence of Single Ag NP Electrodissolution 

 In order to further investigate the heterogeneity of electrochemical dissolution of 

single nanoparticles, a dark-field super-localization technique with a spatial precision 

better than 10 nm was used. Each diffraction limited dark-field image of a single Ag NP 

was fit to a 2-D Gaussian equation, and the center position of the NP was determined 

(Figure 2.9). To determine the precision of this approach, 1500 images of several single 

Ag NPs were recorded without applying a potential, and their center positions were 

determined (Figure 5.5). The calculated standard deviation in the center positions of the 

particles was less than 10 nm, which both reveals the precision of our technique and 

shows that nanoparticles are stationary under conditions when no potential is applied. 

 

Figure 5.5. Scatter plots showing center positions of 4 different Ag NPs under no 

electrochemical potential for 1500 frames with the acquisition time of 0.1 s/frame. The 

deviation in the localization is due to the precision while fitting to the 2-D Gaussian 

function.   
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Next, an oxidation potential of 1.2 V was applied, and the center position of the 

Ag NP undergoing electrochemical dissolution was extracted by fitting the sequential 

dark-field optical images. A time- and potential-dependent scatter plot was created for 

each Ag NP from the extracted center points as shown in Figure 5.6, left column. In all 

three cases shown, slow oxidation kinetics were observed (Figure 5.6, right column). The 

behavior in Figure 5.6A (which we call symmetric) shows an example in which the 

spatial origin of the scattering does not change over time, even as the integrated dark field 

scattering intensity of the NP decreases (Figure 5.6B). In comparison, Figure 5.6C shows 

an example in which the spatial origin of the NP scattering shifts as the Ag NP oxidizes, 

as indicated by the color coding of the points; we call this behavior asymmetric. Figure 

5.6E shows a third type of behavior (“jump” and asymmetric), where the spatial origin of 

the NP scattering changes abruptly as soon as the potential is switched from 0 V (black 

dots) to 1.2 V (yellow points) at 10 s. After this initial jump, the spatial origin shifts 

gradually over time as the particle oxidizes, similar to asymmetric behavior in Figure 

5.6C. Additional examples of all three oxidation behaviors are shown in Figure 5.7. We 

note that particles undergoing fast oxidation show only symmetric behavior, while 

particles that do not oxidize also show symmetric behavior indicating that they are 

stationary under an applied oxidation potential (Figure 5.8).  
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Figure 5.6. Left: scatter plots showing the (x, y) center positions of a single Ag NP at 0 V 

for the first 10 s (black dots) and at 1.2 V after 10 s (orange to red points). The color 

represents the evolution of time as shown in the color bar. Right: intensity−time traces 

obtained by integrating the intensity of the dark-field image of each respective particle 

shown on the left. The applied potentials are shown at the top of each graph. (A) The 

center position of the Ag NP is stationary during oxidation. (C) The center position 

changes continuously, moving toward the upper right as the particle oxidizes. (E) The 

center position show a sudden change after 1.2 V is initially applied and then gradually 

shifts upward as the particle oxidizes. 
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Figure 5.7. More examples of Ag NPs undergoing oxidation with three distinct 

behaviors: (A) Symmetric oxidation (B) Asymmetric oxidation and (C) Jump followed 

by either symmetric or asymmetric oxidation. Black dots correspond to the center 

positions when the electrode was held at 0 V (1-10 s) and orange to red points 

corresponds to the center positions when the electrode was held at 1.2 V. The 

corresponding d and ratio values of these examples are shown in Table 5.1. 
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Figure 5.8. Scatter plot showing that the center positions of two different Ag NPs (A and 

B) undergoing no oxidation at 1.2 V were stationary and show a symmetric behavior. (C) 

The intensity-time traces of the two particles shown in panel A and B, which are color 

coded respectively.  

 

Table 5.1. The corresponding d and ratio values of the example shown in Figure 5.7. 

 

 

 

 

 

 

 d  (nm) Ratio 

A-1 7 1.3 

A-2 6 0.8 

A-3 1 1.3 

B-1 5 1.3 

B-2 10 2.2 

B-3 12 3.8 

C-1 57 1.5 

C-2 32 0.8 

C-3 38 1.4 
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To differentiate the three types of behaviors described, we first quantified the shift 

in the center position (e.g., the magnitude of the “jump”), d, of each NP upon applying an 

oxidation potential (Figure 5.9A). The d value is obtained by calculating the difference 

between the average center position of the NP during the first 10 s at 0 V (red ‘X’ in 

Figure 5.9A) and the average center position of the NP for the next 10 s at 1.2 V (green 

‘X’ in Figure 5.9A). The calculated d values for the three examples in Figure 5.6 were 

found to be 3, 6, and 33 nm for the particles shown in panels A, C, and E, respectively 

(Table 5.1 has additional values for the examples in Figure 5.7). Figure 5.9B shows a 

histogram of d values for Ag NPs at three different oxidation potentials. For all particles 

included in this histogram, slow oxidation kinetics was observed, with a minimum 

oxidation time of 10 s. At 1.0 V (green data), the calculated d for all particles except one 

are less than 10 nm, indicating the particles do not change their position when a positive 

potential is applied. However, at the higher potentials (1.2 and 1.4 V, red and blue, 

respectively), the d values shift toward larger values, indicating that many particles show 

a “jump” from their initial position as the potential is stepped from 0 to >1 V. Control 

studies carried out at no potential, 0.3, 0.6, and 0.9 V are shown in Figure 5.10, and the 

value of d (for 25 particles in each case) is found to be < 10 nm (e.g., the particles do not 

move when the positive potential is applied). 
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Figure 5.9. (A) Illustration of how the d value is calculated to differentiate “jump” 

behavior. The red ‘X’ and green ‘X’ indicate the average center positions of the Ag NP at 

0 V (0.1 − 10 s) and 1.2 V (10.1 − 20 s), respectively. The distance between the red and 

green X’s is calculated and indicated as d. (B) Histograms showing d values with the bin 

size of 10 nm for a population of Ag NPs at three different oxidation potentials (1.0 V, 

green; 1.2 V, red; 1.4 V, blue).  
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Figure 5.10. Histograms of particle movement, d (nm), upon switching the potential from 

0 V to the different oxidation potential (0.3,0.6, and 0.9V) as labelled.  

Our next goal is to differentiate symmetric and asymmetric behavior. To do this, 

we calculate an asymmetry ratio which we define as the ratio of the spread in the center 

positions along the long and short axis of the distribution during the times when the 

potential is held at an oxidizing value (see Figure 5.11A and Figure 5.12 for more 

details). In the case of ideal symmetric behavior, the calculated asymmetry ratio will be 

one, whereas for asymmetric behavior this ratio will be greater than one. The calculated 

asymmetry ratio for the particles shown in Figures 5.6A, C, and E are 0.8, 1.6, and 2.2, 

respectively, which agrees with the previous qualitative assignments of symmetric (panel 

A) and asymmetric (panels C and E) behavior. The asymmetry ratio was calculated for 

>20 individual Ag NPs at two different potentials (1.0 and 1.2 V), and the results are 

shown as histograms in Figure 5.11B. These data show that both symmetric and 
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asymmetric behaviors are observed, with ∼70% of the particles showing asymmetric 

behavior. From the histograms we note that the relative distribution of behaviors 

(symmetric vs asymmetric) does not depend on the applied oxidation potential, 

suggesting that the origin of the asymmetry is not potential-dependent but is instead 

related to the properties of the Ag NPs. 

 

Figure 5.11. (A) Schematic showing the calculation of the asymmetry ratio. The red 

border in panel i corresponds to the center positions obtained after 1.2 V was applied 

(starting from 11 s) until the particle showed a 90% drop from its initial scattering 

intensity. The area encompassed by the red border is rotated as shown in panel ii (see 

Figure 5.12 for details), and the asymmetry ratio was determined by calculating average 

distance of each center position in x and y directions. (B) Histograms of the asymmetry 

ratio (bin size is 0.4) of Ag NPs oxidizing at 1.0 V (blue) and 1.2 V (pink). 
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Figure 5.12. (A) Scatter plot showing the center positions of a Ag NP during oxidation 

(1-10s  0 V, 10.1-37 s  1.2 V). The  points within the red border represents the center 

positions starting from 10.1 s to the time taken to for the particle to show 90 % drop in 

scattering intensity. (B) Zoomed in portion of the center positions within the red border 

from panel A. The average of all included center positions was calculated and arbitrarily 

set as a point of origin (0,0)  as indicated by the blue dashed line. A linear fit of all points 

is shown as the red solid line.  Angle (
o
) was calculated using the slope of this line. (C) 

Center points in panel B before rotation (black dots) and after rotating by -
o
 (red dots). 

After the rotation, the ratio of the average distance in x and y of all center position is 

calculated. 

Next, we examined the trajectories of the dissolution process, in order to 

determine if the asymmetric trajectories originate from particles shifting in position over 

time due to motion on the surface induced by electro-osmotic or electrophoretic flow. To 

do this, the raw x and y coordinates were smoothed using a 9 point moving average filter, 

and the average center position of the Ag NP during the first 10 s at an oxidizing 

potential was set as the origin with all other positions calculated relative to this value. 

The distance r and orientation θ relative to this origin were calculated over time using 

equations 5.1 and 5.2, respectively. In these equations, xi and yi correspond to the origin, 

while x and y correspond to the center positions for each frame.       

                                                 𝑟(𝑡) = √(𝑥(𝑡) − 𝑥𝑖)2 + (𝑦(𝑡) − 𝑦𝑖)2                    equation 5.1  

 

                                                   𝜃(𝑡) =  𝑡𝑎𝑛−1 [
𝑦(𝑡)

𝑥(𝑡)
]                                              equation 5.2 
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Polar plots showing the time-dependent trajectories of r and θ for >20 

representative Ag NPs at two different oxidation potentials are shown in Figures 5.13A 

and 5.13B. We note that the orientations of the Ag NP trajectories show no directional 

preference and cover 360°, indicating that the change in the spatial position of each Ag 

NP is not due to electro-osmotic or electrophoretic flow within the electrochemical cell. 

From this data, we also see that the length of each trajectory (rmax) does not depend on the 

time it takes for each Ag NP to reach 90% of its original intensity, as indicated by the 

color of each trajectory (see Figure 5.14 for the same data but colored according to the 

time to reach 50% of the original intensity). For example, the red circle in Figure 5.13B 

indicates a radius of 40 nm. Eight trajectories reach this rmax value but show different 

oxidation times, ranging from 10 to 50 s, as represented in different colors. Figure 5.13C 

shows a histogram of rmax values at 1.0 V (blue) and 1.2 V (pink) and indicates that the 

distribution of rmax values is relatively independent of the applied oxidation potential, 

further supporting our claim that electro-osmotic or electrophoretic motion is not 

responsible for the apparent shift in the nanoparticle position. Moreover, we do not 

observe trajectories that extend beyond the physical dimensions of the particles (∼73 nm 

diameter). 
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Figure 5.13. (A, B) Polar plots showing calculated r and θ for 20 and 28 particles 

undergoing electrodissolution at (A) 1.0 and (B) 1.2 V, respectively. The average center 

position of each Ag NP between 10.1 and 20 s (1.2 V) was set as its origin for the polar 

plot. The color of each trajectory represents the time taken for the particle to show a 90% 

drop of its original intensity as indicated in the respective color bars. The maximum 

radius of each polar plot is 50 nm. (C) Histograms showing rmax values for 15 

representative Ag NPs at two different oxidation potentials (1.0 V, blue; 1.2 V, pink). 
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Figure 5.14. Polar plots showing calculated r and the orientation for 20 and 28 particles 

undergoing electrodissolution at 1.0 (left) and 1.2 V (right) respectively. The average 

center position of the Ag NP between 10.1 and 20 s (1.2 V) was set as an origin for the 

polar plot. The color of each trajectory represents the time taken for the particle to show 

50% drop in the intensity based on the respective color bars.  

5.4 Proposed Mechanism for Spatially Varying Electrodissolution 

 To explain both the changes in the spatial origin of Ag NP scattering during the 

electrodissolution process as well as why we observe both symmetric and asymmetric 

oxidation behavior, we propose the mechanism depicted in Figure 5.15 in which the 

thickness and/or heterogeneity of the surface oxide layer impacts the electrodissolution 

behavior. We also note that depending on the experimental conditions, Ag NPs surface 

may have hydroxide, oxyhydride, or carbonate layers in addition to a silver oxide layer 

which would impact the electrodissolution behavior. If the oxide layer on the NP is either 

thin and uniform (top schematic of Figure 5.15A) or nonexistent, the Ag oxidizes to Ag
+
 

uniformly across the nanoparticle surface, yielding symmetric dissolution of the Ag NP. 

In this case, the particle surface would dissolve uniformly around the core, reducing the 

size (and thus scattering intensity) from the Ag NP but leaving the center position in a 
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fixed position (Figure 5.15B, left pathway). On the other hand, if the oxide layer is non-

uniform across the particle surface (bottom schematic of Figure 5.15A), the Ag will 

preferentially oxidize to Ag
+
 from the more exposed side, leading to asymmetric 

dissolution behavior. During this asymmetric oxidation (right pathway of Figure 5.15B), 

the particle shape and size change anisotropically, shifting the center position of the 

scattering as the geometry of the nanoparticle changes and generating the observed 

asymmetric dissolution behavior. We note that in both pathways the presence of the oxide 

layer is expected to slow the oxidation kinetics of the silver, consistent with both 

symmetric and asymmetric oxidation behavior observed for the slow oxidation events. 

 

Figure 5.15. (A) Schematic showing how the native oxide layer on the surface of the Ag 

NP influences electrodissolution of a single Ag NP to undergo either symmetric (top) or 

asymmetric (bottom) dissolution pathways. (B) Schematic showing the comparison 

between the changes in the center position (peak of the Gaussian) of the Ag NP 

undergoing symmetric versus asymmetric oxidation. 
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To confirm our hypothesis that the spatial origin of the dark field scattering 

changes due to anisotropic dissolution of the particle and not due to particle movement, 

polarization resolved studies were carried out by inserting a birefringent crystal in the 

detection path of our optical microscope. The scattered light from the Ag NP is collected 

through the objective and sent through a calcite crystal, which splits the scattered light 

into two orthogonal polarizations. Imaging a single Ag NP through the calcite crystal 

produces two diffraction-limited images as shown in Figure 5.16A-i. For an isotropic 

nanoparticle, the two polarization-resolved images will have identical intensities; 

however, anisotropic nanoparticles will show different intensities between the two 

channels depending on the orientation of the particle.
36,37

 To quantify the anisotropy of a 

nanoparticle, we define the M value in equation 5.3, where Ileft and Iright correspond to the 

intensity of the left and right polarization-resolved images, respectively. In the case of a 

perfectly symmetric particle (spherical shape) the M value is 0, whereas an asymmetric 

particle will have an |M| value between 0 and 1, depending upon the extent of the 

anisotropy.
38

 

                                                   M = 
𝐼left−𝐼right

  𝐼left+𝐼right
                                        equation 5.3 
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Figure 5.16. (A, C) Series of dark-field optical images of a single Ag NP undergoing (A) 

symmetric oxidation and (C) asymmetric oxidation as imaged through a birefringent 

crystal at (i) 0, (ii) 30, and (iii) 130 s. Scale bars = 1 μm. (B, D) Intensity-time traces of 

the left image, right image, and sum of both images (top panel) and changes in the 

calculated M value over time (bottom panel) for (B) symmetric and (D) asymmetric 

oxidation corresponding to panels A and C, respectively. The small variation around 110 

s was due to a different particle diffusing in the background during the measurement. 

During the silver oxidation experiments, two polarization-resolved images are 

obtained for each individual Ag NP, as shown in Figure 5.16A, i-iii. The potential of the 

working electrode is held at 0 V for the first 10 s and then switched to the oxidation 

potential of 1.2 V. As the particle starts to oxidize, the intensity of the two images 

decreases, indicating a decrease in particle size as shown in the series of dark-field 



118 

 

optical images in Figure 5.16A (i, ii, and iii correspond to 0, 30, and 130 s, respectively). 

The corresponding intensity-time trace is obtained by integrating the intensity of left and 

right images separately over time as shown in Figure 5.16B. The intensity of both 

polarization-resolved images decreases at the same rate, and the calculated M value 

(Figure 5.16B bottom panel) is ∼0 throughout the oxidation of the particle, clearly 

indicating that the particle is oxidizing in an isotropic manner, similar to the proposed 

symmetric pathway shown in Figure 5.15. Conversely, the Ag NP shown in Figures 

5.16C and 5.16D shows variation between the intensities of the two polarization-resolved 

images over time. The calculated M value (Figure 5.16D, bottom panel) before oxidation 

is 0, showing that the particle is initially isotropic; however, upon applying an oxidizing 

potential at 10 s, the M value shifts toward negative values, confirming that the NP 

undergoes a change in its shape and becomes increasingly anisotropic during the 

electrodissolution process. This Ag NP shows behavior consistent with the asymmetric 

dissolution pathway in Figure 5.15. 

5.5 Verifying the Role of Silver Oxide on Heterogeneous Electrodissolution 

 To validate that the nature of particle dissolution (symmetric vs asymmetric) is 

influenced by the silver oxide layer on the NP surface, electrodissolution experiments 

were carried out at basic pH. The formation of the oxide layer is accelerated under basic 

conditions,
39−41

 which results in the formation of a thick silver oxide layer on the NP 

surface and prevents electrodissolution of the particle. For these experiments, the 

electrolyte pH was adjusted to pH 9 by adding NaOH to the 20 mM KNO3 solution. 

Figure 5.17 shows the results of these experiments with two key results: First, the 

particles show intensity damping during the first 10 s when no oxidation potential is 
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applied, consistent with the accelerated formation of the native oxide layer on the silver 

in the higher pH solution. (We note that this initial loss of intensity was observed in other 

experiments as well and suggests that light helps drive oxide formation at 0 V, although 

this is beyond the scope of the present study.) Second, upon applying 1.2 V, no 

electrodissolution of the Ag NPs was observed, which suggests that the surface silver 

oxide layer is thick enough to prevent further oxidation of Ag NPs to silver ions. 

 

Figure 5.17. (A) Dark-field optical images of Ag NP imaged through the birefringent 

crystal at pH 9 at 0 V (0.1 s) and 1.2 V (12 s and 130 s) as labelled. Scale bars = 3 µm. 

(B) Intensity time traces of two different particles from panel A indicated by two arrows 

as color coded.  

To further confirm the role of the surface silver oxide on Ag NP 

electrodissolution, we studied the electrodissolution process of Ag particles without any 
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surface oxide layer. Silver particles were electrodeposited at −0.2 V from a 1 μM AgNO3 

solution on the ITO electrode to generate surface oxide free Ag particles. Immediately 

following electrodeposition, electrodissolution of the pristine Ag particles was performed 

in 20 mM KNO3, where the electrode was held at 0 V for the first 10 s (Figure 5.18A) 

and then switched to an oxidizing potential of 1.2 V at 10 s (Figure 5.18B). The intensity 

time traces of 10 different electrodeposited particles during electrodissolution (Figure 

5.18C) show that the intensity of all particles drop sharply to background (within 100 ms) 

upon applying an oxidation potential, indicating the spontaneous electrodissolution of Ag 

particles. This further supports our claim that surface oxide formation is responsible for 

the sluggish electrodissolution kinetics of the Ag NPs and is thus responsible for the 

observed asymmetric electrodissolution trajectories. 
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Figure 5.18. (A) Dark-field optical image of electrodeposited Ag particles at 0.1 s held at 

0 V. (B) Optical image showing bare ITO after the electrodissolution of all the particles 

in panel A within 100 ms upon applying oxidation potential at 10 s. Scale bars = 5 μm. 

(C) Intensity time traces showing rapid electrodissolution of 10 different electrodeposited 

Ag particles. 

5.6 Conclusions 

 In summary, we used optical dark-field scattering to study the oxidation of 

individual Ag NPs on ITO at various potentials and revealed that surface oxide formation 

impacts both the kinetics and the spatially dependent oxidation behavior. Intensity-time 

traces of individual NPs show that electrodissolution kinetics are highly heterogeneous, 

with some particles undergoing fast oxidation while others oxidize over much longer time 

scales. Super-localization and polarization resolved optical imaging of individual Ag NPs 

reveal that the particle shape can change anisotropically during electrodissolution based 
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on the nature of surface oxide layer. This finding is useful to explain the variation in the 

magnitude of the observed current during collision-based single Ag NPs 

electrodissolution experiments and provides insight into the effect of surface oxides on 

electrochemical reactions using silver nanoparticle electrodes. Lastly, the approach 

described herein is versatile and can be extended to understand various electrochemical 

and galvanic reactions occurring at nanoscale electrodes. 
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CHAPTER 6: MONITORING SIMULTANEOUS ELECTROCHEMICAL 

REACTIONS WITH SINGLE PARTICLE IMAGING
4
 

6.1 Introduction 

Silver nanoparticles (NPs) have a wide range of applications, such as catalyzing 

the photodecomposition of environmental contaminants,
1
 selectively oxidizing organic 

species such as benzene and carbon monoxide,
2,3

 serving as substrates for surface-

enhanced Raman scattering (SERS),
4
 acting as plasmonic photo-catalysts through the 

generation of hot charge carriers,
5,6

 and providing antimicrobial activity.
7
 However, a 

major issue with Ag NPs is the formation of an oxide/hydroxide layer on their surface 

that results in reduced efficiency in all of the above-mentioned applications. For example, 

surface oxides on Ag NPs can reduce SERS signals by damping the plasmon-driven 

electromagnetic field enhancements near the particle surface.
8,9

 Surface oxide layers also 

impact the electrochemical behavior of Ag NPs, affecting both their performance as 

electrodes as well as their electrodissolution kinetics during silver oxidation.
10

    

 In Chapter 5, we showed how nanoscale heterogeneity of surface oxide layers 

impacts the kinetics and morphology of single Ag NPs during electrodissolution using 

dark-field microscopy.
10

 Electrochemical studies at the single particle level are of great 

interest because they reveal particle-to-particle heterogeneity and provide an 

understanding of the underlying mechanisms that may be hidden in ensemble 

electrochemical measurements.
11–13 

Several other groups have also studied the oxidation 

of single Ag NPs using electrochemical, optical, and correlated electrochemical-optical 

                                                 
4
 Reprinted with permission from V. Sundaresan, J.W. Monaghan, K.A. Willets. “Monitoring Simultaneous 

Electrochemical Reactions with Single Particle Imaging”, ChemElectroChem. 2018, 5, 3052-3058. 

Copyright 2018 John Wiley and Sons.  
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methods
.14–24

 Recently, Zhang et. al
25

. and Kwon et. al.
26

 showed that oxidizing Ag NPs 

at highly positive potentials (>1 V vs. Ag/AgCl) at a Au/Pt ultramicroelectrode (UME) 

produces AgxOy on the surface of the Ag NPs, which then catalyzes water oxidation or 

hydrazine oxidation reactions. In both of these studies, the current response at the UME is 

continuously monitored as a single Ag NP stochastically collides with the electrode 

surface and initiates a subsequent series of reactions.  However, they assume that at a 

given time only one particle is involved in the oxidation, subsequent formation of AgxOy 

on the Ag NP surface and ultimate catalytic performance, an assumption that cannot be 

tested by measuring current alone.  

 Herein, we use dark-field optical imaging to show that when single Ag NPs are 

oxidized at high oxidation potentials, new AgxOy particles electrodeposit on the electrode 

surface at a distinct spot from the initial Ag NPs. Ag
+
 generated by the oxidation of 

individual Ag NPs acts as a feedstock for the electrodeposition of new, spatially distinct 

AgxOy particles, which is confirmed by control studies using AgNO3 solutions as an 

alternative feedstock. However, once the potential is turned off (i.e. the system is 

returned to open circuit potential, OCP), the electrodeposited AgxOy is not stable and 

dissolves spontaneously.  We ascribe this to a shift in the reaction equilibrium caused by 

the local concentration of protons generated by AgxOy-catalyzed water oxidation, similar 

to previous reports.
27–30  

By controlling the concentration of Ag
+
 and the pH of the 

solution, we can control the equilibria associated with the various electrochemical 

reactions involved in this multi-step process, thereby verifying that multiple simultaneous 

processes are occurring, including the growth and dissolution of multiple nanoparticles 

within a single region of interest.  Importantly, these results highlight the need for 
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methods that generate spatial insight into local reactions, particularly when multiple 

redox reactions are happening simultaneously, in both the temporal and spatial domain.     

6.2 Simultaneous Growth of AgxOy During Electrodissolution of Ag NP 

 A detailed description of our experimental setup is discussed in the Experimental 

Section 2.4. Briefly, 73 nm diameter Ag NPs are drop-cast onto an ITO electrode 

(working electrode) in a spectroelectrochemical cell and illuminated using high angle 

white light coming from a dark-field condenser. Rayleigh scattered light from the Ag NPs 

was collected at low angle through a 0.6 N.A. 100 objective and imaged on to a CCD 

camera. Upon applying an oxidation potential via a potentiostat, the Ag NPs undergo 

electrodissolution during which the NP size decreases over time, evident by the reduced 

scattering intensities from the particles.  

 In Chapter 5, we studied single Ag NP electrodissolution by tracking the change 

in the scattering intensities of the nanoparticles over time at four different oxidation 

potentials to understand the heterogeneity of particle dissolution kinetics.
10

 We also 

tracked the spatial origin of the scattering as a function of time and potential and found 

that NPs undergo either isotropic or anisotropic dissolution, due to the heterogeneous 

formation of AgxOy layers on the particle surfaces. During these experiments, we 

witnessed an interesting phenomenon at higher oxidation potentials: the growth of a new, 

spatially-distinct particle(s) on the electrode surface during the electrodissolution of the 

Ag NPs. While the previous chapter focused solely on the dissolution behavior of these 

Ag NPs, this chapter focuses on exploring the mechanism behind the growth of the 
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spatially distinct new particles as well as their effect on other electrochemical reactions 

simultaneously occurring at the electrode/electrolyte interface. 

 For these experiments, the potential was stepped with the following waveform: 0 

V for 10 seconds, 1.2 V for 120 seconds and open circuit potential (OCP) for 20 seconds. 

Dark-field scattering images of the Ag NPs were simultaneously recorded using the 

previously described optical setup.  Figure 6.1, A and B, show a series of dark-field 

optical images obtained at different times during the applied potential waveform and the 

corresponding intensity-time trace, respectively (the times associated with images 1-5 in 

Figure 6.1A are marked on the intensity-time trace accordingly). The intensity of the Ag 

NP is roughly constant during the first 10 seconds at 0 V, and then begins to decrease at 

10 seconds upon applying an oxidation potential of 1.2 V.  By 30 seconds, the scattering 

intensity from the Ag NP nears zero, an indication of that the Ag NP is (nearly) 

completely oxidized (Figure 6.1A, panels 1 and 2; Figure 6.1B, green shaded region).  

However, around 50 seconds, the intensity begins to increase due to the formation of a 

new particle as shown in Figure 6.1B (blue shaded region) and in the corresponding dark-

field optical images (panels 3 and 4 in Figure 6.1A).  The nucleation of the newly grown 

particle occurs in a spatially distinct spot from the initially oxidized Ag NP, as indicated 

by the yellow line in Figure 6.1A.  Once the applied potential returns to open circuit, the 

newly formed particle dissolves spontaneously (Figure 6.1A, panel 5, and Figure 6.1B, 

red shaded region). 
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Figure 6.1. (A) Dark-field optical images at different times with the following applied 

potential waveform: 0 V for 10 s, 1.2 V for 120 s, and OCP for 20s.  Individual images 

correspond to (1) drop-cast Ag NP at 0 V, (2) oxidation of Ag NP at 1.2 V, (3, 4) 

electrodeposition of a new particle at 1.2 V, and (5) dissolution of the new particle at 

OCP. Scale bars = 1 µm. (B) Background-subtracted scattering intensity over time of the 

particles shown in panel A, with a numbered arrow indicating the corresponding dark-

field optical image. Dashed red lines indicate when the potential was switched. The green 

shaded region corresponds to the intensity of the Ag NP at 0 V and oxidation of Ag NP at 

1.2 V, the blue shaded region corresponds to the electrodeposition of the new species, 

and the red shaded region corresponds to the dissolution of the new species under OCP 

condition. (C) A second example of electrodissolution/growth/dissolution.  
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The electrodissolution/growth/dissolution behavior can be observed in multiple 

examples, as shown in Figure 6.1C and Figures 6.2-6.4. One difference we noted among 

the different examples is that the distance between the dissolving Ag NPs and the 

spatially distinct, newly formed particle(s) varies greatly, ranging from nanometers to 

several microns.  For instance, the distances between the Ag NP and the newly formed 

particle in Figures 6.1 and 6.2 are less than a few hundred nm, whereas the distances 

between the dissolving and growing particles in Figures 6.3 and 6.4 are on the order of a 

few microns. It is important to note that the electrochemical current recorded (Figure 6.5) 

does not yield any information about this process of simultaneous oxidation of Ag NPs 

and the formation of new particles, nor provide any insight into the spatial variations 

between the different species.  
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Figure 6.2.  Four examples showing the electrodissolution of single drop-cast Ag NPs, 

followed by the electrodeposition of AgxOy within few hundred nm of the original Ag 

NP. Scale bars = 1 µm.  
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Figure 6.3. (A) Series of dark-field optical images obtained at different timescales 

showing the oxidation of drop-cast Ag NPs (p1-p4, images i-iii), electrodeposition of 

AgxOy at a spot 1-2 µm away from the Ag NPs (so1, images iv & v) and the dissolution 

of AgxOy at OCP (image vi). Scale bars = 3 µm. (B) Intensity-time traces of the four Ag 

NPs undergoing electrodissolution (p1-p4, labelled accordingly in panel A-i). (C) 

Intensity-time trace showing the growth of AgxOy particle (labelled as so1 in panel A-v).  
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Figure 6.4. (A) Series of dark-field optical images obtained at different timescales 

showing the oxidation of drop-casted Ag NPs (p1-p5, images i-iii), electrodeposition of 

AgxOy at a spot 1-2 µm away from the Ag NP (so1, images iv & v) and the dissolution of 

AgxOy at OCP (image vi). Scale bars = 3 µm. (B) Intensity-time traces of the five Ag NPs 

(p1-p5, labelled accordingly in panel A-i) undergoing electrodissolution. (C) Intensity-

time trace showing the growth of AgxOy particle (labelled as so1 in panel A-v).  
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Figure 6.5. Representative current-time traces obtained during the multi-potential 

waveform (0 V – 10 s, 1.2 V – 120 s) recorded during the experiment shown in Figure 

6.1A and B.  

Based on the silver Pourbaix diagram, the growth of AgxOy is initiated at 

potentials ≥ 1.2 V at pH = 7,
27,31

 and thus we hypothesized that the Ag
+
 ions formed 

during the electrodissolution of the Ag NPs serve as a feedstock to initiate growth of 

spatially distinct AgxOy particles.  To confirm this, we performed control experiments 

both in the absence and presence of Ag
+
 ions, using solutions of either KNO3 or AgNO3, 

respectively (Figure 6.6).  In the case when only electrolyte is present, no particle growth 

is observed, whereas in the case when Ag
+
 is present, particles appeared at potentials ≥ 1 

V.  We also tested whether the light used to observe the particles could affect 

nanoparticle dissolution/growth, and found no evidence of photo-driven processes 

(Figures 6.7 and 6.8).  Thus, the high anodic potential at the electrode is responsible for 

the growth of the new particles.  Lastly, we confirmed that the feedstock for NP growth 

was due to Ag
+
 produced by the electrodissolution of the Ag NPs and not due to residual 

Ag
+
 from the as-purchased NP solutions, both by centrifuging the Ag NP solution to 
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remove residual Ag
+
 (Figure 6.9) and checking that the number of newly formed particles 

increased as the density of drop-cast Ag NPs increased (Figure 6.10).  The results of 

these studies confirm that both a high anodic potential and a source of Ag
+
 is necessary to 

drive particle growth, consistent with the formation of AgxOy. Although the exact size of 

the newly formed AgxOy cannot be determined, we expect their size to be between ~40-

500 nm since we are able to observe scattering (putting a lower limit on the size), yet the 

images of the particles are diffraction limited (defining the upper bound).  

 

Figure 6.6.  Dark-field images of ITO at 4 different potentials (0, 0.2, 1 and 1.2 V) with 

(A) 20 mM KNO3 electrolyte and (B) 1 mM AgNO3. Scale bars = 20 µm. 
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Figure 6.7. To study the effect of plasmon excitation on the AgxOy growth, a long pass 

filter was inserted in the white light excitation  path to allow only wavelengths above 600 

nm to pass which doesn’t excite the plasmons (max= 449 nm) in Ag NPs. Series of dark-

field images showing the electrodissolution of drop-casted Ag NPs and growth of AgxOy 

particles (indicated by yellow arrows) when a typical potential waveform (0 V – 10 s, 1.2 

V – 120 s and OCP – 20 s) is applied. Scale bars = 20 µm. New particle growth was 

observed under these illumination conditions, suggesting that plasmon excitation is not 

responsible for particle growth.   

 

Figure 6.8. To study the effect of light on the AgxOy growth, an experiment was carried 

out in the dark by applying the potential waveform (0 V – 10 s, 1.2 V – 120 s and OCP – 

20 s). Light was switched on at 115 s for just enough time to obtain dark-field images to 

check the growth of AgxOy. Dark-field optical images of (A) drop-casted Ag NPs before 

applying the potential waveform, (B) AgxOy particles grown in dark as indicated by 

yellow arrows, (C) electrode surface after the completion of potential form showing no 

electrodeposited AgxOy particles and residual Ag NP with no/partial oxidation. Scale bars 

= 10 µm. New particle growth was observed without illumination, indicating that light is 

not responsible for particle growth.   
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Figure 6.9. To study the effect of residual Ag
+
 ions from the Ag NP solution on the 

AgxOy growth, as purchased Ag NP solution was centrifuged twice to remove excess Ag
+
 

ions. The experiment was carried out with the Ag NPs obtained after centrifugation by 

applying typical potential waveform (0 V – 10 s, 1.2 V – 120 s and OCP – 20 s). Dark-

field images showing the oxidation of Ag NPs and growth of AgxOy (as indicated by 

yellow arrows) even with the centrifuged Ag NPs. Scale bars = 20 µm. New particle 

growth was observed, indicating that Ag
+
 ions from the electrodissolution of Ag NPs are 

the feedstock for AgxOy growth. 
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Figure 6.10. Series of dark-field images showing the effect of different densities of drop-

casted Ag NPs on the stability of AgxOy particle under OCP conditions. At low coverage 

(top row), only oxidation of Ag NPs was observed and no electrodeposition of AgxOy. At 

medium coverage (middle row), electrodeposition of AgxOy was observed as indicated by 

yellow arrows but they are not stable under OCP. Finally, at high coverage (bottom row), 

the electrodeposited AgxOy was stable with a small drop in intensity at OCP. Scale bars = 

20 µm.  

6.3 Determining Critical Concentration of Ag
+
 Required for the AgxOy 

Electrodeposition 

To better understand the mechanism of AgxOy growth at 1.2 V and its subsequent 

dissolution at OCP, we electrodeposited AgxOy particles by applying the same potential 

waveform (0 V – 10s, 1.2 V – 120 s and OCP – 20 s) with different concentrations of 

AgNO3 (Figure 6.11). Both the density of the deposited particles and their size change as 
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a function of the Ag
+
 concentration, as revealed by the quantity and brightness of the 

resulting particles, respectively (Figure 6.12).  To quantify this, we calculate the total 

intensity of all AgxOy particles formed as a function of time (Figure 6.13A) and find that 

the total intensity increases as the concentration of AgNO3 increases from 10 to 500 µM.  

For AgNO3 concentrations of 50 µM and above, the growth of the AgxOy particles 

proceeds rapidly during the first 20 seconds then slows until reaching a quasi-steady 

state.  For lower concentrations of AgNO3 (10 and 30 µM), the total intensity rises more 

slowly and does not reach a quasi-steady state (Figure 6.13B), due to both continuing 

growth of the particles as well as the formation of new particles at longer timescales. 

When the experiment was repeated with an initial AgNO3 concentration of 1 µM (Figure 

6.14), growth of AgxOy particles was not observed, suggesting that a critical 

concentration of AgNO3 is necessary to be able to optically detect particle growth. 
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Figure 6.11. Series of dark-field images showing the electrodeposition of AgxOy by 

applying multi-potential waveform (0 V – 10 s, 1.2 v – 120 s and OCP – 20 s) with 

different concentrations of AgNO3 solution (top row – 50 µM, middle row – 100 µM, and 

bottom row – 500 µM). The last column in each row is the intensity-time traces 

corresponding to the color coded particles shown in their respective row optical images 

(highlighted by the blue and red boxes). Scale bars = 20 µm. 

 

Figure 6.12. (A) Average intensity of the electrodeposited AgxOy particles as a function 

of time for different concentrations. (B) Number of AgxOy particles electrodeposited as a 

function of time for different concentrations. Note: 0 s represents the start of 1.2 V.  
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Figure 6.13. (A) Total intensity calculated by taking the sum of all the electrodeposited 

AgxOy particles formed from different AgNO3 concentrations as a function of time (0 s 

represents the start of 1.2 V). (B) Zoomed-in view of total intensity vs. time plot for 10 

and 30 µM AgNO3 concentrations from panel A. (C) Intensity-time traces of two 

particles electrodeposited using 10 µM AgNO3. (D) Histograms of the time taken to 

reach 10k intensity counts arbitrarily chosen benchmark) by a single AgxOy particle 

electrodeposited via three different AgNO3 concentrations. 

 

Figure 6.14. Series of dark-field images showing absence of observable AgxOy growth 

when 1.2 V is applied with 1 µM AgNO3 solution. Scale bars = 20 µm. 

If we examine the intensity time traces of individual AgxOy particles growing 

under low AgNO3 concentration conditions (Figure 6.13C), we find that there is a delay 

time before growth is initiated, similar to what was observed during the growth of AgxOy 
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particles when Ag NPs were used as the Ag
+
 feedstock (e.g. Figures 6.1-6.4).  This is in 

stark contrast to AgxOy particles grown under high AgNO3 conditions, which show near-

immediate growth upon applying an anodic potential (Figure 6.11). To quantify this, we 

calculated the time it takes for individual growing AgxOy particles to reach an (arbitrary) 

intensity value of 10,000 counts and plotted the data at three different AgNO3 

concentrations for 30 individual particles (Figure 6.13D).  The resulting histogram shows 

not only a significant delay time for AgxOy particles formed from 10 µM AgNO3 to reach 

10k intensity counts, but also reveals heterogeneity in particle formation.  

6.4 Ag
+
 Concentration Based on Finite Element Simulation of Ag NP 

Electrodissolution 

 Based on the above results, we now consider the growth mechanism for the 

AgxOy particles formed from electrodissolving Ag NPs.  We know that there is a critical 

Ag
+
 concentration (> 10 µM) to initiate visible AgxOy particle growth under anodic 

potentials.  To test whether the electrodissolution of Ag NPs can achieve local Ag
+ 

concentrations above this threshold, we performed a finite element simulation using 

experimental data to define the simulation parameters (Figure 6.15 and Appendix 1).  In 

these data, three individual Ag NPs oxidize with different timescales (0.2 s, 20 s, and 55 

s), followed by delayed growth of a single AgxOy particle at a spatially distinct position 

(optically visible around 40 s with continued growth until the system is returned to OCP). 

To calculate the local Ag
+
 concentration at the site of AgxOy growth, the coordinates of 

the three feedstock Ag NPs were used along with the calculated flux of Ag
+
 (mol/m

2
·s) 

generated by each Ag NP, based on its respective oxidation kinetics and surface area 

(assuming that all three NPs are 70 nm in diameter). According to the simulation, the Ag
+
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concentration is as high as 500 µM near the fastest oxidizing Ag NP, but ~6 µM for the 

two NPs with slower oxidation kinetics (Figure 6.16). However, at the position where the 

AgxOy particle grows, the local concentration peaks at 10 µM within the first 0.2 seconds, 

then drops below 0.5 µM for ~55 seconds until eventually reaching ~0 µM (Figure 6.17). 

The simulation suggests that the critical Ag
+
 concentration required for AgxOy 

electrodeposition is only exceeded for a brief moment at the nucleation spot of AgxOy 

when the Ag
+
 ions are generated by oxidizing Ag NPs.  Moreover, the simulation shows 

that no Ag
+
 remains after 55 seconds, and yet experimentally, the AgxOy particle 

continues to grow.  Thus, the combination of the experimental and simulation data show 

that the AgxOy particle is not formed by a direct growth mechanism from Ag
+
 ions at the 

site of particle growth. 
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Figure 6.15. (A) Series of dark-field images showing the oxidation of Ag NP and 

electrodeposition of AgxOy when a typical waveform (0 V – 10 s, 1.2 V – 120 s and OCP 

– 20 s) is applied. (B) Corresponding intensity-time trace showing oxidation of three 

drop-casted Ag NP (p1, p2 & p3) and electrodeposition of AgxOy (so1) as indicated in 

panel A. Scale bars = 1 µm. 

 

Figure 6.16. Simulated concentration profiles of Ag
+
 ions (axial plane, Z = 0 nm) at 

different timescales during the electrodissolution of the three Ag NPs based on the 

experimental data shown in Figure 6.15. Scale bars = 1 µm. 
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Figure 6.17. Simulated concentration profile at the ‘X’ shown in Figure 6.16A, where the 

growth of AgxOy was found experimentally at different axial planes (Z planes).   

6.5 Proposed Mechanism 

 Instead, we propose that the electrodeposition of AgxOy particles occurs 

dominantly based on an aggregative growth mechanism,
32,33

 where the generated Ag
+
 

electrodeposits as AgxOy clusters near the oxidizing Ag NPs (since the concentration of 

Ag
+
 near them is sufficiently high to overcome the critical threshold). These clusters are 

not possible to detect using dark-field techniques because of their smaller size; however, 

over time, the clusters undergo surface diffusion and aggregate to grow as a particle that 

can be detected optically. This diffusion time accounts for the delay time before AgxOy 

particle growth that we observe in our experiment (for example, in Figure 6.1B there is 
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delay time of ~20 s before the growth of the AgxOy particle is observed). The aggregation 

of the AgxOy nuclei/clusters occur at random distances from the initial Ag NP to form the 

new AgxOy particle at a spatially distinct location.  This process, and the associated 

reactions, is illustrated in Figure 6.18, steps 1-3.  One open question is why the AgxOy 

clusters nucleate to form larger particles at random sites far from the seed Ag NPs; we 

hypothesize that this is due to defect sites and/or impurities on the highly heterogeneous 

ITO substrate.  We do not observe evidence of AgxOy diffusing in the bulk solution, 

suggesting that this particle growth is a surface-mediated process. 

 

Figure 6.18. (A) Schematic showing the proposed mechanism for the growth of AgxOy 

from Ag NPs at 1.2 V and dissolution of AgxOy at OCP.  Water oxidation will either 

promote or suppress the formation/dissolution of the AgxOy depending on the local pH.  

The individual steps in the mechanism are not shown to scale. 

Next, we consider the reason for the spontaneous dissolution of the 

electrodeposited AgxOy when the system is returned to OCP.  AgxOy is well-known to be 

an efficient catalyst for water oxidation;
28–30

 thus, at 1.2 V, water is oxidized near the 
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AgxOy particles to produce oxygen and protons (Figure 6.18, step 4). We confirmed that 

1.2 V vs. a Pt reference electrode is sufficient for water oxidation to occur near the AgxOy 

particles on ITO (Figure 6.19).  The water oxidation reaction effectively lowers the pH 

near the electrode surface. Water oxidation continues as long as the electrode is biased at 

1.2 V; however, once the potential is stepped to OCP (measured to be -0.18 V), the high 

local concentration of protons shifts the equilibrium reaction shown in Figure 6.18, step 5 

(e.g. the reverse reaction of step 2), producing Ag
+
 ions and consuming some fraction of 

the AgxOy particle (as expected from the silver Pourbaix diagram).
27

  As the AgxOy 

particle is reduced back to Ag
+
, we observe a subsequent loss in scattering intensity, as in 

Figure 6.1B (red region). Similar dissolution behavior of AgxOy was observed when the 

applied potential was lowered from 1.2 V to OCP in a step-wise manner instead of a 

direct return (Figure 6.20B): the AgxOy particles show signs of sluggish dissolution when 

the potential is stepped to 1.0 V vs. Pt, but become unstable and undergo rapid 

dissolution when the potential is stepped to 0.8 V vs. Pt.  This behavior suggests that 

even a small change in the local pH (<1 pH unit) can drive the electrodissolution at this 

potential, based on the silver Pourbaix diagram. Moreover, while the corresponding 

amperometry measurements show changes in the current as the potential is stepped 

(Figure 6.20C), it is not possible to assign the events as electrodissolution of AgxOy 

particles without the assistance of the associated optical data. 
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Figure 6.19. (A) Linear sweep voltammetry of ITO with (red and blue) and without 

(black and green) silver oxide using two different reference electrodes (Pt quasi-reference 

electrode and commercial saturated Ag/AgCl electrode). In all experiments, the potential 

was swept from 0 V to 1.4 V (50 mV/s), 20 mM KNO3 was used as the electrolyte, ITO 

served as the working electrode, Pt was used for the counter electrode and the reference 

electrode was varied as indicated. AgxOy was electrodeposited onto the ITO using 1 mM 

AgNO3 by applying the potential waveform of 0 V for 10 s and 1.2 V for 120 s. (B) 

Zoomed-in view of the current density from (A) to highlight the onset of water 

oxidation/oxygen evolution reaction. The anodic peak in red curve represents our 

experimental approach (ITO with AgxOy using Pt as a reference electrode) and has a peak 

that begins around 1.1 V, indicating that the 1.2 V used in our experiments is sufficient to 

drive the water oxidation.  
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Figure 6.20. Study to observe the dissolution of electrodeposited AgxOy by lowering the 

applied potential from 1.2 V to OCP in a step-wise manner instead of a direct return 

method.  (A) The applied potential waveform used: 0 V for 10 s, 1.2 V for 120 s, 1.0 V 

for 20 s, 0.8 V for 20 s, 0.6 V for 20 s, and OCP for 20 s. (B) Intensity-time traces of 

three AgxOy particles under the applied waveform in described in (A).  The colored 

regions in the intensity-time trace correspond to their respective potential step of the 

applied potential waveform. Growth of the AgxOy particle begins in the blue shaded 

region upon applying 1.2 V. When the potential is stepped down to 1.0 v, the green 

shaded region, the scattering intensities begin to decrease corresponding to the 

dissolution of the particles. This decrease in scattering intensity is dramatically observed 

when the potential is further decreased to 0.8 V, the yellow shaded region.  At this 

potential the scattering intensities return to the baseline indicating complete dissolution of 

the AgxOy particles. This study shows that decreasing from 1.2 V to OCP in potential-

steps yields similar particle dissolution as when a direct return to OCP is utilized.  (C) 

Current-time trace of the bulk electrochemical cell as the potential waveform from (A) 

was applied with color regions corresponding to their respective potential steps.   

Based on the mechanism proposed in Figure 6.18, we expect the AgxOy particle 

dissolution to depend on the Ag
+
 concentration.  At either a high density of Ag NPs or 

high AgNO3 concentrations, a majority of the electrodeposited AgxOy particles were 

stable at OCP condition (Figures 6.10 and 6.11), suggesting that the Ag
+
 solution 
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concentration was sufficiently high to shift the equilibrium shown in Figure 6.18, step 5, 

to the left and prevent AgxOy particle dissolution. In contrast, under lower AgNO3 

concentrations, only a few of the electrodeposited particles were stable at OCP (Figure 

6.10 and 6.13C).  Interestingly, under these conditions, the stability appears related to the 

size of the particle, as shown in Figure 6.13C.  For example, the electrodeposited AgxOy 

particle shown in blue is brighter than the particle shown in red, indicating it is larger in 

size.  Although the former particle does drop in intensity under OCP (Figure 6.13C, blue 

curve), it does not dissolve completely like the latter particle (Figure 6.13C, red curve), 

suggesting that the local Ag
+
 concentration effectively grows high enough to reach an 

equilibrium that prevents further dissolution. 

 The pH dependence of the AgxOy particle dissolution under OCP also explains 

why particles grown under anodic conditions at high Ag
+
 concentrations (using AgNO3) 

reach a quasi-steady state after some period of time (Figure 6.13A).  As large AgxOy 

particles form and produce H
+ 

(via catalyzing
 
water oxidation), the drop in local pH 

prevents the formation of additional AgxOy nanoclusters (Figure 6.18, step 2), effectively 

suppressing further particle growth.  At lower concentrations of Ag
+
, the pH does not 

reach sufficiently low levels to hinder AgxOy nanocluster formation and thus we observe 

a continued (albeit slow) rise in the intensity and number of AgxOy particles.   

 To further confirm our proposed mechanism, we performed electrodeposition of 

AgxOy using 10 µM aqueous AgNO3 at both high and low pH. Applying the same 

potential waveform as in Figure 6.1 for the AgNO3 solution with a high proton 

concentration (pH 3, adjusted by adding HNO3), no growth of AgxOy was observed 

(Figures 6.21, A and B). This is a result of the proton concentration in the electrolyte 
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impeding the formation of AgxOy nuclei/nanoclusters by shifting the equilibrium in step 2 

of our proposed mechanism (Figure 6.18), such that the backward reaction (2’) dominates 

the forward reaction (2). Conversely, electrodeposition of AgxOy was observed when the 

silver nitrate solution was adjusted to pH 10 using NaOH while all other experimental 

conditions were kept constant (Figures 6.21, C and D). Under this high pH regime, the 

silver nitrate readily forms AgxOy even before applying an oxidation potential of 1.2 V, 

as shown in Figure 6.21C-(i). Moreover, the growth kinetics of AgxOy at pH 10 (Figure 

6.21D) is faster compared to the growth kinetics with only AgNO3 at pH 7 (Figure 

6.13C).  This is evident by the onset of AgxOy growth at pH 7 around 60 s after 1.2 V 

is applied (Figure 6.13C, blue trace), whereas at pH 10 the onset is at 5 s after 1.2 V is 

applied (Figure 6.21D, blue trace). This confirms that under high pH conditions the 

growth of AgxOy is favored. Finally, we note that even at high pH conditions, the 

electrodeposited AgxOy particles experience partial electrodissolution under OCP.  This 

result illustrates the complex balance between the pH and the local Ag
+
 concentration, 

which affect the equilibria of the simultaneously occurring electrochemical reactions. As 

described previously, this further supports the need for single entity experiments with 

both temporal and spatial resolution because measuring electrochemical currents (as in 

Figure 6.5 and 6.22) cannot convey information about the various competing reactions, 

nor any information about the number and size of the growing/shrinking particles. 
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Figure 6.21. (A) Dark-field optical images showing no formation of AgxOy on ITO 

during electrodeposition of AgxOy from 10 µM AgNO3 at pH 3 at three different 

timescales as noted. (B) The corresponding color coded intensity-time traces of two 

different spots as indicated shown in the blue and red boxes in panel A-(i). (C) Dark-field 

optical images showing the formation of AgxOy on ITO during electrodeposition of 

AgxOy from 10 µM AgNO3 at pH 10 at three different timescales as noted. (D) The 

corresponding color coded intensity-time traces of two different spots as indicated shown 

in the blue and red box in panel C-(ii). Scale bars = 5 µm. 

 

Figure 6.22. Electrochemical oxidation current recorded during the electrodeposition 

(experiment in Figure 6.11) of AgxOy particles through different AgNO3 concentrations. 
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6.6 Conclusions 

 In conclusion, using dark-field optical imaging we show that at high anodic 

potentials (≥1.2 V vs Pt), Ag NPs electrodissolve to produce Ag
+
, which subsequently 

electrodeposits as AgxOy particles at spatially distinct sites on the same electrode surface. 

The growth mechanism for the AgxOy particles appears as aggregative growth, in which 

smaller nanoclusters form, then diffuse on the surface, and ultimately agglomerate into a 

larger nanoparticle. This type of growth has been previously used to describe the 

electrodeposition of various metal NPs;
32,33

 however, our report is the first to describe 

this mechanism for AgxOy growth using silver nanoparticles as feedstock.  In addition to 

the oxidation reactions involving the dissolution of Ag(s) and deposition of AgxOy, we 

also find that catalytic oxidation of water occurs, affecting the local pH and impacting the 

dissolution and growth kinetics of the varying particles under different potential 

conditions.  Overall, our approach allows us to monitor multiple coupled electrochemical 

reactions and their relative impacts on one another, a feat that is not possible using 

traditional electrochemical methods where the measured current is a convolution of 

multiple electrochemical reactions. 
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APPENDIX A: FINITE ELEMENT SIMULATIONS FOR CHAPTER 6 

A finite-element simulation was performed using COMSOL Multiphysics package 

v5.2a. Briefly, a three-dimensional model was used for the simulation, in which the three 

Ag NPs shown in Figure 6.15 were modeled based on the coordinates obtained from the 

optical images (Figure 6.15A). Based on the intensity-time trace (Figures 6.15B) of each 

particle, the time and the percentage of oxidation were determined (Table A1.1). The 

surface area was calculated assuming all the particles were spherical and 70 nm in 

diameter and the mole of Ag
+
 in one Ag NP was determined to be 1.745 mol. The Flux of 

Ag
+
 ions of each particle was calculated accordingly using a mole of Ag

+
 ions, surface 

area of NP, time and  percentage of oxidation.  

Table A1.1. Time taken, percentage of dissolution and calculated flux for the three 

particles (p1, p2, and p3) in Figure 6.15A.  

 

 Time taken for 

electrodissolution (s) 

Percentage of 

electrodissolution 

Flux  

(mol/m
2
 * s) 

p1 55 100 % 2.06E-0.5 

P2 0.2 77 % 4.37E-0.3 

P3 20 65 % 3.686E-0.5 

 

The calculated flux of each particle was appropriately assigned in the model along 

with the time taken for particle to dissolve using a Piecewise Function. Finally, the 

concentration of Ag
+
 ions was computed based on Fick’s law of diffusion using a time 

dependent model (0 to 120 s) after careful meshing of the geometry. For the sake of 
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simplicity, we assume that the size of the NP doesn’t change over time and there is a 

uniform flux around the NP.    

Figure 6.16 shows the simulated concentration profile of Ag
+
 ions at various 

timescales during the oxidation of Ag NPs. Since NP p2 undergoes oxidation within 0.2 

s, the concentration near the particle is close to 500 µM (Figures 6.16A & B), whereas 

after 0.2 s p2 disappears. Then, the concertation near p1 and p3 becomes visible with 6 

µM Ag
+
 ions (Figures 6.16C &D). At 20 s (Figure 6.16E), there is no more flux from p3 

while p1 exhibits flux until 55 s, after which no flux of Ag
+
 is generated. The ‘X’ in 

Figure 6.16A corresponds to the spot where the AgxOy growth is observed in our 

experiment showed in Figure 6.15. The concentration profile at the ‘X’ as a function of 

time is shown in Figure 6.17 at different axial planes (Z planes). At the ‘X’ the 

concentration of Ag
+
 ions reaches 10 µM for 0.2 s, after which it reduces to 0.5 µM and 

after 55 s, it is essentially 0. The detailed report (generated via COMSOL) of the 

simulation is given as follows. 
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COMSOL Model Report  

Global Definitions  

PARAMETERS 1 

FUNCTIONS 

Piecewise 1 

Function name flux1_p1 

Function type Piecewise  

 

Figure A1.1. Piecewise 1. 

DEFINITION 

Description Value 

Argument t 

Extrapolation None 

Smoothing No smoothing  

FUNCTION NAME 

Start End Function 

0 55 2.06E-05 

55 120 0  

UNITS 

Description Value 

Arguments s 

Function mol/(m^2*s)  
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Piecewise 2 

Function name flux2_p2 

Function type Piecewise  

 

Figure A1.2. Piecewise 2. 

Definition 

Description Value 

Argument t 

Extrapolation None 

Smoothing No smoothing  

Function name 

Start End Function 

0 0.25 0.004367 

0.25 120 0  

Units 

Description Value 

Arguments s 

Function mol/(m^2*s)  

Piecewise 3 

Function name flux3_p3 

Function type Piecewise  
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Figure A1.3. Piecewise 3. 

Definition 

Description Value 

Argument t 

Extrapolation None 

Smoothing No smoothing  

Function name 

Start End Function 

0 20 3.686E-05 

20 120 0  

Units 

Description Value 

Arguments s 

Function mol/(m^2*s)  
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Component 1 

Settings 

Description Value 

Unit system Same as global system 

Geometry shape order Automatic  

Spatial frame coordinates 

First Second Third 

x y z  

Material frame coordinates 

First Second Third 

X Y Z  

Geometry frame coordinates 

First Second Third 

Xg Yg Zg  

Mesh frame coordinates 

First Second Third 

Xm Ym Zm  

DEFINITIONS 

Coordinate Systems 

Boundary System 1 

Coordinate system type Boundary system 

Tag sys1  

Settings 

First Second Third 

t1 t2 n  
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GEOMETRY 1 

 

Figure A1.4. Geometry 1. 

Units 

Length unit m 

Angular unit deg  

Geometry statistics 

Description Value 

Space dimension 3 

Number of domains 4 

Number of boundaries 30 

Number of edges 48 

Number of vertices 26  

Block 1 (blk1) 

Position 

Description Value 

Position {-25[um], -25[um], 0}  

Axis 

Description Value 

Axis type z - axis  

Size and shape 

Description Value 

Width 50[um] 

Depth 50[um] 
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Description Value 

Height 50[um]  

Sphere 1 (sph1) 

Position 

Description Value 

Position {0.88[um], -1.32[um], 35[nm]}  

Axis 

Description Value 

Axis type z - axis  

Size 

Description Value 

Radius 35 [nm]  

Sphere 2 (sph2) 

Position 

Description Value 

Position {2.31[um], -0.77[um], 35[nm]}  

Axis 

Description Value 

Axis type z - axis  

Size 

Description Value 

Radius 35 [nm]  

Sphere 3 (sph3) 

Position 

Description Value 

Position {2.97[um], -1.87[um], 35[nm]}  

Axis 

Description Value 

Axis type z - axis  

Size 

Description Value 

Radius 35 [nm]  

 



167 

 

TRANSPORT OF DILUTED SPECIES 

 

 
 

 

Figure A1.5. Transport of Diluted Species. 

Selection 

Geometric entity level Domain 

Selection Domain 1  

Equations 

 

 

Interface settings 

Transport mechanisms 

Settings 

Description Value 

Convection Off 

Migration in electric field Off 

Mass transfer in porous media Off  
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Transport Properties 1 

 

Figure A1.6. Transport Properties 1. 

Selection 

Geometric entity level Domain 

Selection Domain 1  

EQUATIONS 

 

 

Diffusion 

Settings 

Description Value 

Material None 

Diffusion coefficient User defined 

Diffusion coefficient {{1.5e-9[m^2/s], 0, 0}, {0, 1.5e-9[m^2/s], 0}, {0, 0, 1.5e-

9[m^2/s]}} 

Coordinate system Global coordinate system 

Temperature User defined 

Temperature 293.15[K]  
 

Shape functions 

Name Shape function Unit Description Shape frame Selection 

c Lagrange (Linear) mol/m³ Concentration Material Domain 1  
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Weak expressions 

Weak expression Integration order Integration frame Selection 

-

ct*test(c)+tds.dflux_cx*test(cx)

+tds.dflux_cy*test(cy)+tds.dflux

_cz*test(cz) 

2 Material Domain 1 

tds.streamline*(isScalingSystem

Domain==0) 

2 Material Domain 1 

tds.crosswind*(isScalingSystem

Domain==0) 

4 Material Domain 1 

 

No Flux 1 

 

Figure A1.7. No Flux 1. 

Selection 

Geometric entity level Boundary 

Selection Boundaries 1–3, 5, 30  

Equations 
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Initial Values 1 

 

Figure A1.8. Initial Values 1. 

Selection 

Geometric entity level Domain 

Selection Domain 1  

Initial values 

Settings 

Description Value 

Concentration 0  
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Concentration 1 

 

Figure A1.9. Concentration 1. 

Selection 

Geometric entity level Boundary 

Selection Boundary 4  

Equations 

 

Concentration 

Settings 

Description Value 

Species c On 

Concentration 0  

Variables 

Name Expression Unit Description Selection 

tds.c0_c 0 mol/m³ Concentration Boundary 4  

Constraints 

Constraint Constraint force Shape function Selection Details 

-c+tds.c0_c test(-c+tds.c0_c) Lagrange (Linear) Boundary 4 Elemental  
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Flux 1 

 

Figure A1.10. Flux 1. 

Selection 

Geometric entity level Boundary 

Selection Boundaries 6–13  

Equations 

 

Inward flux 

Settings 

Description Value 

Flux type General inward flux 

Species c On 

 flux1(t)  

Weak expressions 

Weak expression Integration order Integration frame Selection 

flux1(t)*test(c) 2 Material Boundaries 6–13  
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Flux 2 

 

Figure A1.11. Flux 2. 

Selection 

Geometric entity level Boundary 

Selection Boundaries 14–21  

Equations 

 

Inward flux 

Settings 

Description Value 

Flux type General inward flux 

Species c On 

 flux2(t)  

Weak expressions 

Weak expression Integration order Integration frame Selection 

flux2(t)*test(c) 2 Material Boundaries 14–21  



174 

 

Flux 3 

 

Figure A1.12. Flux 3. 

Selection 

Geometric entity level Boundary 

Selection Boundaries 22–29  

Equations 

 

Inward flux 

Settings 

Description Value 

Flux type General inward flux 

Species c On 

 flux3(t)  

Weak expressions 

Weak expression Integration order Integration frame Selection 

flux3(t)*test(c) 2 Material Boundaries 22–29  

MESH 1 

Mesh statistics 

Description Value 

Minimum element quality 7.274E-6 

Average element quality 0.66 

Tetrahedron 467155 

Triangle 34090 
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Description Value 

Edge element 1164 

Vertex element 26  

 

Figure A1.13. Mesh 1. 

Size (size) 

Settings 

Description Value 

Maximum element size 4.0E-6 

Minimum element size 5.0E-7 

Curvature factor 0.5 

Resolution of narrow regions 0.6 

Maximum element growth rate 1.45 

Predefined size Fine  

Free Tetrahedral 1 (ftet1) 

Selection 

Geometric entity level Remaining  
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Figure A1.14. Free Tetrahedral 1. 

Size 1 (size1) 

Selection 

Geometric entity level Boundary 

Selection Boundaries 6–29  

 

Figure A1.15. Size 1. 
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Settings 

Description Value 

Maximum element size 2[nm] 

Minimum element size 9.01E-7 

Minimum element size Off 

Curvature factor 0.6 

Curvature factor Off 

Resolution of narrow regions 0.5 

Resolution of narrow regions Off 

Maximum element growth rate 1.5 

Maximum element growth rate Off 

Custom element size Custom  



178 

 

Study 1 

Computation information 

Computation time 31 min 19 s 

CPU Intel64 Family 6 Model 94 Stepping 3, 4 cores 

Operating system Windows 10  

Time Dependent 

Times Unit 

range(0,0.1,120) s  

Physics and variables selection 

Physics interface Discretization 

Transport of Diluted Species (tds) physics  

Mesh selection 

Geometry Mesh 

Geometry 1 (geom1) mesh1  

SOLVER CONFIGURATIONS 

Solution 1 

Compile Equations: Time Dependent (st1) 

Study and step 

Description Value 

Use study Study 1 

Use study step Time Dependent  

Dependent Variables 1 (v1) 

General 

Description Value 

Defined by study step Time Dependent  

Settings 

Constant name Initial value source 

t range(0,0.1,120)  

Concentration (comp1.c) (comp1_c) 

General 

Description Value 

Field components comp1.c  
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Time-Dependent Solver 1 (t1) 

General 

Description Value 

Defined by study step Time Dependent 

Times {0, 0.1, 0.2, 0.30000000000000004, 0.4, 0.5, 

0.6000000000000001, 0.7000000000000001, 0.8, 0.9, 1, 1.1, 

1.2000000000000002, 1.3, 1.4000000000000001, 1.5, 1.6, 

1.7000000000000002, 1.8, 1.9000000000000001, 2, 2.1, 2.2, 

2.3000000000000003, 2.4000000000000004, 2.5, 2.6, 2.7, 

2.8000000000000003, 2.9000000000000004, 3, 3.1, 3.2, 

3.3000000000000003, 3.4000000000000004, 3.5, 3.6, 3.7, 

3.8000000000000003, 3.9000000000000004, 4, 

4.1000000000000005, 4.2, 4.3, 4.4, 4.5, 4.6000000000000005, 

4.7, 4.800000000000001, 4.9, 5, 5.1000000000000005, 5.2, 

5.300000000000001, 5.4, 5.5, 5.6000000000000005, 5.7, 

5.800000000000001, 5.9, 6, 6.1000000000000005, 6.2, 

6.300000000000001, 6.4, 6.5, 6.6000000000000005, 6.7, 

6.800000000000001, 6.9, 7, 7.1000000000000005, 7.2, 

7.300000000000001, 7.4, 7.5, 7.6000000000000005, 7.7, 

7.800000000000001, 7.9, 8, 8.1, 8.200000000000001, 8.3, 8.4, 

8.5, 8.6, 8.700000000000001, 8.8, 8.9, 9, 9.1, 

9.200000000000001, 9.3, 9.4, 9.5, 9.600000000000001, 

9.700000000000001, 9.8, 9.9, 10, 10.100000000000001, 

10.200000000000001, 10.3, 10.4, 10.5, 10.600000000000001, 

10.700000000000001, 10.8, 10.9, 11, 11.100000000000001, 

11.200000000000001, 11.3, 11.4, 11.5, 11.600000000000001, 

11.700000000000001, 11.8, 11.9, 12, 12.100000000000001, 

12.200000000000001, 12.3, 12.4, 12.5, 12.600000000000001, 

12.700000000000001, 12.8, 12.9, 13, 13.100000000000001, 

13.200000000000001, 13.3, 13.4, 13.5, 13.600000000000001, 

13.700000000000001, 13.8, 13.9, 14, 14.100000000000001, 

14.200000000000001, 14.3, 14.4, 14.5, 14.600000000000001, 

14.700000000000001, 14.8, 14.9, 15, 15.100000000000001, 

15.200000000000001, 15.3, 15.4, 15.5, 15.600000000000001, 

15.700000000000001, 15.8, 15.9, 16, 16.1, 16.2, 16.3, 

16.400000000000002, 16.5, 16.6, 16.7, 16.8, 

16.900000000000002, 17, 17.1, 17.2, 17.3, 

17.400000000000002, 17.5, 17.6, 17.7, 17.8, 

17.900000000000002, 18, 18.1, 18.2, 18.3, 

18.400000000000002, 18.5, 18.6, 18.7, 18.8, 

18.900000000000002, 19, 19.1, 19.200000000000003, 19.3, 

19.400000000000002, 19.5, 19.6, 19.700000000000003, 19.8, 

19.900000000000002, 20, 20.1, 20.200000000000003, 20.3, 

20.400000000000002, 20.5, 20.6, 20.700000000000003, 20.8, 

20.900000000000002, 21, 21.1, 21.200000000000003, 21.3, 

21.400000000000002, 21.5, 21.6, 21.700000000000003, 21.8, 
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Description Value 

21.900000000000002, 22, 22.1, 22.200000000000003, 22.3, 

22.400000000000002, 22.5, 22.6, 22.700000000000003, 22.8, 

22.900000000000002, 23, 23.1, 23.200000000000003, 23.3, 

23.400000000000002, 23.5, 23.6, 23.700000000000003, 23.8, 

23.900000000000002, 24, 24.1, 24.200000000000003, 24.3, 

24.400000000000002, 24.5, 24.6, 24.700000000000003, 24.8, 

24.900000000000002, 25, 25.1, 25.200000000000003, 25.3, 

25.400000000000002, 25.5, 25.6, 25.700000000000003, 25.8, 

25.900000000000002, 26, 26.1, 26.200000000000003, 26.3, 

26.400000000000002, 26.5, 26.6, 26.700000000000003, 26.8, 

26.900000000000002, 27, 27.1, 27.200000000000003, 27.3, 

27.400000000000002, 27.5, 27.6, 27.700000000000003, 27.8, 

27.900000000000002, 28, 28.1, 28.200000000000003, 28.3, 

28.400000000000002, 28.5, 28.6, 28.700000000000003, 28.8, 

28.900000000000002, 29, 29.1, 29.200000000000003, 29.3, 

29.400000000000002, 29.5, 29.6, 29.700000000000003, 29.8, 

29.900000000000002, 30, 30.1, 30.200000000000003, 30.3, 

30.400000000000002, 30.5, 30.6, 30.700000000000003, 30.8, 

30.900000000000002, 31, 31.1, 31.200000000000003, 31.3, 

31.400000000000002, 31.5, 31.6, 31.700000000000003, 31.8, 

31.900000000000002, 32, 32.1, 32.2, 32.300000000000004, 

32.4, 32.5, 32.6, 32.7, 32.800000000000004, 32.9, 33, 33.1, 

33.2, 33.300000000000004, 33.4, 33.5, 33.6, 33.7, 

33.800000000000004, 33.9, 34, 34.1, 34.2, 

34.300000000000004, 34.4, 34.5, 34.6, 34.7, 

34.800000000000004, 34.9, 35, 35.1, 35.2, 

35.300000000000004, 35.4, 35.5, 35.6, 35.7, 

35.800000000000004, 35.9, 36, 36.1, 36.2, 

36.300000000000004, 36.4, 36.5, 36.6, 36.7, 

36.800000000000004, 36.9, 37, 37.1, 37.2, 

37.300000000000004, 37.4, 37.5, 37.6, 37.7, 

37.800000000000004, 37.9, 38, 38.1, 38.2, 

38.300000000000004, 38.400000000000006, 38.5, 38.6, 38.7, 

38.800000000000004, 38.900000000000006, 39, 39.1, 39.2, 

39.300000000000004, 39.400000000000006, 39.5, 39.6, 39.7, 

39.800000000000004, 39.900000000000006, 40, 40.1, 40.2, 

40.300000000000004, 40.400000000000006, 40.5, 40.6, 40.7, 

40.800000000000004, 40.900000000000006, 41, 41.1, 41.2, 

41.300000000000004, 41.400000000000006, 41.5, 41.6, 41.7, 

41.800000000000004, 41.900000000000006, 42, 42.1, 42.2, 

42.300000000000004, 42.400000000000006, 42.5, 42.6, 42.7, 

42.800000000000004, 42.900000000000006, 43, 43.1, 43.2, 

43.300000000000004, 43.400000000000006, 43.5, 43.6, 43.7, 

43.800000000000004, 43.900000000000006, 44, 44.1, 44.2, 

44.300000000000004, 44.400000000000006, 44.5, 44.6, 44.7, 
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Description Value 

44.800000000000004, 44.900000000000006, 45, 45.1, 45.2, 

45.300000000000004, 45.400000000000006, 45.5, 45.6, 45.7, 

45.800000000000004, 45.900000000000006, 46, 46.1, 46.2, 

46.300000000000004, 46.400000000000006, 46.5, 46.6, 46.7, 

46.800000000000004, 46.900000000000006, 47, 47.1, 47.2, 

47.300000000000004, 47.400000000000006, 47.5, 47.6, 47.7, 

47.800000000000004, 47.900000000000006, 48, 48.1, 48.2, 

48.300000000000004, 48.400000000000006, 48.5, 48.6, 48.7, 

48.800000000000004, 48.900000000000006, 49, 49.1, 49.2, 

49.300000000000004, 49.400000000000006, 49.5, 49.6, 49.7, 

49.800000000000004, 49.900000000000006, 50, 50.1, 50.2, 

50.300000000000004, 50.400000000000006, 50.5, 50.6, 50.7, 

50.800000000000004, 50.900000000000006, 51, 51.1, 51.2, 

51.300000000000004, 51.400000000000006, 51.5, 51.6, 51.7, 

51.800000000000004, 51.900000000000006, 52, 52.1, 52.2, 

52.300000000000004, 52.400000000000006, 52.5, 52.6, 52.7, 

52.800000000000004, 52.900000000000006, 53, 53.1, 53.2, 

53.300000000000004, 53.400000000000006, 53.5, 53.6, 53.7, 

53.800000000000004, 53.900000000000006, 54, 54.1, 54.2, 

54.300000000000004, 54.400000000000006, 54.5, 54.6, 54.7, 

54.800000000000004, 54.900000000000006, 55, 55.1, 55.2, 

55.300000000000004, 55.400000000000006, 55.5, 55.6, 55.7, 

55.800000000000004, 55.900000000000006, 56, 56.1, 56.2, 

56.300000000000004, 56.400000000000006, 56.5, 56.6, 56.7, 

56.800000000000004, 56.900000000000006, 57, 57.1, 57.2, 

57.300000000000004, 57.400000000000006, 57.5, 57.6, 57.7, 

57.800000000000004, 57.900000000000006, 58, 58.1, 58.2, 

58.300000000000004, 58.400000000000006, 58.5, 58.6, 58.7, 

58.800000000000004, 58.900000000000006, 59, 59.1, 59.2, 

59.300000000000004, 59.400000000000006, 59.5, 59.6, 59.7, 

59.800000000000004, 59.900000000000006, 60, 60.1, 60.2, 

60.300000000000004, 60.400000000000006, 60.5, 60.6, 60.7, 

60.800000000000004, 60.900000000000006, 61, 61.1, 61.2, 

61.300000000000004, 61.400000000000006, 61.5, 61.6, 61.7, 

61.800000000000004, 61.900000000000006, 62, 62.1, 62.2, 

62.300000000000004, 62.400000000000006, 62.5, 62.6, 62.7, 

62.800000000000004, 62.900000000000006, 63, 63.1, 63.2, 

63.300000000000004, 63.400000000000006, 63.5, 63.6, 63.7, 

63.800000000000004, 63.900000000000006, 64, 

64.10000000000001, 64.2, 64.3, 64.4, 64.5, 

64.60000000000001, 64.7, 64.8, 64.9, 65, 

65.10000000000001, 65.2, 65.3, 65.4, 65.5, 

65.60000000000001, 65.7, 65.8, 65.9, 66, 

66.10000000000001, 66.2, 66.3, 66.4, 66.5, 

66.60000000000001, 66.7, 66.8, 66.9, 67, 
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Description Value 

67.10000000000001, 67.2, 67.3, 67.4, 67.5, 

67.60000000000001, 67.7, 67.8, 67.9, 68, 

68.10000000000001, 68.2, 68.3, 68.4, 68.5, 

68.60000000000001, 68.7, 68.8, 68.9, 69, 

69.10000000000001, 69.2, 69.3, 69.4, 69.5, 

69.60000000000001, 69.7, 69.8, 69.9, 70, 

70.10000000000001, 70.2, 70.3, 70.4, 70.5, 

70.60000000000001, 70.7, 70.8, 70.9, 71, 

71.10000000000001, 71.2, 71.3, 71.4, 71.5, 

71.60000000000001, 71.7, 71.8, 71.9, 72, 

72.10000000000001, 72.2, 72.3, 72.4, 72.5, 

72.60000000000001, 72.7, 72.8, 72.9, 73, 

73.10000000000001, 73.2, 73.3, 73.4, 73.5, 

73.60000000000001, 73.7, 73.8, 73.9, 74, 

74.10000000000001, 74.2, 74.3, 74.4, 74.5, 

74.60000000000001, 74.7, 74.8, 74.9, 75, 

75.10000000000001, 75.2, 75.3, 75.4, 75.5, 

75.60000000000001, 75.7, 75.8, 75.9, 76, 

76.10000000000001, 76.2, 76.3, 76.4, 76.5, 

76.60000000000001, 76.7, 76.80000000000001, 76.9, 77, 

77.10000000000001, 77.2, 77.30000000000001, 77.4, 77.5, 

77.60000000000001, 77.7, 77.80000000000001, 77.9, 78, 

78.10000000000001, 78.2, 78.30000000000001, 78.4, 78.5, 

78.60000000000001, 78.7, 78.80000000000001, 78.9, 79, 

79.10000000000001, 79.2, 79.30000000000001, 79.4, 79.5, 

79.60000000000001, 79.7, 79.80000000000001, 79.9, 80, 

80.10000000000001, 80.2, 80.30000000000001, 80.4, 80.5, 

80.60000000000001, 80.7, 80.80000000000001, 80.9, 81, 

81.10000000000001, 81.2, 81.30000000000001, 81.4, 81.5, 

81.60000000000001, 81.7, 81.80000000000001, 81.9, 82, 

82.10000000000001, 82.2, 82.30000000000001, 82.4, 82.5, 

82.60000000000001, 82.7, 82.80000000000001, 82.9, 83, 

83.10000000000001, 83.2, 83.30000000000001, 83.4, 83.5, 

83.60000000000001, 83.7, 83.80000000000001, 83.9, 84, 

84.10000000000001, 84.2, 84.30000000000001, 84.4, 84.5, 

84.60000000000001, 84.7, 84.80000000000001, 84.9, 85, 

85.10000000000001, 85.2, 85.30000000000001, 85.4, 85.5, 

85.60000000000001, 85.7, 85.80000000000001, 85.9, 86, 

86.10000000000001, 86.2, 86.30000000000001, 86.4, 86.5, 

86.60000000000001, 86.7, 86.80000000000001, 86.9, 87, 

87.10000000000001, 87.2, 87.30000000000001, 87.4, 87.5, 

87.60000000000001, 87.7, 87.80000000000001, 87.9, 88, 

88.10000000000001, 88.2, 88.30000000000001, 88.4, 88.5, 

88.60000000000001, 88.7, 88.80000000000001, 88.9, 89, 

89.10000000000001, 89.2, 89.30000000000001, 89.4, 89.5, 
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Description Value 

89.60000000000001, 89.7, 89.80000000000001, 89.9, 90, 

90.10000000000001, 90.2, 90.30000000000001, 90.4, 90.5, 

90.60000000000001, 90.7, 90.80000000000001, 90.9, 91, 

91.10000000000001, 91.2, 91.30000000000001, 91.4, 91.5, 

91.60000000000001, 91.7, 91.80000000000001, 91.9, 92, 

92.10000000000001, 92.2, 92.30000000000001, 92.4, 92.5, 

92.60000000000001, 92.7, 92.80000000000001, 92.9, 93, 

93.10000000000001, 93.2, 93.30000000000001, 93.4, 93.5, 

93.60000000000001, 93.7, 93.80000000000001, 93.9, 94, 

94.10000000000001, 94.2, 94.30000000000001, 94.4, 94.5, 

94.60000000000001, 94.7, 94.80000000000001, 94.9, 95, 

95.10000000000001, 95.2, 95.30000000000001, 95.4, 95.5, 

95.60000000000001, 95.7, 95.80000000000001, 95.9, 96, 

96.10000000000001, 96.2, 96.30000000000001, 96.4, 96.5, 

96.60000000000001, 96.7, 96.80000000000001, 96.9, 97, 

97.10000000000001, 97.2, 97.30000000000001, 97.4, 97.5, 

97.60000000000001, 97.7, 97.80000000000001, 97.9, 98, 

98.10000000000001, 98.2, 98.30000000000001, 98.4, 98.5, 

98.60000000000001, 98.7, 98.80000000000001, 98.9, 99, 

99.10000000000001, 99.2, 99.30000000000001, 99.4, 99.5, 

99.60000000000001, 99.7, 99.80000000000001, 99.9, 100, 

100.10000000000001, 100.2, 100.30000000000001, 100.4, 

100.5, 100.60000000000001, 100.7, 100.80000000000001, 

100.9, 101, 101.10000000000001, 101.2, 

101.30000000000001, 101.4, 101.5, 101.60000000000001, 

101.7, 101.80000000000001, 101.9, 102, 

102.10000000000001, 102.2, 102.30000000000001, 102.4, 

102.5, 102.60000000000001, 102.7, 102.80000000000001, 

102.9, 103, 103.10000000000001, 103.2, 

103.30000000000001, 103.4, 103.5, 103.60000000000001, 

103.7, 103.80000000000001, 103.9, 104, 

104.10000000000001, 104.2, 104.30000000000001, 104.4, 

104.5, 104.60000000000001, 104.7, 104.80000000000001, 

104.9, 105, 105.10000000000001, 105.2, 

105.30000000000001, 105.4, 105.5, 105.60000000000001, 

105.7, 105.80000000000001, 105.9, 106, 

106.10000000000001, 106.2, 106.30000000000001, 106.4, 

106.5, 106.60000000000001, 106.7, 106.80000000000001, 

106.9, 107, 107.10000000000001, 107.2, 

107.30000000000001, 107.4, 107.5, 107.60000000000001, 

107.7, 107.80000000000001, 107.9, 108, 

108.10000000000001, 108.2, 108.30000000000001, 108.4, 

108.5, 108.60000000000001, 108.7, 108.80000000000001, 

108.9, 109, 109.10000000000001, 109.2, 

109.30000000000001, 109.4, 109.5, 109.60000000000001, 
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Description Value 

109.7, 109.80000000000001, 109.9, 110, 

110.10000000000001, 110.2, 110.30000000000001, 110.4, 

110.5, 110.60000000000001, 110.7, 110.80000000000001, 

110.9, 111, 111.10000000000001, 111.2, 

111.30000000000001, 111.4, 111.5, 111.60000000000001, 

111.7, 111.80000000000001, 111.9, 112, 

112.10000000000001, 112.2, 112.30000000000001, 112.4, 

112.5, 112.60000000000001, 112.7, 112.80000000000001, 

112.9, 113, 113.10000000000001, 113.2, 

113.30000000000001, 113.4, 113.5, 113.60000000000001, 

113.7, 113.80000000000001, 113.9, 114, 

114.10000000000001, 114.2, 114.30000000000001, 114.4, 

114.5, 114.60000000000001, 114.7, 114.80000000000001, 

114.9, 115, 115.10000000000001, 115.2, 

115.30000000000001, 115.4, 115.5, 115.60000000000001, 

115.7, 115.80000000000001, 115.9, 116, 

116.10000000000001, 116.2, 116.30000000000001, 116.4, 

116.5, 116.60000000000001, 116.7, 116.80000000000001, 

116.9, 117, 117.10000000000001, 117.2, 

117.30000000000001, 117.4, 117.5, 117.60000000000001, 

117.7, 117.80000000000001, 117.9, 118, 

118.10000000000001, 118.2, 118.30000000000001, 118.4, 

118.5, 118.60000000000001, 118.7, 118.80000000000001, 

118.9, 119, 119.10000000000001, 119.2, 

119.30000000000001, 119.4, 119.5, 119.60000000000001, 

119.7, 119.80000000000001, 119.9, 120}  

Absolute tolerance 

Description Value 

Tolerance method Manual  

Settings: Concentration (comp1.c) 

Description Value 

Tolerance method Manual  

Time stepping 

Description Value 

Maximum BDF order 2  

Fully Coupled 1 (fc1) 

General 

Description Value 

Linear solver Iterative 1  
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Method and termination 

Description Value 

Damping factor 0.9 

Jacobian update Once per time step 

Maximum number of iterations 8  

Iterative 1 (i1) 

General 

Description Value 

Maximum number of iterations 400  

Error 

Description Value 

Factor in error estimate 40  

Multigrid 1 (mg1) 

General 

Description Value 

Use hierarchy in geometries Geometry 1  

Presmoother (pr) 

SOR Line 1 (sl1) 

Main 

Description Value 

Relaxation factor 0.2  

Secondary 

Description Value 

Relaxation factor 0.4  

Postsmoother (po) 

SOR Line 1 (sl1) 

Main 

Description Value 

Relaxation factor 0.2  

Secondary 

Description Value 

Number of secondary iterations 2 

Relaxation factor 0.4  
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Coarse Solver (cs) 

Direct 1 (d1) 

General 

Description Value 

Solver PARDISO 

Out-of-core Off  
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Results 

DATA SETS 

Study 1/Solution 1 

Solution 

Description Value 

Solution Solution 1 

Component Save Point Geometry 1  

 

Figure A1.16. Data set: Study 1/Solution 1 

Cut Plane 1 

Data 

Description Value 

Data set Study 1/Solution 1  

Plane data 

Description Value 

Plane type Quick 

Plane xy - planes 

z-coordinate 0[nm]  

ADVANCED 

Description Value 

Space variables {cpl1x, cpl1y} 

Normal variables {cpl1nx, cpl1ny, cpl1nz}  



188 

 

Cut Point 3D 1 

Data 

Description Value 

Data set Study 1/Solution 1  

Point data 

Description Value 

Entry method Coordinates  

Settings 

Description Value 

x 1.84[um] 

y -1.65[um] 

z 0[um]  

PLOT GROUPS 

Concentration (tds) 

 

Figure A1.17. Time=0.3 s Slice: Concentration (mol/m
3
) 
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Concentration (tds) 1 

 

Figure A1.18. Time=0.3 s Surface: Concentration (µM) 

2D Plot Group 3 

 

Figure A1.19. Time=0.3 s Surface: Concentration (µM) 
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1D Plot Group 4 

 

Figure A1.20. Point Graph: Concentration (µM) 

 

 

 

 

 

 

 


