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Abstract 

In Situ Scanning Probe Techniques for Evaluating Electrochemical Systems 

 

Anna Elisabeth Dorfi 

 

Falling technology costs are allowing renewable sources of energy to become 

increasingly more competitive with fossil fuel-based sources. However, challenges still remain in 

the widespread deployment of sources like wind and solar due to their intermittent nature and 

cost-prohibitive storage options. An attractive solution to address these issues is by using 

renewably derived energy to drive electrolysis reactions that generate useful chemicals and fuels. 

In order to do this effectively and economically, efficient and durable electrocatalysts are needed 

for the reactions of interest, such as hydrogen production from water electrolysis. Presently, the 

best catalysts for this process are noble metals such as platinum, which are expensive and in 

limited supply. The discovery and mechanistic understanding of earth abundant materials that 

can also efficiently catalyze these reactions remains a current research focus. Scanning probe 

microscopy (SPM) techniques can be used to aid in the discovery of these materials, as they are 

able to investigate catalyst surfaces in situ and at a higher resolution than conventional 3-

electrode electroanalytical methods. This dissertation explores the use of two in situ SPM 

techniques, scanning electrochemical microscopy (SECM) and scanning photocurrent 

microscopy (SPCM), for evaluating both photocatalytic and electrocatalytic electrochemical 

systems. Three different studies that use these two techniques were carried out over the duration 

of my thesis work and are presented in Chapters 2 through 4. 

After providing an overview of solar fuels and SPM techniques in Chapter 1, Chapter 2 

describes the design considerations, implementation and demonstration of a home-built SECM 



 

 

instrument for use with nonlocal continuous line probes (CLPs) that can achieve high areal 

imaging rates with compressed sensing (CS) image reconstruction. The CLP consists of an 

electroactive band electrode sandwiched between two insulating layers, where one of the 

insulating layers needs to be on the same length scale as the band electrode because it determines 

the average separation distance from the band electrode to the substrate. Similarly, the spatial 

resolution of the CLP is determined by the thickness of the band and the realizable imaging rate 

is determined by its width and linear scan rate. Like conventional SECM systems, a combination 

of linear motors and a bipotentiostat is needed. However, for the CLP-SECM system both linear 

and rotational motors are needed to scan at different substrate angles to obtain the necessary raw 

signal to reconstruct the target electrochemical image with CS algorithms. Detailed descriptions 

of the microscope design, CLP fabrication, and the procedures necessary to carry out the CLP-

SECM imaging are given in this chapter.  Measurements with this novel CLP-SECM microscope 

are done with flat platinum disk electrode samples of varying sizes. A substrate-generation-

probe-collection mode is used during the SECM linescan measurements to illustrate procedures 

for position calibration of the system, CLP and substrate cleaning, as well as verifying the 

sensitivity along the length of the CLP. Finally, linescans over a three disk platinum sample were 

taken and CS image reconstruction was done, with as few as three linescans, to demonstrate the 

order of magnitude time advantage of this approach over conventional SECM scanning methods.  

In Chapter 3, colorimetric imaging studies are done using a pH dye indicator to visualize 

the plume of electroactive species that is generated during in situ SECM measurements for both 

conventional and CLP-SECM systems. In SECM, the signal recorded by the probe is facilitated 

by transport of electroactive species and not by direct contact between the probe and the 

substrate, which is typical of many scanning probe microscopy (SPM) techniques. One of the 



 

 

complexities with SECM is being able to fully understand the interaction between the 

electroactive species generated at the substrate and the probe. Thus in order to understand this 

further, a pH indicator dye is used to visualize pH gradients associated with the hydrogen 

product plume generated by water electrolysis during in situ SECM measurements. The in situ 

colorimetric experiments are then used to inform assumptions about the system and validate 

simulations using finite element modeling software. From this study, we are able to develop 

quantitative relationships to describe how the plume of electroactive species influences the 

recorded current at the probe for different probe geometries. Finally, we use this initial study as 

groundwork for investigating the influence of higher probe scan speeds where convection starts 

to play a role on the distortion of the signal and plume dynamics, and how it can be corrected 

using CS post-processing methods.  

Lastly, SPCM is employed in Chapter 4 to study the optical efficiency losses due to 

varying size bubbles on a photoelectrode surface. Individual single hydrogen bubbles ranging 

from 100 µm to 1000 µm were generated on a photoelectrode surface and a laser was used to 

scan over single isolated bubbles to create localized optical efficiency maps based on 

photocurrent and external quantum efficiency (EQE). Moreover, a ray-tracing model based on 

Snell’s law was also constructed to compare to experimental SPCM linescans. This model 

showed very good agreement to the experimental SPCM linescan results. This investigation 

showed that larger bubbles lead to higher optical efficiency losses, not only due to higher 

inactive electrochemically active surface areas (ECSAs) but also due to a larger region of total 

internal reflection of light from the edge regions of bubbles. A macroscale study over a large 

photoelectrode surface was also done where the images of the surface were taken while the 

“sawtooth” was measured under AM1.5 illumination. Consequently, a predictive current−time 



 

 

profile was generated from the single bubble SPCM empirical relationship between bubble size 

and optical losses and was compared to the experimental measurement. Understanding how 

bubbles can impact the efficiency of the overall system is important, as bubbles in a system and 

on an electrode surface increases ohmic resistances, optical losses, and kinetic losses. Overall, 

this study can be used as a starting point for designing systems, electrolyte, and catalyst surfaces 

to improve one or more of the aforementioned losses.   
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: CHAPTER 1

INTRODUCTION 

 

1.1 Electrocatalytic Materials for Solar Fuels Production 

1.1.1 Electrochemical Solar Fuels Production  

Global energy consumption is projected to increase by 50% by the year 2050, which brings with 

it major concerns for the concomitant increase in greenhouse gas emissions.
1
 Renewable energy 

is needed to offset our current fossil fuel energy consumption if CO2 levels are to decrease to safe 

levels and prevent the worst effects of climate change; including stronger storms, temperature 

rise, and resource scarcity. While the price of electricity from solar and wind has dropped 

dramatically in recent years to where they are competitive with fossil fuels in many areas of the 

world, the largest remaining barrier to their large-scale deployment is their intermittency. For 

solar to provide a majority of society’s energy, it is essential that scalable, low-cost storage be 

developed.
2,3

 A promising storage approach is the capture of solar energy in chemical bonds as 

“solar fuels” by, for example, water electrolysis, where hydrogen is electrochemically generated 

from splitting water. The overall water electrolysis reaction and two half reactions hydrogen 

evolution reaction (HER) and oxygen evolution reaction (OER) in an acidic electrolyte are 

shown in Equations 1.1-1.3. 

Overall  𝐻2𝑂 ↔ 𝑂2 + 𝐻2   ∆𝐸° = −1.23 𝑉   1.1 

HER   2 𝐻+ + 2𝑒− ↔ 𝐻2   ∆𝐸° = 0.0 𝑉 𝑣𝑠 𝑁𝐻𝐸  1.2 

OER  𝐻2𝑂 ↔
1

2
𝑂2 + 2𝐻

+ + 2𝑒−  ∆𝐸° = 1.23 𝑉 𝑣𝑠 𝑁𝐻𝐸 1.3 

where ΔE is the thermodynamic minimum voltage which must be applied in order for the 

reaction to occur. Hydrogen is a promising fuel, as it is storable, has a high energy density, and 
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can be more easily integrated into the transportation industry and sectors that are hard to 

decarbonize
4,5

. Hydrogen that is produced electrochemically has the advantage that it can be 

done without CO2 emissions using electrolyzers
6
 that are powered by renewable electricity or 

directly from the sun’s energy using photoelectrochemical cells (PECs).
7,8

 Currently the best 

performing electrocatalysts and photoelectrocatalysts needed for this electrochemical process are 

noble metals like platinum that are very expensive. An electrocatalyst is a material that drives an 

electrochemical reaction at its electrolyte/electrode interface by lowering the activation energy 

needed for the reaction to proceed without being consumed in the process. In electrochemistry, 

electrocatalysts are used to lower the activation energy and overpotential, or the additional 

voltage above the thermodynamic minimum voltage needed for the reaction to occur. These 

electrocatalysts are then used in the electrodes of electrolyzers, where the energy is supplied 

from an external source, ideally from renewable sources of electricity.  Photoelectrocatalysts are 

similar to conventional electrocatalysts but use a semiconductor to absorb light to generate the 

electrons needed for the electrocatalysis to proceed at the electrode/electrolyte interface. 

Electrolyzers and photoelectrochemical cells (PECs) are expected to be key technologies for the 

large-scale production of hydrogen and solar fuels.
9,10

 Continued interest remains in materials 

discovery and stability of earth abundant electrocatalysts for water electrolysis as well as for 

other electrochemical reactions (e.g. CO2 reduction) for generation of a variety of useful solar 

fuels.
9–11

  

Electrocatalytic and photoelectrocatalytic materials/electrodes tend to be highly 

heterogeneous, as they can have high internal surface areas, a high density of active sites, and 

large variations in structure and composition that can all contribute to higher performance 

(Figure 1.1).
12–15

 Many studies have consistently shown that higher surface area catalysts show 
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increased activity, as the number of catalytically active sites increases per unit area.
16–18

 

Similarly, Sheng et. al found that Pt nanocrystal electrocatalysts that demonstrated the highest 

activity where ones with a higher number of catalytically active sites formed from step and kink 

atoms on the crystal facets.
19

 Being able to characterize spatial heterogeneities, structure-

property relationships, and understanding their implications for the performance of 

electrocatalysts is essential to the discovery, design, and optimization of these materials. In order 

to understand what the active site for a catalyst material is and how it works, higher resolution 

techniques are needed to gain more fundamental material properties knowledge alongside more 

conventional macroscale electrochemical techniques (e.g. cyclic voltammetry (CV), 

chronoamperometry (CA)). In situ scanning probe microscopy (SPM) techniques provide a 

powerful and high resolution method for studying these materials at a fundamental level.    

 

Figure 1.1. An illustration showing an electrode with different types of materials, sites, grain 

boundaries, and crystal facets. These are all crucial aspects of a catalyst’s composition that 

influences its activity and efficiency, which can be studied using high resolution techniques like 

scanning probe microscopy (SPM) 
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1.1.2  Scanning Probe Microscopy Techniques: An Overview  

Conventional electrochemical methods are valuable in providing information about the electrode, 

electrolyte, and their interface on the macroscopic scale.
20

 In order to gain a more detailed 

understanding of structural and interfacial properties at the micro- and nano-scales, additional 

techniques are needed that can locally probe the properties of heterogeneous electrode surfaces. 

Scanning probe microscopy (SPM) techniques allow one to measure the local properties of 

materials and interfaces in a variety of environments. SPM has and continues to play a crucial 

role in the understanding of materials at the nanoscale, which has led to the continued 

improvement and development of devices and processes across a variety of disciplines. The first 

SPM technique, scanning tunnel microscopy (STM), was invented in 1982 by Binnig and 

Rohrer.
21–23

 It offered an ex-situ and in situ (in the liquid environment) way of studying surfaces 

both at nanometer and atomic scale resolution. This scanning technique measures a tunneling 

current through a metal tip and substrate surfaces as it approaches the surface. The physical 

metallic tips are typically fabricated to be atomically sharp and their position on a sample surface 

is controlled with piezoelectric motors with nanoscale precision.
22,24,25

 The probe is scanned in a 

point-by-point manner across the surface and the recorded signal is reconstructed into a 2D 

image. Similarly, other forms of SPM techniques, like atomic force microscopy (AFM), use 

similar imaging methodology to obtain local information about surface topography, conductivity, 

and more.
26

 AFM offers complementary information to STM and is useful when working with 

insulating and resistive materials, as AFM measurements are based on changing deflections 

between the tip cantilever scanning across a surface and do not depend on a flowing current like 

STM. Binnig and Rohrer won the Nobel Prize in 1986 for their work in STM, which paved the 

way for the growing field of SPM.
27
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In STM, electrochemical reactions at the probe tip are usually undesirable due to their 

interface with the desirable tunneling current.
24

 In contrast, the measurement of 

electrochemically-generated current at the tip is the basic measurement principle for another 

SPM technique called scanning electrochemical microscopy (SECM), which is a major focus of 

this dissertation work. SECM is widely used across a variety of disciplines and has been growing 

rapidly since its invention in 1989 by Bard and Engstrom.
28,29

 These aforementioned SPM 

techniques all use physical probes as a tool for extracting information; however, optical probes 

like a focused laser beam can also be employed to obtain local information about an electrode 

surface. There are countless in situ optical spectroscopy techniques, which range from nanometer 

scale spatial resolution with near field scanning optical microscopy (NSOM) to micron scale 

spatial resolution with Raman, UV-Vis, IR, and sum frequency generation spectroscopy (SFG).
12

 

Two other such methods, with resolution in the range of 1-25 µm, include scanning photocurrent 

microscopy (SPCM) and fluorescence laser scanning microscopy (LSM).
12,30

 In SPCM the 

generated photocurrent at the substrate at each x and y location of the laser is measured while it 

is scanning.
31,32

 However, in LSM the reflected, emitted, or transmitted light of the substrate is 

measured at each x and y location of the laser.
33

  

1.2 Scanning Electrochemical Microscopy (SECM) 

1.2.1 Conventional SECM 

Simply described, scanning electrochemical microscopy (SECM) is a SPM technique whereby 

an electrochemical reaction causes a current to be passed between the probe tip and a sample 

substrate.
28

 This technique is normally done in situ in the electrochemical environment. A typical 

SECM probe consists of a metal wire encased in an insulating material, such as glass; it is 

typically referred to as an ultramicroelectrode (UME) when the critical dimension of the 
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electrochemically-active tip (usually the radius, a) is less than 25 μm.
20,34

 A lot of research is still 

being done on the fabrication and application of UMEs.
35

 The geometry and size of UMEs is 

very important, as it sets the achievable spatial resolution and transport characteristics to the 

surface of the electrode.
36–38

 There are a variety of SECM point probe geometries, ranging from 

rings to cones to disks. Nanoscale UMEs reach steady state very quickly and can achieve low iR 

drops. Due to their geometry and unique characteristics, the steady state diffusion limiting 

current can be easily described and related to the concentration of the reacting species by 

Equation 1.4 below for a disk-shaped UME:
20

 

                                                                    𝑖𝑠𝑠 = 4𝑛𝐹𝐶𝑖𝐷𝑖𝑎                                1.4 

where the diffusion limiting steady state current is 𝑖𝑠𝑠, 𝑛 is the number of electrons participating 

in the reaction, 𝐹 is Faraday’s constant, 𝐶𝑖 is the concentration of species i, 𝐷𝑖 is the diffusion 

coefficient of species i, and 𝑎 is the radius of the UME. This simple relation used to describe the 

steady state diffusion limiting current for a disk UME is due to the hemispherical diffusion field 

at the tip, in contrast to the linear diffusional field that is seen for larger planar electrodes. 

 

Figure 1.2. An illustration featuring the key components needed in a conventional SECM system, 

the conventional raster scan measurement scheme, and geometry of a disk UME setup. 

Schematic not to scale. 
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The operation of SECM consists of scanning the UME across a sample of interest and 

measuring the current generated at the tip at each x,y location within the imaged area. A typical 

SECM setup, shown as Figure 1.2, needs a computer, bipotentiostat, positioner components, a 

UME, and a substrate of interest. There are a variety of modes of operation, consisting of  

feedback and collection/generation modes.
28,39,40

 In the feedback mode a potential is applied to 

the tip to electrochemically produce a species at a diffusion-controlled rate    and the measured 

current at the tip is due to its interaction with the substrate.
41

 Additionally, two collection and 

generation modes are also possible, with the tip and substrate operating in either the substrate 

generation/tip collection (SGTC) or tip generation/substrate collection (TGSC) modes. The 

TGSC mode is similar to the feedback mode, where now both the tip and substrate electrode 

currents are measured. For both generation/collection modes the electrode that generates the 

species of interest is held at a potential corresponding to the diffusion-controlled formation of its 

product. Similarly, the potential of the electrode that is under the collection mode is held at a 

value where the reverse regeneration reaction is diffusion-controlled.  

Before an SECM scan is carried out, the distance from the substrate surface to the UME 

needs to be determined and set. This is achieved by recording what is known as an approach 

curve. The approach curve is important, as it determines whether the measured current at the tip 

is from the local reaction between the tip and the substrate or a measurement of the bulk 

environment. Approach curves can also be used to obtain information about the tip geometry, as 

the characteristics of the curves differ for different tip geometries, as well as for obtaining kinetic 

rate constants for a particular reaction.
42–45

  For a conducting substrate, positive feedback occurs 

as the UME is brought closer to the surface because the substrate is able to conduct the flow of 

electrons and aid in ion transport, allowing regeneration of the tip reactant species. This leads to 
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a larger flux of the tip product and an increase in the measured current. However, an insulating 

surface exhibits negative feedback. The insulating substrate surface does not conduct electrons. It 

inhibits ion transfer and impedes the transport of reactants to the electrode surface, leading to a 

drop in the tip current as the UME is brought closer to the substrate surface. This approach curve 

concept is illustrated in Figure 1.3. The typical normalized tip to substrate separation (d/a) 

distance used is less than two.
20

 

 

Figure 1.3. Schematics illustrating the concepts of a) positive and c) negative feedback and c)  

approach curves for steady state currents at a conducting and insulating substrate are plotted 

from a numerical relation.
20

 No reaction of the tip-generated species occurs for the insulating 

substrate while the reaction occurs at a diffusion-controlled rate for the species generated at the 

tip at the conducting substrate. The normalized current is the measured current divided by the 

diffusion limiting bulk current measured when the UME is far from the substrate. The separation 

distance is also normalized with respect to the radius of the UME, a.  

 

1.2.2  SECM with Nonlocal Probes and Compressed Sensing (CS) 

While conventional SECM allows for high resolution imaging, it can be limited by long 

measurement times, which can limit sample throughput and/or create issues related to unwanted 
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changes in the sample environment over long time periods. There remains significant research 

efforts in the development of new SECM instruments and operational modes to overcome the 

challenges seen with conventional SECM methodology.
34

 In my dissertation work, I investigated 

the design and use of a novel nonlocal band probe for use in SECM to significantly decrease 

imaging time over larger sample areas.
46

 These line probes consist of an electroactive layer of 

metal sandwiched between a thicker substrate layer support, and a thinner insulating layer that 

determines the separation distance from the sample surface (Figure 1.4a). They are semi local in 

nature, meaning they are able to simultaneously sense along one scanning direction. Multiple 

scans must be done for varying substrate rotations in order to gain enough spatial information 

about the sample. This requires that the substrate (or probe) be able to rotate. The subsequently 

generated linescans for the different substrate rotation angles can then be used in a signal 

processing method called compressed sensing (CS) for image reconstruction of the sample 

surface. Figure 1.4b shows example line scans and the measurement scheme needed when using 

this probe geometry. Specific studies and demonstrations with this novel probe geometry and 

methodology are explored in Chapter 2.  

 

Figure 1.4. a) A schematic illustrating the continuous line probe (CLP) geometry used in this 

dissertation work and b) the measurement scheme needed for generating raw CLP line scans. 

The CLP consists of a substrate with an electroactive layer of thickness, tE, as well as an 
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insulating layer on top of the electroactive layer. The thickness of the insulating layer (tI) must be 

of similar thickness to the electroactive layer, as it sets the tip substrate separation distance. b.) 

Example line scans for two different CLP scans over a sample containing electroactive features.  

Schematic not to scale. 

 

The ability to use these delocalized measurements with compressed sensing (CS) theory and 

signal analysis can enable an order of magnitude faster imaging capability than with 

conventional UME point-by-point imaging methods.
47

 Compressed sensing theory states that 

image reconstruction can be done with significantly fewer measurements or samples than 

conventional signal processing methods when two conditions are met. Firstly, the signal set must 

be sparse and secondly, the signal modality must be incoherent/random. A sparse signal set is 

one where the majority of the signal is comprised of zeros or a constant background value, and 

therefore only a few elements are non-zero as shown in Figure 1.5. The incoherence of the 

imaging modality refers to the imaging method and probe geometry itself, meaning that a 

delocalized signal generated by the probe during measurements is desired and that the ideal 

measurement system is one where information is simultaneously measured across many 

locations. Considering the nonlocal nature of the CLP and the sparsity of the signal that can arise 

for different samples, compressed sensing theory fits very well for this application. CS has not 

been, to our knowledge, used for this application with SECM. However, the CS signal analysis 

approach also comes with its challenges. The linescan measurements exhibit experimental non-

idealities in the signal structure and the raw linescan signal from the CLPs is coherent, as the 

signal is not entirely delocalized, even if the features are well separated. In order to address these 

challenges, new approaches were developed by Henry Kuo in Dr. Wright’s group in Electrical 

Engineering at Columbia University. The solutions to address these difficulties involve 

employing algorithmic and experimental calibrations to resolve non-idealities as well as 

reweighting algorithms to cope with extraneous magnitude imbalances that may be present.
47
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Figure 1.5. An illustrated concept of compressed sensing as it relates to the CLP geometry and 

system. a) Line scans of a sample, ym, are taken using a CLP at different substrate rotation 

angles. The number of line scans, m, required to image a surface depends on the complexity of 

the sample.  b) A predicted sparse map of the x and y locations of the electroactive features for 

image I is generated and convolved with an ideal line scan operation and a point spread function 

(psf) of a single electroactive feature that simulates the effect of the CLP. The resulting predicted 

line scans are compared with the measured line scans and the final electrochemical image, I, is 

produced when the error minimization is complete. 

 

Figure 1.5 shows how CS theory is applied to the CLP-SECM approach.  Raw CLP line scans 

(ym) are measured for various substrate rotation angles which are then used to reconstruct the 

electrochemical SECM image, I. This is done by optimizing over the parameters in the model 

that describe the image, I, and the expected sparse map, i.e. x, y locations, for the features 

present on the sample. The model for reconstructing the image, I, consists of using a predicted 

sparse map that is then convolved with an algorithm-generated point spread function (psf) for a 
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single disk to generate predicted line scans for different substrate rotation angles. A psf describes 

the single point source intensity response of an object, which for this system is of the 

electroactive disk.
48

 Error minimization is then done between the algorithm-generated line scans 

and the measured line scans. Once the optimization is complete, which also includes accounting 

for any non-idealities in the signal, an image of the electrochemical sample, I, can be generated.  

For more detailed descriptions of CS theory and algorithms, which are beyond the scope of this 

thesis, the reader is referred to the references.
49–51

 

1.3 Scanning Photocurrent Microscopy (SPCM) 

Another technique under the subset of SPM that is used to understand photocatalyst performance 

in photoelectrochemical cells (PECs) and properties at high resolution is scanning photocurrent 

microscopy (SPM).
52–54

 In a PEC, at least one of the electrodes is comprised of a photo-active 

semiconducting material which absorbs sunlight to directly drive non-spontaneous 

electrochemical reactions. Such semiconducting electrodes are known as photocatalysts or 

photoelectrodes. Photoelectrochemical cells (PECs) are a promising all-in-one technology for 

harnessing renewable sunlight to generate storable chemical fuels
55

. The majority of research in 

PECs is in improvement in the overall efficiency of the device and in developing more efficient 

and stable semiconductor and cocatalyst materials
56,57

. Conventional SECM by itself, as 

described previously, is not able to be used alone for studying photoelectrodes, as light is a 

necessary input for these materials. In SPCM, however, usually a laser of a specific wavelength 

having energy greater than the band gap of the photoelectrode being studied is used as the 

scanning probe source and excitation source, and can be used to explore the optoelectronic 

properties of semiconductors in PEC devices
12

. The laser beam locally excites the semiconductor 

and the resulting photocurrent due to carriers that reach the electrode and catalyst surface is 
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measured. As in a conventional SECM measurement, a 2D electrochemical image map is 

produced from the locally generated photocurrent as a function of the laser beam’s x and y 

position. SPCM can also be done in both the dry and liquid electrochemical environment (ex situ 

and in situ) to analyze a variety of conditions.
32

  

This technique, however, is physically limited by the Abbe diffraction limit, and a typical 

achievable resolution is around 1-25 µm.
12,32,58,59

 As stated previously, the resolution of SECM is 

set by the size of the probe. The Abbe diffraction limit sets the possible laser beam diameter, 

shown below as Equation 1.5: 

                                                                𝑑 =
𝜆

2∙𝑁𝐴
                                                        1.5 

 where 𝑑 is the laser beam diameter, 𝜆 is the wavelength of the laser, and NA is the numerical 

aperture of the objective focusing lens.
60,61

 The NA is dependent on the aperture angle, 𝜃, of the 

lens and the index of refraction, n, of the surrounding medium.
12

  

                                                                  𝑁𝐴 = 𝑛 ∙ 𝑠𝑖𝑛𝜃                                           1.6 

Near-field scanning optical microscopy (NSOM) is a subset of SPCM that is able to circumvent 

the Abbe diffraction limit by guiding light through an optical fiber with the aperture at its tip.
62,63

 

This offers opportunities for SPCM imaging on the nanoscale, although implementation is often 

difficult. Even so, conventional SPCM is a valuable technique for studying photoelectrodes, as 

applications range from investigating carrier diffusion length, surface defects, electric field 

distribution, doping concentrations, to material active regions.
58

 SPCM works similarly to 

conventional SECM, with the major distinguishing factor being that a light probe is used as the 

“tip” compared to the physical UMEs in SECM. It is important that the laser is focused on the 

substrate surface and that the laser power is coherent and uniform throughout.  In SPCM setups, 
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either the laser probe moves to scan a surface of interest and the substrate surface is immobile or 

the substrate surface itself moves and the laser is immobile. For this dissertation work, the latter 

configuration is used (Figure 1.6) with a green laser of 532 nm wavelength. A more detailed 

schematic as it specifically relates to a study done with SPCM for my dissertation work is given 

in Chapter 4. 

 

Figure 1.6. A simplified schematic illustrating the basic components of an SPCM setup. The key 

components include a laser, a microscope objective for focusing the beam on the substrate, x and 

y motor positioners for controlling the substrate’s movements, a bipotentiostat to measure the 

photocurrent from the substrate, and a computer for data processing and visualization. Schematic 

not to scale. 

 

1.4 Dissertation Overview 

In this dissertation two scanning probe techniques, scanning electrochemical microscopy and 

scanning photocurrent microscopy, are used to understand catalyst and photocatalyst 

performance and design considerations for water electrolysis systems. The overall research 

objective was to design and use in situ electrochemical analytical tools to evaluate catalysts more 

efficiently and effectively. In Chapter 2, a new scanning electrochemical microscopy (SECM) 

concept and microscope with nonlocal probes is introduced and described. The design of an 
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SECM that can be used with nonlocal continuous line probes (CLPs) and experimental 

demonstrations of the device using platinum catalysts in acid for water electrolysis are presented 

as a verification of the technique.  This new technique and approach can also be applied to a 

variety of other electrochemical systems. Chapter 3 explores the inherit probe “speed limits” 

associated with conventional SECM systems and the CLP-SECM system. Varying probe speed 

limits and the resulting signal are evaluated for use with CS post processing algorithms for image 

reconstruction. This chapter aims to understand diffusive and convective mass transfer processes 

for the CLP-SECM system as well as draw parallels to conventional SECM systems. COMSOL 

Multiphysics software is also employed as a simulation tool to aid in the understanding of the 

CLP-SECM experimental system. For a concluding study, a metal insulating semiconductor 

(MIS) photoelectrode architecture in a model photoelectrochemical (PEC) system is presented in 

Chapter 4. Scanning photocurrent microscopy (SPCM) is employed to understand the optical 

efficiency losses due to H2 bubbles that are generated on the surface of the photoelectrode during 

water electrolysis. A ray-tracing model based on Snell’s law was also constructed to gain insight 

into how single H2 bubbles of different sizes affect these optical efficiency losses. This model 

was then applied to predict how multiple bubble evolution off a larger photoelectrode surface 

would affect the current versus time profile during a chronoamperometric measurement. Overall 

conclusions, final thesis remarks, and future directions are then given in Chapter 5.   
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: CHAPTER 2

DESIGN AND OPERATION OF A SCANNING ELECTROCHEMICAL 

MICROSCOPE FOR IMAGING WITH CONTINUOUS LINE PROBES 

 

2.1 Introduction 

The vast majority of SECM measurements performed to date have used conventional 

ultramicroelectrode (UME) probes, which typically consist of a metallic wire sealed in an 

insulating glass sheath. During operation, the electrochemical interaction between this UME 

“point probe” and the sample are recorded in a point-by-point sensing scheme as the UME is 

scanned across an area of interest. A major shortcoming of conventional point probes is that they 

require very long scan times to image large sample areas with high resolution.
6,7

 In general, long 

scan times result in low throughput and can lead to unwanted changes in the sample or probe. 

Previous research efforts have attempted to overcome the trade-off between resolution and areal 

imaging rates through a variety of approaches that have involved modifications to SECM 

hardware
1,8–12

, the use of advanced probe geometries
13–16

, and/or post measurement image 

processing to correct for blurriness and artifacts associated with fast scan speeds.
13,15–18

 For 

example, the development of scanning droplet cells for scanning electrochemical cell microscopy 

(SECCM), combined with the use of more efficient spiral scan patterns, has resulted in 

substantial increases in areal imaging rates thanks to their ability to utilize high scan rates 

without being limited by convection.
2,3,19–21

 Alongside instrument development, the use of 

innovative probe configurations and geometries has emerged as a promising approach to increase 

SECM imaging rates.
13,14,22–24

 For example, multiple studies have demonstrated the use of 

individually addressable sub micrometer electrodes for large area imaging.
13,15

 Lesch et. al 
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combined the idea of using a linear array of microelectrodes with polymeric thin films to create 

soft, flexible probes capable of imaging large sample areas, even for tilted and curved 

surfaces.
13,14,25

  Yet, the resolution of these probes remains limited by the lateral spacing between 

the point probes embedded within the array. Additionally, fabrication of these probes is non-

trivial, and more complex electronics (e.g. multiplexer or multichannel potentiostat) are required 

to analyze the signals from the individually addressable electroactive elements. 

In Chapter 2 an alternate approach to increasing SECM imaging rates by using a 

continuous line probe (CLP) consisting of a high aspect ratio band electrode sealed between two 

insulating sheets is demonstrated.
22

 In principle, the CLP can achieve high imaging rates by 

sensing probe/substrate interactions everywhere along its length, while simultaneously achieving 

high spatial resolution that is set by the thickness of the band electrode. By performing multiple 

CLP scans across a region of interest at different substrate scan angles, sufficient information can 

be obtained to reconstruct a 2D SECM image. A complication of SECM imaging with a CLP 

(CLP-SECM) is that the nonlocal nature of the CLP requires advanced signal analysis methods 

to reconstruct images from the convoluted information contained in the raw CLP scans. 

Fortunately, this task can be efficiently achieved using modern compressed sensing (CS) 

reconstruction methods.
17,18

 Our previous studies described the basic principles of CLP-SECM 

imaging with CS image reconstruction, but the quality and areal imaging rates demonstrated in 

that work were limited by the CLPs and microscope set-up employed in that study.
22

 

Specifically, those first demonstrations involved tedious probe positioning, sample rotation, 

probe cleaning, and data acquisition procedures that increased imaging times and introduced 

unnecessary human error into the measurement scheme.  
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In this chapter, a custom-built programmable scanning electrochemical microscope setup 

for CLP-SECM imaging that can overcome these limitations is described. The advantages of this 

new instrument include its ability to perform programmable rotational movements with simple 

hardware and probe design, allowing for streamlined data acquisition of electrochemical data. 

Herein, we first describe the procedures for fabricating and characterizing the CLP used in this 

study before detailing the system design and key microscope components. Subsequently, the 

communication and control of the hardware is explained and example measurements from the 

instrument are presented.  

2.2 Design and Operating Principles of CLP-SECM 

2.2.1 Microscope Design and Operation 

Figure 2.1 contains a simple block diagram showing the key components of our microscope and 

how they are configured with respect to each other. The overall design and many of the key 

components of this microscope share many similarities with conventional SECM instruments, 

which have been described in detail in previous publications.
5,26,27

 Common SECM components 

include X, Y, and Z positioners for precise control over the probe position and a bipotentiostat to 

control the applied potential of the probe and substrate. A key difference is that the SECM 

instrument is specially designed to carry out imaging with continuous line probes (CLPs) thanks 

to integration of a programmable, high precision rotational positioner that rotates the sample 

stage in between line scan measurements. The rotational positioner is stacked on top of linear 

encoded programmable X and Y positioners, which collectively form the sample stage. An 

electrochemical cell containing the sample to be imaged is mounted on top of this stage and 

viewed from above by a CCD camera. A programmable Z positioner, independently secured to 

the microscope platform, possesses a mounting bracket for the CLP and serves the purposing of 
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raising and lowering the CLP with respect to the sample to be imaged. The X, Y, Z, and 

rotational (R) positioners are connected to a common controller/power supply unit. The CCD 

camera, positioner electronics, and bipotentiostat all interface with a personal computer (PC). In 

the following subsections (2.2.2-2.2.4), more details are provided about the design and 

characteristics of CLPs, the electrochemical cell, and positioning system.   

 

Figure 2.1. A schematic of the scanning electrochemical microscope setup with rotational and 

linear programmable motors for use with a continuous line probe (CLP). 

 

2.2.2 Continuous Line Probes (CLPs) 

A CLP is typically comprised of three layers: an insulating substrate, an electroactive layer, and 

a thin insulating layer.
22

 As shown in Figure 2.2a, the electroactive sensing element is 

sandwiched between the two insulating layers. The thicker of the two insulating layers serves as 
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the probe substrate, while the thinner insulating layer serves as a spacer between the 

electroactive layer and the sample during imaging that sets the average probe-substrate 

separation distance, dm. The thickness of the electroactive layer, tE, sets the imaging resolution. 

The CLP also simultaneously senses features along the width, w, of the probe. In contrast, an 

ultramicroelectrode (UME), or “point-probe”, typically consists of a metal wire that has been 

sealed in glass and polished at the end to obtain an exposed disk-shaped sensing element that is 

surrounded by a glass ring.  The spatial resolution that can be achieved by such a probe is limited 

by the diameter (2∙r0) of the exposed metal disk electrode. Table 2.1 shows a visual comparison 

of these two probe geometries. 

Table 2.1. Side by side comparison of probe geometries and key features of SECM performed 

using a continuous line probe (CLP-SECM) and a conventional ultramicroelectrode (UME). 

 

 
 

 
CLP-SECM Conventional SECM 

Resolution 
Set by the electroactive layer 

thickness, t
E
 

Set by the disk diameter, 2∙r
0
 

Applications 
Large sample areas with low 
density of features and few 

feature types  

Small sample areas with high 
density of features and/or many 

feature types 

Fabrication 
Lamination, physical vapor 
deposition, chemical vapor 

deposition.   

Pipette puller, wire etching 
methods 

 

During imaging, the CLP is mounted onto a probe holder attached to the Z-positioner and 

positioned such that the thinner insulating layer comes in contact with the sample to be imaged 
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(Figure 2.2b). The thickness of the thin insulating layer, 𝑡𝐼, combined with the CLP mounting 

angle with respect to the sample 𝜃𝐶𝐿𝑃, determine the average separation distance between the 

sample and the electroactive layer (Figure 2.2b, inset). This average separation thickness 𝑑𝑚 is 

calculated using Equation 2.1.  

dm =  (
𝑡𝐸

2
+ 𝑡𝐼) sin (90° − 𝜃𝐶𝐿𝑃)                                       2.1  

In general, 𝑡𝐼 should be similar to the thickness of the electroactive layer 𝑡𝐸 in order to ensure 

that significant positive/negative feedback will be observed during SECM imaging with the CLP. 

The thickness of the electroactive layer 𝑡𝐸 sets the imaging resolution. 

 

 
 

Figure 2.2. a.) A schematic 3D view of the different layers of a continuous line probe (CLP), 

including the insulating top layer, the electroactive layer, and the substrate layer. Layer 

thicknesses are not drawn to scale. b.) Schematic side-view of a CLP mounted on a probe holder 

and placed in contact with the sample to be imaged. Inset shows a close-up of the point of 

contact between the CLP and sample. c.) Exploded-view computer aided design (CAD) drawing 

of the custom electrochemical cell used in this study. d.) Photograph of the electrochemical cell 

mounted on the motorized positioning stage with CLP positioned in electrolyte for imaging. 
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2.2.3 Electrochemical Cell 

SECM measurements were performed in a custom low-profile cell that was designed in 

engineering design software and made from polylactic acid (PLA) using a 3D printer 

(MakerGear M3-ID). The computer aided design (CAD) files for this cell have been made freely 

available on the website echem.io, and a 3D rendering can be seen in Figure 2.2c. The cell 

consists of a base that connects directly to the rotational stage, and a top frame component that 

holds the electrolyte and attaches to the base. When assembling the cell, the sample to be imaged 

is clamped between the cell base and the frame using bolts and a rectangular rubber gasket to 

form a liquid-tight seal between the sample and the frame, while securely fastening all 

components to the rotational stage. The front side of the sample is exposed to the electrolyte 

through a square hole in the bottom of the upper frame component of the cell. Figure 2.2d 

contains a photograph showing the fully assembled cell mounted on the microscope stage during 

SECM measurements. 

2.2.4 Linear and Rotational Positioners 

The X, Y, and Z translational positioners can travel a maximum distance of 50 mm at a 

maximum velocity of 20 mm s
-1

. The X and Y programmable positioners (Thorlabs, 

LNR50SE/M) are optically encoded and can achieve a minimum repeatable positional accuracy 

of 0.1 μm. The Z positioner (Thorlabs, LNR50S/M) possesses the same specifications as the X 

and Y stages except that it is not equipped with an optical encoder, having a minimum repeatable 

positional accuracy of 1 µm. The lower Z-position accuracy is permissible for CLP-SECM 

imaging since imaging occurs with the CLP in direct contact with the sample such that slight 

overshoot of the Z-position of the CLP has very little impact on the average probe/substrate 

separation distance. Rotation of the electrochemical cell is carried out using a rotational stage 
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(Thorlabs, NR360S/M) that travels 360° with a positional accuracy of 5 arcmin (≈.083°). As 

shown in Figure 2.1, the rotational, X, and Y positioners are stacked on top of each other to form 

the scanning stage upon which the electrochemical cell is mounted. Benchtop controllers (3 

channels and 1 channel) are employed for controlling the positioners.  

2.3 Communication and Control Schemes 

The overall communication and control scheme for operation of the CLP-SECM is shown in the 

process control flow diagram provided in Figure 2.3.  The control scheme was implemented 

through LabVIEW, which served as the user interface and platform to coordinate execution of 

user specified scanning conditions through the bipotentiostat and X, Y, Z, and rotational 

positioners. Beginning in the lower left corner of Figure 2.3, the operator must first enter the 

desired preconditioning and imaging parameters into the LabVIEW user interface. These include 

the applied potential for the probe and sample substrate, the coordinates of the center of the 

sample stage, the CLP scan rate, the scan distance, the probe Z position, the angular position of 

the substrate, and the total number of scans 𝑵. Next, the operator starts the imaging program, 

which successively executes the three sub-blocks labeled in Figure 2.3: i.) probe positioning and 

conditioning, ii.) execution of a single CLP scan, and iii.) repositioning of the CLP for the 

following scan. Upon completion of the 𝑵-th scan, the program ends and the recorded 

electrochemical data is used for post image processing and CS image reconstruction. In the 

following sub-sections, additional details are provided about the communication scheme, 

probe/substrate pretreatment, probe positioning algorithm, and post imaging data processing 

procedures that underlie the overall control scheme illustrated in Figure 2.3. 
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Figure 2.3. Process control flow diagram for CLP-SECM imaging. The blocks labeled X, Y, Z, 

and R represent the microscope positioners, and N represents the total number of scans. 

 

2.3.1 Software and Communication Scheme 

All positioners are controlled using the provided APT™ (Advanced Positioning Technology) 

software. Within the APT software, ActiveX Controls can be used within LabVIEW (NI 

LabVIEW 2017 32-bit) to control the positioners. The 700E CH Instruments, Inc. bipotentiostat 

used throughout this study comes with software that controls all potentiostat functions, and 

measures and records data.  The CH Instruments, Inc. software also allows it to interface with 

LabVIEW, such that LabVIEW can be used to simultaneously control both the bipotentiostat and 

motorized stages. Within LabVIEW, programs are run through virtual instrument files (VI). The 

LabVIEW user interface contains graphical representations of functions that are added as nodes 

and connected to control the flow and sequence of commands. The nodes are graphical objects in 

LabVIEW that have inputs and/or outputs and perform specific operations when a program runs. 
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Within these objects, the operator specifies the aforementioned user inputs. The authors are 

happy to provide LABVIEW code upon request. 

2.3.2 Electrode Preconditioning and Vertical Positioning of CLP   

Some preliminary positional inputs are necessary before a linescan can begin. These include the 

initial X, Y, and rotational center coordinates, as well as the CLP’s Z-position. The desired Z 

position is determined from an approach curve, which is performed by recording the probe signal 

as the CLP is lowered with the vertical positioner until it comes in contact with the substrate 

surface. The procedure is very similar to that used in setting up a constant height image 

acquisition using a conventional SECM instrument. Once all the necessary initial positional user 

inputs are stored, the program begins with the vertical positioner lowering the CLP until it is in 

contact with the substrate. A cyclic voltammetry measurement of the probe surface while it is in 

contact with the sample surface is taken and the data is saved to the PC. Conditioning of the 

substrate with a cyclic voltammetry measurement is also done. This preconditioning step is done 

to “clean” both the probe and substrate surface by oxidizing organic matter that may be present 

and clearing the surface of any remaining reactant species from previous scans. The 

preconditioning step is important for maintaining a consistent background signal for all scans. 

2.3.3 Execution of a Single CLP Linescan   

Before a line scan is carried out, the sample stage must be positioned such that i.) the center of 

the sample area to be imaged is aligned with the midpoint of the CLP, ii.) the distance from the 

CLP midpoint to the center of the imaging area is set to half of the desired scan length, and iii.) 

the sample has the proper rotational orientation with respect to the X-scan direction such that the 

CLP scan will occur at the user-specified scan angle 𝜃𝑆. After lowering the CLP using the Z-

positioner, the line scan measurement begins by initiating potentiostatic control of the substrate 
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and CLP potential, during the CLP and substrate currents are measured as a function of time. 

Current measured during these chronoamperometry (CA) measurements is recorded after an 

initial hold time, typically 240 s, which allows for dampening of transient signals from the CLP 

and/or substrate before imaging starts.  Next, the CA data for the CLP is recorded and saved to 

the PC while the X-positioner is used to move the sample stage at the user specified step size and 

dwell time over the user specified scan distance.  

2.3.4 Sample Repositioning between Successive Scans   

Once a line scan finishes, the Z-positioner lifts the CLP off the substrate and the sample stage 

must be repositioned for the next scan to be measured at a new scan angle 𝜃𝑠. Figure 2.4a-c 

illustrates the procedure used for repositioning the sample stage between scans.  After the stage 

is rotated (Figure 2.4b) by the user-specified angle 𝜃𝑠 with respect to the rotational center (𝑥𝑟 , 𝑦𝑟) 

along the X translational direction, the stage then translates in the X-Y plane with the probe 

position remaining fixed in the X-Y coordinate system. For every substrate position (𝑥, 𝑦), its 

newly translated position 𝑇(𝑥, 𝑦) is calculated by assigning the location of the rotational center 

(𝑥𝑟 , 𝑦𝑟) of the stage and its rotational angle 𝜃𝑠  at the current scan, using the following Equation 

2.2: 

𝑇(𝑥, 𝑦) = (
𝑐𝑜𝑠𝜃𝑠 − 1         𝑠𝑖𝑛𝜃𝑠
−𝑠𝑖𝑛𝜃𝑠     𝑐𝑜𝑠𝜃𝑠 − 1

) (
𝑥𝑟
𝑦𝑟
) + (

𝑥
𝑦),        2.2 

The translation automatically relocates the substrate back to the scanning area 𝐴𝑁+1, which is 

equal to the initial scanning area 𝐴1 (Figure 2.4c). The translation scheme allows us to perform a 

sequence of CLP scans without needing to position the stage rotational center                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       

right at the center of the substrate. This is important since the center of the area to be imaged can 

be located far from the axis of rotation for the rotational stage. The overall translation scheme is 



31 

 

shown pictorially in Figure 2.4. Accurate translation of the stage between scans can be ensured 

as long as the i.) location of the rotation center of the stage (𝑥𝑟 , 𝑦𝑟) relative to the bottom end of 

the probe is known and ii.) all the reactive species reside within the inscribed circle of scanning 

area A1. A more detailed description of this positioning algorithm is presented in section 2.8. 

 

Figure 2.4. Schematic top views of a CLP and a hypothetical sample containing 3 electroactive 

disks illustrating how the sample orientation and positioning changes while rotating and 

translating the stage in between linescans of different scanning angles. a) The scanning area of 

the previous scan AN is shaded in green, while the axis of rotation is located at (xr,yr) and marked 

with a dot. b.) View of the CLP and sample after the stage is rotated with respect to (xr,yr)  by an 

angle θs. c.) View of the CLP and sample after translation of the sample stage by the X- and Y- 

motors to a new position corresponding to the start location for the next scan. The scan area, 

AN+1, for the next scan is shaded grey, while the black circle marks the common area of analysis 

for both scan angles, which contains all of the electroactive objects of interest.    

 

2.3.5 Post Imaging Data Processing 

Electrochemical data acquired by the bipotentiostat is saved as a technical data measurement 

(.tdm) file with a designated file name and location that is specified by the user at the beginning 

of the program run. The saved data can then be opened in a variety of programs (i.e. MATLAB, 

Excel) for post processing with compressed sensing (CS). As detailed in section 2.8 and our 

previous publication,
22

 CS is used to reconstruct 2D SECM images from the current vs distance 

data acquired during each CLP scan. An abbreviated description of the CS reconstruction 
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procedure used for the exemplary measurements included in this article is also included in the 

section 2.8. 

2.4 Exemplary CLP-SECM Measurements 

2.4.1 Materials 

All electrochemical measurements were carried out in aqueous solutions prepared from 18.2 

MΩ-cm deionized water. Concentrated sulfuric acid (Certified ACS plus, Fischer Scientific), 

sodium sulfate (ACS reagent grade, Sigma Aldrich), potassium hexacyanoferrate(II) trihydrate 

(ACS reagent grade, Sigma Aldrich), sodium chloride (ACS reagent grade, Sigma Aldrich) were 

used as received without further purification. Platinum wire (Alfa Aesar, 99.95% metals basis, 

50 µm diameter) served as the counter electrode while a miniature Ag/AgCl electrode (EDAQ, 3 

M KCl) was used as the reference electrode.  

Fabrication of CLPs ï Band microelectrodes were fabricated in a similar manner to what was 

described by Wehmeyer et al.
24

 A Polycarbonate sheet (TapPlastics, 0.02 inch ≈500 µm thick), 

Pt foil (Alfa Aesar, 99.999% purity), and Kapton tape (1 Mil, 1⁄2" x 36 yds., Uline) were used as 

the materials of construction for the CLP. First, the 25 μm thick Pt foil (Fischer Scientific, 

99.99% metals basis) was sealed to an insulating polycarbonate substrate using a two-part 5- 

minute epoxy (JB Weld). In order to ensure a good seal between the Pt and the PC substrate, a 

vice was used to apply uniform pressure overnight while the epoxy cured. The top surface of the 

Pt foil was electrically insulated using Kapton tape (thickness ≈70 μm). The thickness of the 

Kapton tape is very important because it serves as the insulating layer that is in contact with the 

substrate during measurements, and therefore determined the average separation distance 

between the substrate and Pt layer. The CLP was cut to dimensions of 4.75 mm x 15 mm. The 

edge of the CLP was exposed by polishing with a home-built polishing system employing 1 μm 



33 

 

alumina lapping paper (McMaster-Carr), followed by 0.3 μm alumina slurries. The end of the 

CLP was polished before measurements using a slurry of 0.05 μm Gamma alumina powder on a 

Microcloth polishing pad (CHI Instruments). Cyclic voltammetry (CV) characterization of the 

CLP in 1.4 mM  potassium ferrocyanide (ACS Reagant grade, Sigma Aldrich) shows that the 

CLP exhibits diffusion controlled current at slow scan rates (Figure 2.8), with a limiting current 

consistent with that expected for a band electrode with tE=25 µm.
26

  

Fabrication of Ultramicroelectrodes (UMEs) ï The UMEs used in this study were conventional 

disk-shaped ultramicroelectrodes made by sealing platinum wires in quartz glass capillaries 

using a laser-based pipette pulling procedure.
28,29

 Platinum microwires (25 μm diameter, Alfa-

Aesar) approximately 3 cm in length were attached to Cu leads (McMaster-Carr, 0.2 mm 

diameter) using silver epoxy (EpoTek H-22), and subsequently placed into quartz glass 

capillaries (Sutter Q100-50-10; OD 1 mm, I.D. 0.5 mm). The platinum was sealed in glass after 

connecting vacuum lines to the open ends of the capillary using Teflon tubing. Two stoppers 

were placed between the puller bars and the frame in order to minimize movement of the 

assembly with respect to the laser. A sealing program (heat: 660; fil: 5; vel: 60; del: 140; pull: 0) 

was run on average 5-7 times to seal the Pt in glass. After sealing, the stoppers and the vacuum 

lines were removed and a hard-pull was accomplished using the following program: heat: 875; 

fil: 2; vel: 120; del: 150; pull: 200. The UMEs were then checked under the microscope to ensure 

that there were no fractures in the platinum and then polished to 20 μm diameter with a home-

built polishing station in order to expose the Pt disk.  

Fabrication of substrates - The disk electrode patterns were prepared by evaporating metals (Ti 

as an adhesion layer and Pt as the electrocatalyst) onto degenerately doped p+Si wafers through a 
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shadow mask via electron beam deposition (High Vacuum Angstrom EvoVac, 1x10
-8

 Torr base 

pressure). Titanium and Pt were deposited sequentially without having to break vacuum. The 

thicknesses of the Ti and Pt layers were set to 2 nm and 50 nm, respectively. Layer thickness was 

monitored during the deposition using a quartz crystal thickness monitor. Electrical connection 

to the back of the p+Si was made by use of silver (Ag) conductive paint (SPI supplies). When the 

substrate is clamped into the electrochemical cell for imaging, the sample back contact is 

physically pressed into a piece of copper foil tape (3M™ Copper Conductive Tapes) placed on 

the base of the cell. The electrical leads from the potentiostat cable are then attached to the Cu 

tape.  

2.4.2 Evaluating Uniformity of CLP Sensitivity and Probe/substrate Separation Distance 

In order for SECM imaging with CLPs to be reliable and quantitative, it is essential to know if 

there is any variation in the sensitivity of the probe along its length. Non-uniform sensitivity 

along the length of the probe can arise from variation in i.) probe/substrate separation along the 

length of the probe and/or ii.) the intrinsic electrochemical properties in the active sensing 

element along its length. The sensitivity of the CLP as a function of probe length can be 

evaluated by scanning the CLP over a single, isolated electroactive object multiple times such 

that the object intersects the CLP scan path at different points along the probe. The point of 

intersection of the disk with the CLP sensing element can be characterized by its distance from 

the center point of the CLP, w, as shown in the schematic top view of a CLP scan in Figure 2.5a. 

The CLP used in this study was characterized in an electrolyte of 1 mM H2SO4 in 0.1 M Na2SO4 

by scanning it at 25 μm s
-1

 over an isolated 100 μm diameter Pt disk electrode for 13 different 𝑤. 

The measurement was carried out in substrate generation/probe collection mode, resulting in 
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positive feedback from the H2/H
+
 redox reactions occurring between the disk electrode and 

sensing element of the probe.  

 
 

Figure 2.5. a) Schematic showing the characterization procedure of the CLP as it scans over a 

single electroactive disk with diameter of 100 μm at various locations along the length of the 

probe (w).  b) Plot of the peak current measured from the CLP as a function of w. The error bars 

correspond to the 95% confidence interval for the average peak current density recorded during 

three different CLP scans at each location. The measurements were carried out in substrate 

generation probe collection mode in 1 mM H2SO4 in 0.1 M Na2SO4 at a scan rate of 25 μm s
-1

. 

The CLP potential was held at 0.7 V vs Ag|AgCl and the sample was held at -0.8 V vs Ag|AgCl. 

 

 

  Using the peak current recorded by the probe during each scan as a proxy for the probe 

sensitivity, the probe sensitivity is plotted as a function of 𝑤 in For CLP scans characterized by 

w greater than half the length of the CLP (𝐿𝑝/2), (w= -2.75 mm, +2.45 mm), negligible signal is 

recorded because the CLP scan path doesn’t intersect the electroactive disk. When w < (𝐿𝑝/2), 

significant peak current is observed, with an average signal of 37 + 4 nA recorded. Slight 

variations in probe sensitivity can be seen, including a minimum around w = -1 mm. Such non-

uniformities might arise due to small inconsistencies in the cleanliness of the edge of the 

platinum foil sensing element, which might be caused by a non-uniform  polishing treatment 

and/or small amounts of residual organic matter that were not effectively removed during CV 
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conditioning. Minor “edge effects”, where the peak current is slightly reduced for w ≈ + (Lp/2), 

are also visible.  A subtle increase in the recorded peak current with increasing w is also present, 

which can result from the end of the CLP not being perfectly parallel with the sample surface. 

The measurements in Figure 2.5b highlight the importance of taking great care to i.) fabricate 

well-defined CLP probes and ii.) position the CLP flush on the sample surface.  Accurate CS-

reconstruction of an SECM image does not require perfectly uniform sensitivity along the length 

of the CLP, but it is important to characterize non-uniformities in instances where significant 

variation in probe sensitivity exists. CS reconstruction algorithms can use the probe sensitivity 

profile, such as that shown in Figure 2.5, to filter out artifacts of probe non-uniformities from the 

final reconstructed image.  

2.5 Validating the CLP Positioning Algorithm 

To validate the accuracy of the positioning algorithm (described in section 2.8), CLP line scans 

were conducted over a single 250 μm diameter electroactive Pt disk (Figure 2.6) at four different 

scan angles, θs.  The scans were recorded using the same conditions used for the CLP line scan 

measurements in Figure 2.5b, except that a slower scan rate of 10 μms
-1

 was employed. As 

desired, the CLP line scan profiles at each of the four scan angles overlay almost exactly (Figure 

2.6b), confirming that our positioning algorithm accurately rotates and translates the stage in 

between scans such that the CLP and electroactive disk intersect each other at the midpoint of the 

scan.  This feature is not needed if the center of the imaging region of interest corresponds 

exactly to the rotational center of the stage but is critically important when those two points are 

not the same. Some slight variation in the peak current is seem for the four different CLP scan 

angles in Figure 2.6b, which might be explained by the small differences in sensitivity along the 

length of the probe that were shown in Figure 2.5b. 
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Figure 2.6. a) An optical image of a platinum disk with diameter of 250 μm.  b) CLP line scans 

over the disk electrode in a.), recorded at varying scan angles at a step size of 10 µm s
-1

 in 1 mM 

H2SO4 and 0.1 M Na2SO4. The CLP potential was held at 0.7 V vs Ag|AgCl and the substrate 

was held at a mass transfer limiting potential for the hydrogen evolution reaction at -0.8 V vs 

Ag|AgCl. 

 

2.6 Demonstration of CLP-SECM Imaging 

Having characterized the CLP sensitivity profile and validated the substrate positioning 

algorithm, a demonstration of CLP-SECM imaging was carried out using a sample containing 

three electroactive Pt disks with diameters of 150 μm (Figure 2.7a). Seven total CLP line scans 

were recorded sequentially using the process control scheme shown in Figure 2.3 and using the 

identical scan conditions described for the line scan measurements shown in Figure 2.6.  The raw 

line scan signal for each of the scans is provided in Figure 2.7b. This data was then fed to 

compressed sensing (CS) post processing code for image reconstruction to produce the 2D CLP-

SECM image located in Figure 2.7c. A detailed description of the CS reconstruction algorithm 

can be found in our prior publication,
22

 while details specific to its implementation in this work 

are provided in section 2.8.  
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Figure 2.7. a.) Optical image of a sample consisting of three platinum disks deposited onto an 

inert p+Si substrate. The arrow that is superimposed on this image indicates the CLP scanning 

direction, while the stage is rotating clockwise by angle 𝜃𝑠. b.) Individual CLP scans recorded for 

seven different sample rotation angles. c.) SECM image reconstructed from 4 of the linescans 

(0°, 45°, 70°, 135°) shown in panel b) using compressed sensing. d) SECM image generated by a 

conventional SECM instrument using a UME characterized by a probe diameter of ≈20 µm. All 

SECM measurements were carried out in substrate-generation, probe collection mode in a 

solution of 1 mM H2SO4 in 0.1 M Na2SO4 using a probe scan rate of 10 µm s
-1

, a probe potential 

of 0.7 V vs Ag|AgCl, and a substrate potential of -0.8 V vs Ag|AgCl. The superimposed black 

circles in panels c.) and d.) are used to show the physical size and relative locations of the three 

Pt disks compared to the features recorded in SECM measurements. The conventional SECM 

image was recorded by scanning the probe from left to right, starting at the top of the sample 

area and working downwards in a raster pattern. 

 

 

 The CS-reconstructed CLP-SECM image in Figure 2.7c accurately displays three circular 

features having diameters and locations that is in good agreement with the location of the disk 

electrodes seen in Figure 2.7a. Four scans were used to generate the reconstructed image in 

Figure 2.7c, but as few as 3 scans were found to be sufficient to accurately determine that three-
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disk electrodes were present on the surface. Figure 2.10 in  section 2.8 shows how the quality of 

the reconstructed image of the 3-disk sample changes when using 3, 4 5, and 6 linescans. As 

expected for identical disk electrodes, the three disks displayed in the reconstructed image all 

exhibit similar signal intensity. For comparison, SECM imaging of the same sample was carried 

out using a conventional UME with a commercial CHI 700E SECM instrument, with the result 

shown in Figure 2.7d. A ≈20 µm diameter Pt UME, similar to the thickness of the Pt foil used 

for the electroactive layer in the CLP (≈ 25 µm), was used for the conventional SECM 

measurement. Imaging with the UME was performed using a probe/substrate separation distance 

of 60 µm, identical to the average probe/substrate separation distance for the CLP when it is 

positioned at an angle of 𝜃𝐶𝐿𝑃  = 45° with respect to the substrate surface. In comparing the 

SECM images shown in Figure 2.7c and d, we find that the use of CLPs and UMEs with similar 

probe critical dimensions, probe/substrate separation distance, and identical scan rates (10 µm s
-

1
) results in SECM images of similar quality.  However, there is some distortion in the point-

probe SECM image at the end of the scan, most likely due to sample drift and/or changes in the 

electrochemical environment from evaporation of the electrolyte over the long measurement 

period. Although the conventional SECM image has similar quality than the CLP-SECM image, 

the former required ≈ 9 hrs. of imaging compared to the ≈ 1 hr. of scan time required to 

complete the 4 CLP linescans used to reconstruct the latter. It should also be noted that this large 

time advantage was achieved while scanning over a circular sample area that was roughly two 

times larger than the rectangular area imaged by the UME. As detailed in our first publication on 

CLP-SECM
22

, the total imaging time required for imaging with non-local probes can be orders 

of magnitude less than a conventional UME for samples that are characterized by even larger 

ratios of the scan area dimension to the desired imaging resolution. 
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2.7 Conclusions 

This Chapter described the design, operating principles, and implementation of a programmable 

scanning electrochemical microscope that allows for high-throughput imaging with non-local 

continuous line probes. The key novelty of this instrument compared to commercial SECM 

instruments is that it possesses a programmable rotational sample stage that allows for automated 

imaging with a CLP at scan angles from 0° to 360°. In addition to describing the overall design 

and control scheme for the microscope, this chapter presented methods for CLP characterization 

and validation of the probe positioning algorithm. A side-by-side imaging comparison of CLP-

SECM with conventional SECM was also carried out using a sample based on three Pt disk 

electrodes. This comparison shows that a CLP-SECM instrument is capable of generating CS-

reconstructed SECM images with similar quality to those generated with a commercial SECM 

instrument using a conventional UME probe of similar critical dimension and probe/substrate 

separation distance. Overall, this result demonstrates the potential of SECM instruments 

employing non-local probes such as CLPs to drastically reduce SECM imaging rates compared 

to conventional SECMs based on UME “point probes”. 

2.8 Appendix 

2.8.1 Electrochemical Probe Characterization 

Cyclic voltammograms were done of both the CLP and point-probes used in this study to 

quantify the electroactive area and observe their microelectrode behavior. The CVs were done at 

a scan rate of 5 mV s
-1

 in 1.4 mM K4[Fe(CN)6] in 0.1 M KNO3. The current at 0.5 V vs Ag|AgCl 

was used to estimate the width of the CLP and diameter of the point-probe.  
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Figure 2.8.  CVs of the a) CLP probe and b) point-probe in 1.4 mM K4[Fe(CN)6]  in 0.1 KNO3 at 

a scan rate of 5 mV s
-1

. For the CLP, the limiting current corresponds to a platinum layer 

thickness of 25 µm, the expected value and thickness of the platinum foil. The point-probe 

limiting current corresponds to a ≈ 20 μm diameter sized probe. 

 

2.8.2 Automated Sample Alignment Procedure for CLP Scans 

This section describes how to relocate the sample for different substrate scanning directions. 

There are four motors that control the line probe and substrate. As introduced previously, two 

stages are set on top of one another to control X and Y translation of the substrate, while there is 

a third rotational motor used to control the substrate scan angle. The fourth motor stage translates 

the line probe vertically. This vertical stage controls the arm that holds the line probe and brings 

it close to or away from the substrate. A single line scan is carried out by first positioning the 

sample to the desired start point and substrate scan angle using the X, Y, and rotational stages. 

Once the position is set, the third motor brings down the line probe until it is in full contact with 

the sample surface. Finally, the stage motor pushes the sample toward the line probe, until the 

probe has scanned all of the reactive part of interest on the sample. 

The goal of this algorithm is to fully automate the scanning procedure by correctly 

rotating and translating the sample in between the different substrate scanning directions. 

Rotating the stage at angle −𝜃𝑠 carries out a single scanned line of scanning angle 𝜃𝑠, so the 
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normal direction, or equivalently, the moving direction of the probe, will be aligned with 

(sin 𝜃𝑠 , − cos 𝜃𝑠) direction in Cartesian coordinates. During operation a full scan consists of a 

certain number of different 𝑘 scanning angles (𝜃𝑆1, … ,  𝜃𝑆𝑘) where 𝜃𝑠1 = 0
∘. Throughout the 

whole scanning procedure, the location of the probe will remain fixed regardless of the scanning 

angle. Therefore, we define the left end of the probe at (−𝐿𝑝/2, 𝐿𝑝/2), and write both the length 

of the probe and the scanning distance to be 𝐿𝑝, so the other end of the probe will be at location 

(𝐿𝑝/2, 𝐿𝑝/2), and the scan ends with probe location at [(−𝐿𝑝/2,−𝐿𝑝/2), (𝐿𝑝/2,−𝐿𝑝/2)]. 

During the 𝑖-th scan, the rotational center is defined as (𝑥𝑟 , 𝑦𝑟)
(𝑖). The effective sample area is 

defined as a square 𝐴𝑁: 

𝐴𝑁 ≔ {(𝑥, 𝑦) : − 𝐿𝑝/2 ≤  𝑥, 𝑦 ≤ 𝐿𝑝/2}                                         2.3 

This algorithm provides a method to relocate the reactive part of the sample back in the square 

𝐴𝑁 every time the stage rotates to a different scanning angle. Given a rotational center (𝑥𝑟 , 𝑦𝑟), 

rotating the stage from angle 0∘ to – 𝜃𝑠  moves the point (𝑥, 𝑦) to the location: 

          𝑅𝑜𝑡−𝜃𝑠(𝑥, 𝑦) = (
cos 𝜃𝑠 −sin 𝜃𝑠
sin 𝜃𝑠 cos 𝜃𝑠

) (
𝑥 − 𝑥𝑟
𝑦 − 𝑦𝑟

) + (
𝑥𝑟
𝑦𝑟
)                        2.4 

We can observe that for any points in the inscribed circle 𝐶eff within 𝐴𝑁where: 

                𝐶eff ≔ {(𝑥, 𝑦):  𝑥2 + 𝑦2 ≤ 𝐿𝑝 
2/4} ⊆ 𝐴𝑁.                               2.5 

Operate the following translation operation: 

𝑇(𝑥, 𝑦) = (
cos 𝜃𝑠 − 1 sin 𝜃𝑠
−sin 𝜃𝑠 cos 𝜃𝑠 − 1

) (
𝑥𝑟
𝑦𝑟
) + (

𝑥
𝑦)                                  2.6 

puts 𝑅𝑜𝑡−𝜃(𝐶eff) back to the inscribed circle. Furthermore, the new point (𝑥′, 𝑦′): 

(
𝑥′
𝑦′
) = 𝑇 ∘ 𝑅𝑜𝑡−𝜃𝑠(𝑥, 𝑦) = (

cos 𝜃𝑠 sin 𝜃𝑠
−sin 𝜃𝑠 cos 𝜃𝑠

) (
𝑥
𝑦)                                 2.7 
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is the old point (𝑥, 𝑦) rotated by −𝜃𝑠 against the origin (0,0). Therefore, it is not necessary to 

have an anchor point to relocate the sample, as long as the following two conditions are met at 

the beginning of the scan: 

1. Obtain the precise location of center of rotation relative to the bottom end of the probe. 

2. Ensure that the whole reactive part of the sample resides within the inscribed circle 𝐶eff 

defined by the length of probe 𝐿𝑝 for the first scan. 

 

The whole scanning procedure can be written as follows:  

Algorithm 1 CLP-SECM Automatic Scanning Procedure_______________________________ 

Requirements: Probe length 𝐿𝑝, reactive part of sample lies within 𝐶eff, scan angles 

(𝜃𝑆1, … ,  𝜃𝑆𝑘) where θS1 = 0
∘, and first center of rotation (𝑥𝑟 , 𝑦𝑟)

(1) as relative position to left 

end of the probe plus (−𝐿𝑝/2, 𝐿𝑝/2). 

For 𝑖 = 1,… , 𝑘 do 

Scan the sample from [(−𝐿𝑝/2, 𝐿𝑝/2), (𝐿𝑝/2, 𝐿𝑝/2)] to [(−𝐿𝑝/2,−𝐿𝑝/2), (𝐿𝑝/2,−𝐿𝑝/

2)].  
If 𝑖 = 𝑘 then   

  break; 

 else  

1. Move the stage to where the scan starts, such that probe position is at [(−𝐿𝑝/

2, 𝐿𝑝/2), (𝐿𝑝/2, 𝐿𝑝/2)]; 

2. Rotate the stage by angle 𝜃𝑆𝛥 = −𝜃𝑆𝑖+1 + 𝜃𝑆𝑖; 
3. Move the stage by (𝑥𝛥, 𝑦𝛥) where: 

(
𝑥𝛥
𝑦𝛥
) ← (

cos 𝜃𝑆𝛥 − 1 sin 𝜃𝑆𝛥
−sin 𝜃𝑆𝛥 cos 𝜃𝑆𝛥 − 1

) (
𝑥(𝑖)

𝑦(𝑖)
) ; 

4. Get the new rotational center (𝑥𝑟 , 𝑦𝑟)
(𝑖+1) ← (𝑥𝑟 , 𝑦𝑟)

(𝑖)  +  (𝑥𝛥, 𝑦𝛥); 
 end if 

end for_______________________________________________________________________ 

 

The procedure ensures not only that the reactive part of the sample will always be scanned, but 

also that the center of the probe will also always align with the center of 𝐶eff. This tremendously 

simplifies the calibration procedure. 

2.8.3 Description of CS and Image Reconstruction Algorithm 

In this chapter, we reconstruct an image 𝒀 ∈ ℝ421×421 with resolution 10 µm from a 

SECM-CLP scans 𝑹𝜃1,…,𝜃4 ∈ ℝ
421×7 from four directions {𝜃1, … , 𝜃4} = {0

∘, 45∘, 70∘, 135∘} over 
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a sample consisting of a few electroactive Pt disks 𝑫 ∈ ℝ16×16 (of known 150 µm diameter) at 

different locations encoded by matrix 𝑿𝟎 ∈ ℝ
421×421. The line projection for a disk diameter of 

150 µm is used in the algorithm for more efficient image reconstruction. The location matrix is 

sparse, and its entries 𝑿𝒊,𝒋 is nonzero if and only if one of the disk centers is nearest to the index 

location (𝒊, 𝒋). Our target image of reconstruction 𝒀 can be represented as convolution between 

the disk 𝑫 and the location matrix 𝑿𝟎, in which  

𝒀 = 𝑫 ∗ 𝑿0.                                                           2.8 

Define the line integration operator 𝐿𝜽𝒊,: ℝ
421×421 → ℝ106 that simulates a single SECM-CLP 

scan of direction 𝜃𝑖, which takes a discrete image 𝒀 and generate a discrete line through the 

following operations: 

Continuous line integral: 𝐿̅𝜃𝑖[𝒀](𝑡) = ∫ 𝒀(𝑠 cos 𝜃𝑆 + 𝑡 sin 𝜃𝑆 , 𝑠 sin 𝜃𝑆 − 𝑡 cos 𝜃𝑆)𝑠
 𝑑𝑠,      2.9 

Blurred with point spread function: 𝐿̿𝜃𝑖[𝒀] =  𝐿̅𝜃𝑖[𝒀] ∗ 𝑓psf ,                                               2.10 

Discretization: 𝐿[𝒀] = 𝐏𝛺[ 𝐿̿𝜃𝑖[𝒀] ].                                                                                     2.11 

The point spread function 𝑓psf in 2.10 can be found by measuring the impulse response of a 

single CLP scan. A simulated point spread function for a CLP is shown in Figure 2.9.  
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Figure 2.9. Simulated point spread function for continuous line probe. 

 

It can be modeled as convolution of a Gaussian distribution and two-sided decaying exponential, 

with a fast elevation before peak and slow descent after. Here, we analytically generate 𝑓psf with 

the following form: 

𝑓exp(𝑡)  =  𝑎1(−𝑐1𝑡 + 1)
−𝑏1𝕀{𝑡<0}  +  𝑎2(𝑐2𝑡 + 1)

−𝑏2𝕀{𝑡>0},                           2.12 

𝑓𝜎(𝑡)  =  (2𝜋𝜎
2)−1/2 exp(−𝑡2/2𝜎2),                                                               2.13 

𝑓psf  =  𝑓exp  ∗  𝑓𝜎 ,                                                                                               2.14 

as convolution between a two-sided decaying exponential function 2.12 and a Gaussian 

distribution 2.13. The operator P𝛺 in 2.11 can be any natural discretization, which generates 

pixelated lines of resolution 10 μm. 

Our image reconstruction first tries to estimate the center of each of the electroactive disk 

locations 𝑿̂ ∈ ℝ+
421×421 by solving the following optimization problem: 

𝑿̂ ← argmin𝑿≥𝟎   𝜆 ∑ 𝑿𝑖,𝑗𝑖,𝑗  +  
1

2
‖ 𝐿𝜃𝑆1,…,𝜃𝑆𝐾[𝑫 ∗ 𝑿] − 𝑹 ‖2

2
 ,                    2.15 
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which minimizes both i) the difference between simulated line projection  𝐿𝜃𝑆1,…,𝜃𝑆𝐾[𝑫 ∗ 𝑿̂] and 

scanned lines 𝑹 and ii) the total sum of location matrix 𝑿̂.  Minimizing the sum of the entries in 

𝑿̂ encourages this matrix to have relatively few nonzero entries. Once we have computed  𝑿̂, we 

generate the reconstructed image 𝒀̂ as 

𝒀̂ = 𝑫 ∗ 𝑿̂.                                                                    2.16 

Details of the algorithm to solve 2.15 can be found in our previous work
20

. 

2.8.4 CS Reconstruction vs Quantity and Scanning Angle of Linescans 

The algorithm was also used to evaluate the quality of the reconstructed image from using 3-6 

linescans taken for the 3-disk sample described in the main text. Figure 2.10 shows that we are 

able to identify the three disks from as few as 3 linescans. The disk locations and size accuracy 

improve as more linescans of the sample are taken. 

 

Figure 2.10. Reconstruction of the 3-dot sample using a) 3 linescans at 0° 70 °, 135°, b) 4 

linescans at 0°, 45°, 70°, 135°, c) 5 linescans at 0°, 45°, 70°, 115°, 135°, and d) 6 linescans at 0°, 

45°, 70°, 90°, 115°, 135°. 
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: CHAPTER 3

PROBING THE SPEED LIMITS OF SCANNING ELECTROCHEMICAL 

MICROSCOPY WITH IN SITU COLORIMETRIC IMAGING 

3.1 Introduction 

Scanning electrochemical microscopy (SECM) is a scanning probe microscopy (SPM) technique 

that offers unique chemical imaging capabilities across a wide range of applications,
1–4 

but has 

traditionally suffered from slow imaging rates that reduce sample throughput.
5 

The relatively 

slow imaging rates in conventional SECM based on micron-sized probes, commonly referred to 

as ultramicroelectrodes (UMEs), can usually be attributed to the large characteristic time 

constants associated with diffusive transport of electroactive species between the substrate and 

the probe.
6
 As illustrated in Figure 3.1 for the commonly used substrate-generation-tip-collection 

(SGTC) mode of SECM, redox species generated through an electrochemical reaction at the 

substrate diffuse outward from their point of origin to form high concentration regions or 

“plumes”. When the scanning probe intersects a plume, some fraction of the redox molecules 

generated at the substrate is consumed or “collected” by the UME and recorded in the form of 

current. Accordingly, the interaction between the probe and substrate is an indirect one, mediated 

by transport of electroactive species and the associated spatiotemporal characteristics of the high 

concentration diffusional plumes located on the substrate and/or probe.  

A major consequence of the indirect, transport-mediated probe/substrate interactions in 

SECM is that quantitative knowledge about substrate features of interest can be easily lost if the 

coupled transport and kinetic behavior of the electroactive species are not well understood. For 

this reason, SECM is typically carried out with well-defined UMEs at slow scan speeds that 
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allow for well-behaved plumes at the UME and substrate that are characterized by steady-state or 

quasi-steady state concentration profiles. The most commonly used UME geometry takes the 

form of a disk-shaped electrode sealed in an insulating glass sheath,
7
 which is typically rastered 

across the substrate in a “pixel-by-pixel” manner. For well-defined probe geometries and slow 

scan rates, well-established reaction/diffusion models can be applied to the recorded data to 

extract quantitative information about local kinetic rate constants and diffusion coefficients.
8–16

 

However, such analysis becomes untenable at high probe scan speeds that do not allow steady-

state diffusion boundary layers at the probe and/or substrate features enough time to develop. 

Given that UMEs are usually operated with a probe/substrate separation distance of d < 4 probe 

radii,
[17]

 which is the characteristic length scale for diffusion during SECM imaging, it follows 

that the characteristic critical time scale associated with diffusion across this distance is17: 

                        𝜏𝑑𝑖𝑓𝑓 = 𝑑
2(

1

𝐷𝑅
+

1

𝐷𝑂
)                                         (3.1) 

where 𝐷𝑅 and 𝐷𝑂 are the diffusivities of the reduced and oxidized species, respectively, for 

which transport to the probe surface is rate limiting. Consequently, to ensure that diffusive 

plumes around a UME sensor retain steady-state profiles, a UME characterized by a radius, a, 

that is stepped forward in increments of 2∙a should not exceed a “speed limit”, 𝜈𝑙𝑖𝑚, of: 

                   𝜈𝑙𝑖𝑚 =
2∙𝑎

𝜏𝑑𝑖𝑓𝑓
                                            (3.2) 

 

For micron-sized probes like the 10 μm UMEs and 25 μm CLPs used in this study, this translates 

to a maximum diffusion-limited scan speed of around 2-10 probe radii per second. Sub-micron 

probes are characterized by significantly faster diffusion time constants and associated maximum 

scan rates, but can encounter additional scan rate constraints associated with the positional 
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feedback response and rate of data acquisition limited by the electronics used in the experimental 

setup.
2,5,6,18,19 

 

 

Figure 3.1. Schematic side-views of high- and low-concentration plumes of electroactive species 

during SECM imaging with a) a conventional ultramicroelectrode (UME) and b) a continuous 

line probe (CLP). Schematics illustrate the substrate generation tip collection (SG/TC) mode of 

SECM, and are not drawn to scale. 

 

 

Researchers have taken several different approaches to increasing SECM imaging rates, 

including the use of advanced hardware setups combined with probes consisting of multiple 

integrated microelectrodes
20,21 

or more efficient scan patterns.
5,22 

Recently, our groups have 

shown that non-local probe geometries that effectively collect signal from hundreds to thousands 

of pixels at the same time have potential to increase imaging rates by orders of magnitude by 

departing from the pixel-by-pixel imaging paradigm used for UMEs.
23 

One such probe is the 

continuous line probe (CLP), which is comprised of a scanning band electrode that collects 

signal from every location along its length. Figure 1b shows a schematic side-view of a CLP that 

is placed in contact with the substrate being imaged. Raw signal from CLP linescans recorded at 
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different scan angles can be reconstructed into a standard two-dimensional SECM image using 

compressed sensing (CS) signal analysis methods,
24–26 

which are based on the premise that the 

minimum number of measurements required to image a sample should be proportional to the 

information content contained by the sample, not the number of pixels.
[24] 

Another approach to increasing SECM imaging rates is to intentionally use probe scan 

speeds that are above the conventional speed limit but use post imaging signal analysis methods 

to correct for the resulting distortion caused by non-steady state plumes and other complications. 

For example, Lee et al. showed that a linear combination of Laplacian and Gaussian filtering was 

effective at correcting for distortion effects and increasing overall image resolution during 

amperometric modes of SECM.
27,28

 In more recent studies, Kiss and Nagy used a probe-

dependent spatial domain deconvolution function as a post processing signal analysis technique 

during potentiometric modes of SECM for decreasing imaging distortion at scan rates orders of 

magnitude faster than conventionally used.
29–31  

In these cases, signal analysis was carried out by 

empirically describing linescan distortion, without quantitative descriptions of the physical 

origins of the distortion.   

In this chapter, we further explore the limits of probe scan speed limits by introducing in situ 

colorimetric imaging and transport models to understand the physical basis of SECM signal 

distortion at scan rates that are 1-2 orders of magnitude higher than the classical SECM speed 

limit. As a part of this study, we employ both conventional UMEs and non-local CLPs to 

investigate the dynamics associated with product species plumes that mediate probe/substrate 

interactions at high scan speeds. To visualize changes in plume shape and the associated 

concentration gradients during imaging, custom SECM sample cells were constructed with 

windows that allowed for in situ colorimetric imaging of plumes of electroactive species based 
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on pH gradients using a universal pH indicator dye. Researchers have previously visualized 

concentration gradients of redox-active species during electrode operation in non-SECM 

applications using confocal fluorescence microscopy,
32–36

 stimulated Raman spectroscopy,
37

 and 

UV-Vis spectroscopy.
38–40

 However, in situ imaging of concentration gradients has not, to our 

knowledge, been employed to visualize the reaction- and transport-mediated interactions 

between a scanning probe and a substrate during SECM measurements. Using three different 

case studies, we demonstrate how such imaging capabilities can be a highly valuable tool for 

developing quantitative relationships between probe current, scan rate, and probe/substrate 

geometries.  

 

3.2 Results and Discussion 

3.2.1 In situ Colorimetric Imaging Methodology 

An electrochemical cell was constructed with front and rear windows that allowed for in situ 

optical imaging during SECM measurements. The samples studied in this work were comprised 

of isolated electroactive Pt band electrodes that were deposited by electron beam evaporation 

onto conductive degenerately doped Si wafer substrates. Conventional SECM measurements 

were carried out using a Pt UME with a radius of a = 5 μm and RG ratio of 8, defined as the ratio 

between the insulator thickness and the radius of the UME. CLP-SECM measurements employed 

a CLP based on a 25 μm x 4 mm Pt band electrode sealed with ≈70 µm thick insulating Kapton 

tape. The electrolyte used was 5 mM H2SO4 and 0.1 M Na2SO4, titrated to either pH ≈ 5 or pH ≈ 

7 depending on the desired imaging mode. The redox couple being studied is the reversible 

hydrogen reaction, shown below for acidic conditions (Eqn. 3.3) and for neutral and basic 

conditions (Eqn. 3.4): 
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                  2 𝐻+ + 2𝑒− ↔ 𝐻2                                                         (3.3) 

2 𝐻2𝑂 + 2𝑒
− ↔ 𝐻2 + 2 𝑂𝐻

−                                              (3.4) 

For both reactions, the evolution of H2 through the forward reaction locally increases pH, which 

can be visually detected using a pH indicator dye that changes color based on pH.
[39] 

In this 

study, we used a universal pH indicator dye (MilliporeSigma) that contains a mixture of 

compounds that are pH sensitive over a broad pH range.  The molecules in the dye are either 

weak acids or bases and dissociate slightly in water to form ions. Protonation or deprotonation of 

these dye molecules results in electronic changes in the molecules that alter the optical 

absorption bands of the molecules, thus changing the color of the electrolyte.
41

 The UV-VIS 

spectra of the universal pH dye in the electrolyte used in this study over various pH values is 

provided in the section 3.3 as Figure 3.7. Since the absorbance of light by the dye varies linearly 

with concentration according to the Beer-Lambert law
42

, the local intensity, of red, green, or blue 

light transmitted through a solution containing the dye is logarithmically proportional to the local 

concentration gradients of H
+
, OH

-
, and/or co-products such as H2(aq) that are co-located with H

+
 

or OH
-
. A more detailed description of this relationship is given in section 3.3. For all 

colorimetric images presented in this article, the contrast between electro-generated plumes and 

the bulk electrolyte has been enhanced using a common RGB linear transform thresholding 

technique
43–45

. This is also described in section 3.3 and Figure 3.9 shows a comparison of the 

unmodified and contrast-enhanced images used in Figure 3.3 and Figure 3.4.  

3.2.2 Demonstration #1: Tracking Plume Growth 

In situ colorimetric imaging was first used to monitor the growth of a plume of electroactive 

species associated with proton reduction (Eqn. 3.4) in a weakly acidic pH = 5 unbuffered 
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electrolyte at a substrate band electrode as a function of time. For this experiment, an applied 

potential of -0.8 V Ag|AgCl (-.30 V vs. RHE) was applied at t = 0, triggering diffusion-limited 

reduction of protons and generation of H2 molecules at the band electrode surface. As the near-

surface protons are consumed, the local pH above the band electrode approaches pH 7, turning 

the indicator dye green. The green plume grows larger as time progresses and spatially coincides 

with a diffusion boundary layer within which protons diffuse towards the band electrode while 

H2 molecules diffuse outwardly away from it (Figure 3.2a). In this study, the electrochemical 

current passing through the substrate band electrode was simultaneously measured during in situ 

colorimetric imaging of the formation and growth of the plume. Contrast enhanced video taken 

during the measurement clearly shows the emergence of a plume above the band electrode that 

grows rapidly over the first 10-30 s before gradually reaching a pseudo steady-state size. Figure 

3.2b contains modified still frames taken from the video at several different times during plume 

growth and are shown alongside concentration profiles obtained from finite element simulations 

under the same conditions, revealing good qualitative agreement between theory and experiment. 

Principle component analysis (PCA)
43,44

 was used on the colorimetric images, and a false 

colormap palette was applied to allow for better comparison to the simulated images. The ratio of 

the logarithm of signal intensity (log10(I)) to the logarithm of the maximum signal intensity 

(log10(Imax) was chosen for these images because these quantities are linearly related to the 

concentrations of dye molecules that have changed color due to the local pH changes. In Figure 

3.10 of section 3.3, log10(I)/log10(Imax) is plotted versus distance above the center of the band 

electrode (z) for three different times, with the resulting curves closely resembling the 

normalized H2 concentration profiles predicted from COMSOL simulations. 
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For a quantitative comparison of the simulated and experimentally observed rates of plume 

growth, the plume height (zp) was determined as a function of time and plotted in Figure 3.2c. 

The plume height was taken to be the point directly above the center of the band electrode where 

the concentration (log10(I)/log10(Imax)  from PCA images) falls to 10% of its maximum value 

located at z=0.  As seen in Figure 3.2, the evolution of 𝑧𝑝 versus time curve derived from in situ 

colorimetric imaging matches closely with that predicted by finite element modeling, 

demonstrating the use of pH indicator dyes as a valuable tool for monitoring changes in 

electrochemically-generated plumes of electroactive species. In both cases, the 𝑧𝑝 exhibits a 

square root dependency on time, as expected for diffusion-limited processes.
17

 The pseudo 

steady-state 𝑧𝑝 reaches 𝑧𝑝,𝑠𝑠 ≈ 350 μm, corresponding to characteristic time scale associated with 

the formation of the plume of 𝜏𝑠𝑠,𝑝≈ 30 s based on the known diffusion coefficient of H
+
 in 

water, 𝐷𝐻+, and the relationship 𝜏𝑠𝑠,𝑝 =
𝑧𝑝,𝑠𝑠

2

𝐷𝐻+
 .

46
 The electrochemical current (i) passing through 

the band electrode was simultaneously measured during colorimetric imaging and is also 

provided in Figure 3.2c. During the initial rapid growth of the plume there is steep decline in the 

current that results from the rapid consumption of protons that are in the immediate vicinity of 

the band electrode. During this phase, a diffusion boundary layer builds up at the electrode 

surface, resulting in a shallower concentration gradient and lower flux of protons. This relaxation 

of the proton concentration gradient results in a smaller diffusion-limited flux of protons to the 

band electrode, and consequently, a decrease in the electrochemical current.  
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Figure 3.2. a.) Schematic side-view of a chemical plume generated from the proton reduction 

reaction at a band electrode, where the plume corresponds to a high concentration of H2 and low 

concentration (elevated pH) of free protons (H
+
). b.) In situ colorimetric image stills (top) and 

simulated concentration profiles (bottom) of plume growth from a 100 µm wide band electrode 

operated under diffusion-limited conditions in an electrolyte comprised of 5 mM H2SO4 and 100 

mM Na2SO4 titrated to ≈ pH 5. c.) Substrate current and plume height (zp) versus time, where zp 

is defined as 10% of the maximum signal/concentration from the images in b.). 
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In Figure 3.2, the current experiences a gradual decay at intermediate time periods until it 

reaches a pseudo-steady state value of ≈2.5 µA after ≈125 s that is similar to a value of 2 µA that 

is predicted from theory for the identical conditions (see section 3.3).
 [45]

 Importantly, the results 

provided in Figure 3.2 demonstrate the ability to use in situ colorimetric imaging to accurately 

monitor the time scale required to reach steady-state plume characteristics (τss,p). As shown in the 

following sections, knowing τss,p becomes especially important for fast probe scan speeds and 

probes with “wide” hydrodynamic profiles that significantly distort steady state plume shapes. 

For slow scan speeds that allow for steady-state plumes, one can achieve excellent agreement 

between simulated linescans and experimental linescans, with additional examples provided in 

section 3.3 as Figure 3.12. 

3.2.3 Demonstration #2: Monitoring the Effects of Probe Geometry on SECM Linescans 

Colorimetric imaging was next used to monitor changes in plume shape during SECM linescan 

measurements in which scanning electrochemical probes were linearly translated through 

substrate-generated plumes. Specific objectives of this case-study were to better understand how 

(i.) distortion in the linescan signal arises from probe/plume interactions at high probe scan 

speeds that do not allow for steady-state or pseudo steady-state concentration profiles to develop 

in between successive probe movements, and (ii.) signal distortion is affected by probe 

geometry.  

For these experiments, colorimetric images were recorded of plumes generated from the 

same substrate band electrode described above while scanning either a CLP or UME across the 

substrate-generated plume at discrete steps with dwell times. Experiments were conducted in 5 

mM H2SO4 and 100 mM Na2SO4 at a pH adjusted to 7, so that the co-generation of H2 and OH
-
 

according to Equation 3.3 at the band electrode results in the formation of a purple plume 
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associated with local increase in pH.  Before scanning the probe, the substrate band electrode 

was held at a constant potential of -0.8 V Ag|AgCl (-.42 V vs. RHE) for 240 s to ensure that a 

pseudo steady-state plume was initially present. Constant probe scan rates of ≈ 1.6 mm s
-1

 were 

used for the CLP linescans and ≈ 1.0 mm s
-1

 was used for the UME linescans, which are two 

orders of magnitude faster than conventional scan rates. Another consideration for this 

experiment was the scanning direction of the electrochemical probe. Because of the inherent 

asymmetry associated with a tilted CLP placed in contact with a sample substrate, a CLP can be 

scanned in either a “push” or a “pull” configuration, whereas the hydrodynamic characteristics of 

a vertically-mounted conventional UME are independent of scan direction. Figure 3.3a shows 

still frames of colorimetric images taken during two consecutive UME linescans at ≈ 1.0 mm s
-1

 

for different probe positions with respect to the start of the first scan. Near the end of scan #1 in 

Figure 3.3a there is a visible shift of the plume to the right. After a 60 s pause at x= 4.0 mm, the 

probe was scanned at the same rate in the reverse direction (scan #2, from right to left). At the 

start of scan #2, the plume is seen to have drifted even further to the right since the end of scan 

#1, and the plume position remains skewed to the right during scan #2. This subtle shift in plume 

position is accompanied by significant distortion and hysteresis in the recorded probe current 

during the linescan, as seen in Figure 3.3c. Whereas the scan #1 linescan shows the expected 

single peak signal profile as it scans over the Pt band electrode, linescan #2 exhibits two peaks, 

with the first located ≈ 0.5 mm ahead of the centerline of the substrate band electrode, and the 

second smaller peak centered ≈ 1.0 mm past it. The in situ colorimetric images in Figure 3.3c 

allow us to confidentially assign the leading peak at x=2.5 mm to the interaction between the 

UME and the portion of the plume that had been shifted to the right by scan #1. 
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Figure 3.3. In situ colorimetric images recorded during consecutive linescans carried out from 

left to right (scan #1) and right to left (scan #2) for a) a UME scanned at 1 mm s
-1

 and b) a CLP 

scanned at ≈ 1.6 mm s
-1

. Each image frame corresponds to a probe position, d, with respect to the 

starting location of the first scan.  Linescans were initiated with the UME or CLP located ≈ 2 

mm to the left (scan #1) or right (scan #2) of the center of the substrate band electrode. Recorded 

linescan probe current for c.) the UME and d.) the CLP. The electrolyte used was 5 mM H2SO4 

and 100 mM Na2SO4 titrated to pH ≈ 7 and the substrate was a 100 µm width by 2 mm long band 

electrode. The probe position is with respect to the probe starting location. A black dashed 

vertical line in c) and d) is center of band electrode. 

 

Figure 3.3b shows still frames of colorimetric images recorded during consecutive CLP 

linescans conducted at a scan rate of ≈ 1.6 mm s
-1

. Scan #1 was recorded while scanning the CLP 

in a push configuration from left to right, while scan #2 was recorded immediately afterwards in 

the pull configuration. The scan #1 images in Figure 3.3b show the plume being pushed and 
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perturbed to the right as the CLP scans over the band electrode. After a rest period of 60 seconds 

to allow the substrate plume to partially regenerate, the CLP scan direction was reversed such 

that scan #2 was conducted in a “pull” configuration from right to left. The bottom panel of 

Figure 3.3b contains images recorded during scan #2, showing that the CLP very effectively 

sweeps the residual plume from scan #1 along with the regenerated plume on top of the band 

electrode out of the field of view; because the measurement is so fast, the plume has not yet fully 

reformed at the end of scan #2. In sharp contrast to UME scans #1 and #2, a comparison of the 

CLP linescans (Figure 3.3d) reveals that the “push” and “pull” linescans are mirror images of 

each other. From a signal analysis perspective, the lack of hysteresis in the CLP scans is highly 

desirable. Based on the observed plume dynamics, we can attribute the symmetric nature of the 

CLP linescans to the CLP geometry, which shields the probe’s electroactive sensing element 

from disturbances associated with the residual plume from scan #1. Due to its narrower 

hydrodynamic profile, the UME does not experience this shielding benefit, resulting in a large 

degree of hysteresis in the forward and reverse scans thanks to the residual plume from the prior 

scans.  These inherent differences in hysteresis for the CLP and UME linescans at high scan 

speeds could prove to be a significant advantage for alternate probe geometries like CLP to 

reliably operate at higher imaging rates. 

3.2.4 Demonstration #3: Correlating Plume Dynamics with SECM Linescan Distortion at High 

Scan Speeds 

An interesting observation from Figure 3.3 is that the locations of the peaks in signal intensity 

recorded during both CLP linescans are shifted past the physical location of the center of the 

band electrode on the substrate, even though the peak center for the UME scan #1 matches it 

almost exactly. To better understand the origins of the peak shifts in Figure 3.3d, colorimetric 
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videos were recorded during SECM CLP “push” linescans conducted at both slow (9 μm s
-1

) and 

fast (1.6 mm s
-1

) scan rates, with representative still frames provided in Figure 3.4a and Figure 

3.4b, respectively. Although some perturbation to the shape of the substrate-generated product 

plume is seen during the slow scan due to the large hydrodynamic profile of the CLP, the CLP 

appears to be passing through the plume, with the plume reappearing on the left side of the CLP 

after it has passed by the substrate band electrode (see image at x= 4.40 mm). This is because the 

time constant associated with formation of the diffusion layer at the substrate band electrode 

(𝜏𝐵𝐸𝑠𝑠  ≈ 35 s) is similar to the time required for the CLP to pass over the band electrode (≈ 55 s), 

meaning that the band electrode is able to regenerate its diffusion layer plume while the CLP 

passes over it. As seen in Figure 3.4b, far more drastic changes to the plume shape occur at the 

fast scan rate, where the CLP clearly displaces the plume upwards and outwards in the direction 

of the scan. Concurrently, there is a significant shift in the location of the peak signal measured 

at the probe for the fast scan when compared to the slow scan, as seen in the linescans in Figure 

3.4c. The stark differences in the plume dynamics observed at slow and fast scan speeds can 

most likely be attributed to the presence of bulk fluid flow (i.e. convection) that becomes 

especially important when scanning CLPs at fast scan speeds. When operated in “push” mode, 

the CLP can be thought of as a snow shovel that pushes the plume out in front of it.  However, 

the CLP is not only pushing the electrolyte contained within the plume, but also the electrolyte 

located between the CLP and the plume. Consistent with this description, colorimetric images 

such as that shown in Figure 3.4d reveal a small gap between the CLP and plume as the CLP 

passes over the substrate band electrode. Close inspection of Figure 3.3 (x = 3.13 mm) also 

reveals the presence of such a gap, while no gap can be observed between the plume and end of 

the CLP when the CLP passes over the band electrode during slower scans (Figure 3.4a, x=2.79 
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mm). Within this gap, there is an absence of electroactive species generated by the substrate 

band electrode, suggesting that there is no direct communication between the CLP sensing 

element and the plume despite the fact that the former is located directly over the band electrode.  

 

Figure 3.4. In situ colorimetric images recorded during CLP scans across a 100 𝜇m x 2 mm band 

electrode at a scan rate of a) 9 𝜇m s
-1

 and b) 1.6 mm s
-1

. c.) CLP linescans recorded during the 

slow and fast scans depicted in a.) and b.). d.) Zoomed-in view of the CLP/plume interaction 

during the fast scan at xf2= 3.13 mm. A universal pH indicator dye was used to visualize the 

locally basic H2 plume that forms on the surface of the band electrode while the linescans were 

performed. The electrolyte used was 5 mM H2SO4 and 100 mM Na2SO4 titrated to a pH of ≈ 7. 

The probe position is with respect to the probe starting location. A black dashed vertical line in 

c) and d) is center of band electrode. 

 

We hypothesize that the gap between the plume and CLP is the origin of the shifts in 

peak location during CLP linescans at high scan speeds (Figure 3.3d and Figure 3.4c). More 

specifically, there is a time delay associated with diffusion of the H2 generated at the substrate 

band electrode across this gap to the sensing element of the CLP. This time delay can be 
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estimated as the characteristic time scale associated with diffusion of the substrate-generated 

redox species across the gap, which is given by Equation 3.1, where the average distance 

separating the CLP sensing element and the substrate, measured along the surface normal vector 

extending upward from the substrate, 𝐿, is used. This time delay can then be converted into an 

expected shift in the position of the peak current recorded during the linescan, Δd, by multiplying 

𝜏𝑑𝑖𝑓𝑓 by the probe scan speed relative to the substrate, 𝑣𝑝: 

                         Δd = 𝜏𝑑𝑖𝑓𝑓 ∙ 𝑣𝑝                                                        (3.5) 

    

Another parameter of interest to this discussion is 𝜏𝑝, the characteristic time scale associated 

with the probe passing over the electroactive feature of interest on the substrate: 

                           𝜏𝑝 =
𝑑𝑓

𝑣𝑝
                                                              (3.6) 

 

 

where 𝑑𝑓 is the characteristic length scale of that feature. 𝜏𝑝, can be thought of as a residence 

time for the electrolyte trapped between the end of the CLP and the substrate as it passes over the 

electroactive feature of interest. If 𝜏𝑝 > 𝜏𝑑𝑖𝑓𝑓, the redox species of interest can rapidly diffuse to 

the probe’s sensing element before the probe has translated very far past the point on the 

substrate where the redox species was generated. Conversely, 𝜏𝑝 < 𝜏𝑑𝑖𝑓𝑓 implies that the probe 

will translate past the point on the substrate where the redox species was generated faster than 

the time needed for the redox species generated to diffuse to the probe sensing element, resulting 

in a shift in the probe signal relative to the physical location of the electroactive feature on the 

substrate that is approximated by Equation 3.5. To verify our hypothesis that a small gap in the 

electrolyte between the end of the CLP and the substrate was responsible for the observed peak 

shifts in the linescans, CLP scans were systematically carried out at varying probe scan rates 
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ranging between 6 μm s
-1

 and 1,062 μm s
-1

 during linescans over a single isolated Pt disk 

electrode with diameter of 75 µm. The resulting linescans are provided in Figure 3.5a for a CLP 

with bottom insulating layer thickness of tI = 70 µm, corresponding to L ≈ 60 µm. As expected 

from the discussion above, there is a monotonic increase in the peak shift with increasing scan 

rate. Additionally, there is an increase in the full width at half maximum (FWHM) and decrease 

in peak intensity at scan rates greater than ≈ 300 μm s
-1

. When Δd is plotted versus 𝑣𝑝 (Figure 

3.5b), a linear relationship is obtained up to a scan rate of 𝑣𝑝 ≈ 250 µm s
-1

, which is qualitatively 

and quantitatively in agreement with the theoretical curve based on Equation 3.6. To verify this 

result, an additional CLP was made with tI= 140 µm (L= 120 µm), which also gave the expected 

linear relationship at slow scan speeds in quantitative agreement with Equation 3.5. The 

excellent agreement between experimentally observed peak shifts for two different CLP 

separation distances and simple diffusion theory provides strong support for our hypothesis that 

the peak shift is explained by the time delay associated with diffusion of redox species across the 

electrolyte gap between the plume and end of the CLP that was identified by in situ colorimetric 

imaging.  

  
 
 

Figure 3.5. a) Linescans at varying scan rates for a CLP with bottom insulating layer thickness of 

tI ≈ 70 µm that illustrate the peak shift that occurs for high scan speeds over a Pt disk electrode 

having a diameter of 75 µm. b) The theoretically calculated and experimentally measured peak 
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shifts (Δd) plotted as a function of scan rate for CLPs made with tI ≈ 70 µm and tI ≈ 140 µm. The 

full width half max (FWHM) of the peaks from the linescans used to generate a.).  

 

For both CLPs, significant deviations from the predicted peak shift start to occur ≈ 300 

µm s
-1

 and become even larger at higher scan rates, with the experimentally observed peak shift 

being much less than that predicted from Equation 3.5. These deviations can be explained by the 

increased contribution of convection to species transport at the elevated scan speeds and 

associated fluid velocities. Evidence for the increased role of convection at these high scan 

speeds is seen not only from the contorted plume shapes in colorimetric videos, but also from 

calculation of the Péclet number (Pe) for this system, which is the dimensionless ratio of 

convective to diffusive transport rates.
[46]

 For the CLP geometry: 

                             𝑃𝑒 =
𝑅𝑎𝑡𝑒 𝑜𝑓 𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 

𝑅𝑎𝑡𝑒 𝑜𝑓 𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛
=
𝑣𝑝∙𝐿 

𝐷𝐴
                                                  (3.7) 

where 𝑣𝑝 , 𝐿, and 𝐷𝐴 have been defined above. Pe = 3.5 for a scan rate of 𝑣𝑝= 300 µm s
-1

,  

indicating  that convection is the more dominant form of transport at the high scan speeds where 

the experimentally-observed Δd was significantly lower than that predicted by Equation 3.5, 

which assumed only diffusive transport. Since convection is a more effective mode of transport 

than diffusion, this analysis suggests that convective cells around the end of the CLP likely 

enhance the rate of transport of redox species from the substrate to the CLP sensing element, 

thereby decreasing Δd compared to that predicted in the absence of convection.  

The lower than expected Δd at very high scan rates can be advantageous from a signal 

analysis perspective. However, the increased FWHM (Figure 3.5c) and asymmetry of the 

linescan peaks becomes especially problematic when trying to use compressed sensing to 

reconstruct images of substrates containing multiple electroactive features that are spaced close 
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together. The extended tails and increased FWHM observed at higher scan rates can also be 

attributed to convection, which causes substrate-generated plumes to spread-out in complex 

patterns and can result in weak plume/probe interactions that continue to occur at probe positions 

far downstream from the electroactive feature of interest. Coupling computational fluid dynamics 

(CFD) with electrochemical models for probe/plume/substrate interactions may provide a means 

of capturing some of these complexities but is beyond the scope of the current study.  

 

3.3 Conclusions 

In situ colorimetric imaging was used in this study to visualize plumes of electroactive species 

generated at substrates during SECM measurements for two different probe geometries and at 

scan rates that greatly exceed those normally used in SECM. Although convection currently 

makes quantitative SECM analysis very challenging at ultrahigh scan speeds where Pe >>1, this 

study indicates that there is a large opportunity to increase probe scan rates and imaging rates 

beyond those normally employed in conventional SECM imaging. This will be especially 

valuable for applications where the sizes of the features of interest are orders of magnitude lower 

than the dimension of the area being imaged. So long as significant convective effects are 

avoided, this work has shown that there are well-defined relationships between linescan 

characteristics such as Δd, the probe scan rate, and the probe geometry. If these relationships can 

be known, whether empirically or from simulations, they can be incorporated into post- imaging 

signal analysis methods such as compressed sensing (CS), thereby allowing for the 

reconstruction of quantitative SECM images that filter out peak distortion effects caused by high 

scan rates. These relationships can also be invaluable for guiding the design of novel scanning 

probe geometries that might allow for new imaging functionalities and/or minimize distortion 
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effects. Collectively, the development of more accurate models to describe 

probe/plume/substrate interactions, aided by in situ colorimetric imaging and CS signal analysis 

methods, holds great potential to advance the field of SECM far beyond the well-defined probe 

geometries and slow scan speeds used today.   

 

3.4 Appendix 

3.4.1 Experimental Procedures 

Substrate electrodes - The 75, 250, and 500 µm disk electrode patterns were prepared by 

evaporating metals (Ti as an adhesion layer and Pt as the electrocatalyst) onto degenerately 

doped p+Si wafers through a shadow mask via electron beam deposition (High Vacuum 

Angstrom EvoVac, 1x10-8 Torr base pressure). Titanium and Pt were deposited sequentially 

without having to break vacuum. The thicknesses of the Ti and Pt layers were set to 2 nm and 50 

nm, respectively. Layer thickness was monitored during the deposition using a quartz crystal 

thickness monitor. Electrical connection to the back of the p+Si was made by use of silver (Ag) 

conductive paint (SPI supplies).   

Ultramicroelectrodes (UMEs) – The UMEs used in this study were 10 µm diameter platinum 

SECM tip probes purchased from CH Instruments, Inc. 

(https://www.chinstruments.com/accessories.shtml). Typical disk-shaped UMEs can also be 

made by sealing platinum wires in quartz glass capillaries using a laser-based pipette pulling 

procedure.
47,48

 

Continuous line probes (CLPs) - CLPs were fabricated in a similar manner to what was 

described by Wehmeyer et al.
49

 A Polycarbonate sheet (TapPlastics, 0.02 inch ≈ 500 µm thick), 

Pt foil (Alfa Aesar, 99.999% purity), and Kapton tape (1 Mil, 1⁄2" x 36 yds., Uline) were used as 
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the materials of construction for the CLP. First, the 25 μm thick Pt foil (Fischer Scientific, 

99.99% metals basis) was sealed to an insulating polycarbonate substrate using a two-part 5- 

minute epoxy (JB Weld). In order to ensure a good seal between the Pt and the PC substrate, a 

vice was used to apply uniform pressure overnight while the epoxy cured. The other side of the 

Pt foil was electrically insulated using Kapton tape (thickness ≈70 μm). The end was formed 

using a microtome to expose a smooth end. 

In situ pH imaging cell – The pH imaging cell, Figure 3.6 was made in a 3D CAD Inventor 

modeling software and printed with polylactic acid (PLA) using a Makergear 3D printer.  Two 

windows, in the front and the back, were epoxied using EpoTek epoxy. The substrate was 

epoxied into the cell with an opening for a wire electrical connection using indium solder. The 

substrate was a Pt band electrode with dimensions 2 mm by 100 μm. The probes used were a 

conventional UME of 10 μm diameter and a CLP that had an electroactive layer 25 μm thick by 

4 mm wide. All electrochemical measurements were carried out in aqueous solutions prepared 

from 18.2 MΩ-cm deionized water. Concentrated sulfuric acid (Certified ACS plus, Fischer 

Scientific) and sodium sulfate (ACS reagent grade, Sigma Aldrich) were used for the electrolyte 

of 5 mM H2SO4 and 100 mM Na2SO4, titrated to a pH 5 or 7. Platinum wire (Alfa Aesar, 99.95% 

metals basis, 50 μm diameter) served as the counter electrode while a miniature Ag/AgCl 

electrode (EDAQ, 3 M KCl) was used as the reference electrode.  
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Figure 3.6. 3D CAD model of the in situ colorimetric cell used for imaging. 

 

3.4.2  Colorimetric Image Analysis  

A universal pH imaging was used for the visualization of the plume and the UV-VIS (Agilent 

Cary 60 UV-Vis spectrophotometer) absorption and transmittance spectra are shown for the 

electrolyte with the universal pH indicator dye in Figure 3.7. One drop (≈ 50 μL) of the universal 

pH imaging dye was used for every 1 mL of electrolyte. The UME scans were done on a closed-

loop commercial CHI900 SECM (CH Instruments, Inc.) while the CLP scans were done using a 

home-built CLP-SECM system.
25

   

The theoretical current at the 100 µm band electrode was calculated and plotted to 

compare to the experimental substrate current, as shown in Figure 3.8. There is discrepancy in 

the region describing the transient, most likely due to the fact that the width of the band electrode 

is 100 µm. This dimension pushes the bounds of what is considered a micron band electrode 

before it is more accurately described by planar diffusion, and therefore the Cottrell equation.  
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Figure 3.7. UV-VIS percent transmittance and absorption spectra for various pH values of the 

universal pH indicator dye in 5mm H2SO4 and 0.1 M Na2SO4. 

 

 

Figure 3.8. Plume substrate current compared to theoretically predicted current at a micron band 

electrode.
49
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RGB Thresholding and PCA Analysis – A Java-based image processing program, ImageJ, was 

used to extract the red, green, blue (RGB) values of the plume and background, as the color of 

the plume is different from other parts of the image and the RGB values of plume pixels are 

variant in a specific range. Since the colors of the plume and the background are similar, a linear 

transformation was done in R, G, and B channels, respectively, thereby stretching the contrast in 

each channel and extracting the specific plume color. As is shown in the following Figure 3.9, 

for each channel, r1 is the highest boundary of the plume’s intensity (or background if the 

background intensity is lower) and r2 is the lowest boundary of background’s intensity (or plume 

if the plume’s intensity is higher). To make the extracted result as obvious as possible, output 

intensity s1 and s2 are set to 0 and 255, respectively. After the contrast stretching is done in the 3 

channels, the plume is a different color compared to the rest of the image. RGB thresholding was 

then done to extract the mask, or outline, of the plume. Finally, according to the mask, a blue 

color is overlaid on top of the plume for the final images used in Figure 3.3 and Figure 3.4. All 

the work was implemented in MATLAB.  

 

Figure 3.9. a) Schematic illustrating the linear transformation applied in the image analysis and 

b) comparison of two original unmodified images to the contrast-enhanced images. 
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For Figure 3.2 a dimensionality reduction method, called principle component analysis (PCA) 

was done to extract the channel containing the most valuable intensity information needed to 

enhance the image contrast even further. PCA helps us to reduce the many unrelated color 

features, only keep the principle intensity features that let us observe the color change from the 

plume to the background.  A jet colormap was applied to the images in Figure 3.2b. According to 

the Beer Lambert law,
42

 the absorbance (A) and transmittance (T) of light through a solution 

containing the universal pH indicator dye will be related to the concentration of the dye 

molecules that absorb light in the wavelength range of interest , 𝐶𝐷,𝜆,  as follows: 

𝐴 = 𝜖𝑏𝐶𝐷,𝜆                 (3.8)  

𝐴 = log10 (
1

𝑇
) = log10(

𝐼0

𝐼
)                                              (3.9) 

where 𝐴 is absorbance, 𝜖 is the molar absorption coefficient of the dye in the wavelength range 

of interest ([=] L mol
-1

 cm
-1

), 𝑏 is the optical path length (cm), 𝑇 is transmittance, and 𝐼0 is the 

intensity of the incident light beam, and 𝐼 is the transmitted light intensity . Using equations 3.8 

and 3.9 to solve for 𝐼 and taking the logarithm of both sides results in equation 3.10: 

log10 𝐼 = log10(𝐼0) − 𝜖𝑏𝐶𝐷,𝜆                                        (3.10) 

 

The normalized logarithm of the experimental intensity values versus plume distance (zp), as 

well as the normalized simulated H2 concentrations versus plume distance (zp), where zp is 

defined as 10% of the maximum signal/concentration, are plotted in Figure 3.10 at the times 

shown: 10 s, 50 s, and 150 s. All Matlab scripts are available upon request. 
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Figure 3.10. a) Normalized logarithmic experimental image intensities and b) normalized 

simulated hydrogen concentrations versus plume distance (zp) is plotted for times 10 s, 50 s, and 

and150 s. 
 

 

3.4.3 Computational Details 

COMSOL Multiphysics Linescan Simulations ï The concentration and linescan profiles were 

modeled in COMSOL Multiphysics version 5.4 using the transport of dilute species physics 

module. For slow scan speeds (roughly < 10 μm s
-1

) it was assumed that species transport was 

dominated by diffusion and migration effects were ignored.  The spatial coordinates of the 

substrate and probe electrodes and insulating areas were specified, and the appropriate boundary 

conditions were imposed. The CLP and substrate samples were not entirely symmetric across all 

experiments and simulations; therefore, the system geometry was modeled in 3D. COMSOL 

simulations of the CLP linescans were performed to compare to experimental linescans taken at 

6.3 μm s
-1

 for varying substrate sizes, where diffusion is also the dominant transport mechanism. 

Figure 3.11 shows the geometry of the simulation space used. A stationary parametric sweep 

study was used to calculate the steady state hydrogen flux signal value at the probe for various 

X-positions and the signal was then normalized by dividing by the maximum flux value. 
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Distribution meshes were used to finely mesh the probe, electroactive sensing element and the 

edge of the electroactive feature. A free tetrahedral mesh was then used the more coarsely mesh 

the rest of the simulation space.  

 

Figure 3.11. 3D Geometry of CLP system for COMSOL simulations 

 

 
 

The potentials of the scanning probe and substrate electrode are such that both hydrogen 

evolution on the CLP and hydrogen oxidation on the substrate are mass transfer controlled. Thus, 

to obtain the concentrations of both H2 and H
+
 everywhere throughout the 3D geometry, Fick’s 

second law of diffusion was solved using a constant concentration boundary condition on both 

the CLP and substrate.
15,50,51

 The boundary conditions for the COMSOL simulations were as 

follows: [H2]probe= 0.0 mol m
-3

, [H2]bulk = 0.0 mol m
-3

, and [H2]substrate= 0.78 mol m
-3

, which is the 

saturation concentration of H2 (0.78 mol m
-3

) at STP. Literature reported values of 7.9×10
−5

 cm
2
 

s
−1

 for the diffusion coefficient of H
+
 and 4.5×10

−5
 cm

2
 s

−1
 for the diffusion coefficient of H2 

were also used in the simulation.
50

 Using the parametric sweep function of COMSOL 5.4, the 
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concentration profiles and the integrated flux of H2 were numerically calculated across the CLP 

band electrode at steady state for varying CLP X-positions along the substrate.  

Figure 3.12 show the comparison between the simulated and experimental linescans for 

varying sized disk substrate electrodes of 75, 250, and 500 μm, as well as for a triangle substrate 

electrode rotated counterclockwise with respect to the CLP at 0°, 30°, and 60°. There is overall 

good agreement in the linescan profile for all disk substrate electrodes shown but the discrepancy 

between the COMSOL simulations and experiment seem to increase with larger feature sizes. A 

more complicated model with dynamic meshing may be needed; however it was beyond the 

scope of the present work.  The overall signal shape matches very well, especially for the decay 

in the trailing edge, indicating that the CLP and substrate geometry play a significant role in the 

signal response seen in the linescans. This is an especially powerful tool for understanding how 

the function will behave for samples that contain shapes that are not as easily defined as a disk, 

such as the triangle shown in Figure 3.12d,e,f. These simulations can then be used to guide the 

development of a more robust CS algorithm, where the parameters describing the linescans 

needed in the algorithm to reconstruct the SECM images can be better informed using the 

COMSOL linescan simulations for different probe geometries and substrates.  
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Figure 3.12. Experimental linescan and COMSOL linescan profiles for a) a 75 𝜇m diameter disk, 

b) a 250 𝜇m diameter disk, a c) 500 𝜇m diameter disk, a triangle rotated clockwise at d) 0°, e) 

30°, and f) 60°. Experimental linescans were taken at a scan rate of 6.3 𝜇m s
-1 

in 1 mM H2SO4 

and 0.1 M Na2SO4. 

 

Images of the H2 concentration versus CLP position during the parametric sweep is shown 

as Figure 3.13. For most simulations, a dip in signal as the probe hits the X-position on the edge 

of the substrate feature was produced. This is shown in Figure 3.13e) as it passes over the edge 

of the substrate feature and the overall concentration around the probe drops. It is hypothesized 

that it could either be a meshing or solver issue. It doesn’t affect the overall simulated signal 

shape generated, however. 
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Figure 3.13. The concentration profiles of the CLP and a 500 μm disk substrate for different CLP 

X-positions of the parametric sweep.  
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: CHAPTER 4

QUANTIFIYING LOSSES IN PHOTOELECTRODE PERFORMANCE 

DUE TO SINGLE HYDROGEN BUBBLES 

4.1 Introduction 

Photoelectrochemical cells (PECs) are integrated devices based on semiconducting 

photoelectrodes that represent a promising technology for harnessing abundant and renewable 

sunlight to produce storable chemical fuels.
1–3

 When PECs are used to split water, oxygen is 

evolved at the anode, while hydrogen (H2) fuel is produced at the cathode (HER).
4
 In the quest 

to improve the performance of PEC technology and thereby make it economically viable, most 

research has focused on developing more efficient and stable semiconductor and co-catalyst 

materials that comprise the photoelectrode(s) of the device.
5–8

 In the majority of cases, these 

efforts to improve photoelectrode efficiency have been geared towards minimizing optical 

losses, improving photovoltage, and/or minimizing kinetic overpotential losses. By comparison, 

very little attention has been given to the losses related to the formation and removal of product 

gas bubbles that evolve on the photoelectrode surface. In the current study, we seek to gain a 

quantitative understanding of photocurrent losses associated with bubble evolution at 

photoelectrode surfaces, and use that knowledge to guide the design of photoelectrodes that 

minimize bubble-induced efficiency losses.   

The lack of detailed investigations on bubble-induced losses on photoelectrode surfaces is 

contrasted by a plentitude of studies on  gas bubble dynamics in non-illuminated electrochemical 

systems.
9–12

  For example, Kristof and Pritzker used galvanostatic polarization experiments while 

simultaneously taking video of the resulting bubble growth to relate changes in potential 
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recorded as a function of time to different stages of gas evolution.
13

 Other studies have 

simultaneously measured transients in resistance and potential to decouple bubble-induced losses 

from other loss mechanisms and correlate these losses to characteristics of the gas-evolving 

electrochemical systems, such as bubble coverage .
14–18

 In PECs, understanding bubble-induced 

efficiency losses is even more complex than conventional electrolysis because the bubbles can 

result in additional loss mechanisms. For example, bubbles evolved from photoelectrodes that 

are illuminated from the front are positioned between the light source and photoelectrode, 

meaning that they can induce optical and carrier collection losses. In Figure 4.1a, the bright spots 

in the image result from light that is reflected from the bubble/electrolyte interface. Due in part 

to these additional loss mechanisms, there are limited quantitative studies on how gas bubbles 

impact the performance of gas-evolving photoelectrodes.
19

 Recently, Wang et al., investigated 

the dynamic process of bubble growth on photoelectrodes, determining a kinetic growth rate of 

t
0.3

 for photoelectrochemical systems compared to t
0.5

 for electrochemical systems.
21

 

Subsequently, Hu et. al studied TiO2 nanorod array photoelectrodes and analyzed the growth rate 

of a photo-generated oxygen bubbles, their departure size, and their influence on light reaching 

the photoelectrode surface.
20

  

Despite the wide-spread relevance of bubble evolution dynamics in electrochemical and 

photoelectrochemical systems, the majority of studies focusing on this topic have been empirical 

and lacked understanding of local current density and/or light intensity distributions at the single- 

or sub- bubble level. In the current study, in situ scanning photocurrent microscopy (SPCM) is 

used to elucidate deviations in local photocurrent behavior that results when light is incident on 

single H2 bubbles attached to the surface of a p-Si photoelectrode. With SPCM, the local 

variation in photocurrent can be measured, which is then used to determine the net loss in 
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external quantum efficiency (EQE) associated with a single bubble on a photoelectrode surface.
22

 

Herein, we use experimental EQE measurements, combined with a Snell’s Law based ray-tracing 

model, to analyze how the net EQE losses associated with a single bubble vary as a function of 

bubble size. We also use the optical model to predict how a bubble modifies the light intensity 

distribution at a photoelectrode surface, which can influence local reaction rates around a bubble 

and thereby have important implications for photoelectrode performance. Finally, we show that 

the knowledge of local losses associated with single, isolated bubbles gained from SPCM can be 

used to explain bubble-induced losses associated with from the evolution of dozens of 0.1 mm - 

1.5 mm bubbles from the surface of a ≈ 2 cm
2
 photoelectrode. 

4.2 Theory and Description of Optical Model 

4.2.1 Overview of Fundamental Processes 

Figure 4.1b illustrates the key processes that occur at or near the photocathode surface when light 

is incident on a gas bubble attached to the photoelectrode surface. In order of occurrence, these 

steps include: i) reflection or refraction of incident photons from the electrolyte/bubble interface 

ii) absorption, transmission or reflection of photons at the photoelectrode surface, iii) generation 

of electron hole pairs (excitons) in the semiconductor, iv) collection of the photo-generated 

minority carriers across the MIS junction, v) conduction of electrons along the metal layer, and 

vi) electrochemical reaction at the surface of the metal where it is in contact with the electrolyte. 

Depending on the relative rates of these processes, the photocurrent generated by the 

photoelectrode may be photo-limited, mass transport-limited, kinetically-limited, or controlled 

by a combination of these factors. Having bubbles attached to the photoelectrode surface will 

impact all of the aforementioned processes.
23

 The optical reflection of light from the 
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electrolyte/bubble and bubble/electrode interfaces decreases photocurrent because fewer photons 

are absorbed by the photoelectrode surface. Other bubble-induced loss-mechanisms include 

increased kinetic overpotential losses due to a decrease in the electrochemically active surface 

area (ECSA) and increased solution resistance that results from decreased cross-sectional area 

for ion transport between the photoelectrode and counter electrode. Bubbles attached to a 

photoelectrode surface may also result in carrier collection losses, but these effects can be 

ignored for the MIS photoelectrodes used in this study, because they have continuous metal 

layers on their surfaces that enable lateral conduction of electrons that are generated underneath a 

bubble.  

 

Figure 4.1. a.) Side-view image of a photoelectrode undergoing gas evolution. Light is incident 

from above and perpendicular to the photoelectrode surface, which is in contact with the 

electrolyte. b.) Schematic side-view illustrating six key processes involved with light-driven H2 

evolution at an MIS photocathode when incident photons (hν) first interact with a H2 gas bubble 

that is attached to the photoelectrode surface. Schematic not to scale. 

 

 Although bubble-induced kinetic, carrier collection, and ohmic losses can also be 

significant in PEC systems, experiments in this study were designed to quantify the optical losses 

that result from the presence of bubbles on a photoelectrode surface. Understanding the 
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interaction of incident light with bubbles on a photoelectrode surface is not only important for 

quantifying optical losses, but also for predicting light intensity distributions at the 

photoelectrode surface and subsequently elucidating carrier collection, kinetic, and ohmic losses.  

In this work, it was possible to deconvolute optical losses from kinetic and ohmic losses because 

the laser-induced photocurrents recorded in SPCM measurements were very small, typically ≈ 4-

8 μA, making kinetic and iR losses negligible. The low magnitude photocurrent generated during 

SPCM measurements is also beneficial because the correspondingly low rate of H2 generation 

results in negligible change in the size of the bubble being studied. Thus, low-current SPCM 

measurements offer the opportunity to take a “snap shot” of the optical losses associated with a 

static bubble on the surface of a photoelectrode.  

4.2.2 Model Description 

In order to validate our understanding of SPCM measurements and gain additional insights into 

light intensity distributions resulting from bubbles attached to a photoelectrode surface, an 

optical ray-tracing model based on Snell’s law was developed.   

Bubble geometry- The bubble geometry used in our model was set-up as follows.  First, the side-

view outline of the bubble/electrolyte interface (Figure 4.2a) was described in 2D Cartesian 

coordinates (x, y) using the parametric Equations 4.1 and 4.2:  

𝑥 = 𝑅𝑏 ∙ cos(𝜃)           4.1 

                                                            𝑦 = 𝑅𝑏 ∙ (
H

𝑅𝑏
) ∙ sin(𝜃)                                            4.2 

where 𝜃 is the angle subtended from the circle’s center point origin, Rb is the bubble radius, and 

H is the height of the bubble from origin, or the center of the generated circle, as illustrated in 

Figure 4.1a. The ratio (H/Rb) is referred to herein as the “sphericity” parameter. Another 
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parameter used to describe the bubble geometry is the bubble contact angle, θc, defined as the 

angle formed between the gas/electrolyte and electrolyte/electrode interfaces. In this study, 

(H/Rb) and θc were determined experimentally by performing in situ imaging of gas bubbles of 

varying size attached to the photoelectrode surface (Figure 4.9 and Figure 4.10 in section 4.5). 

Average values of the experimentally observed sphericity (H/Rb = 0.92 ± .25) and θc (50° ± 4.6 

°) were used as inputs to set-up the bubble geometry according to Equations 4.1 and 4.2. θc was 

used to define where the electrode surface is positioned with respect to the centroid of the 

bubble, which was chosen to be the origin of the coordinate system, and subsequently used to 

define the contact area footprint of the bubble with the semiconductor. This was done by 

adjusting the vertical position of the bubble such that its intersection with the photoelectrode 

surface gives a contact angle equal to the experimentally determined values (Figure 4.9 in 

section 4.5). In summary, the bubble geometry and its position with respect to the 

photoelectrode surface is uniquely defined by setting the sphericity, contact angle, and radius of 

the bubble. 

Modeling optical reflection and refraction- With the bubble geometry defined, the path of an 

incident photon from the point of intersection with the bubble/electrolyte interface to the 

photoelectrode surface was determined using a simple ray tracing algorithm that accounts for 

changes in direction due to reflection and/or refraction. In this study, the incident light was 

always assumed to normal to the photoelectrode surface before interactions with the bubble. For 

a given radial distance of an incident photon from the photoelectrode surface normal passing 

through the bubble center (r), its incident angle (θi) with respect to the electrolyte/bubble 

interface was calculated and compared to the critical angle (θcrit) associated with that interface. 
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θcrit depends on the indices of refraction of the electrolyte (n2) and gas (n1) phases forming the 

bubble, and is given by Equation 4.3:   

𝜃𝑐𝑟𝑖𝑡 = sin
−1 𝑛1

𝑛2
               4.3 

If incident light hits the surface of the bubble such that θi is greater than θcrit, those photons are 

reflected from the interface such that the angle of reflection equals the angle of incidence. 

Depending on the angle of reflection, this light can then be directed towards the photoelectrode 

surface surrounding the bubble or towards a location that falls outside of the photoelectrode 

surface that is exposed to the electrolyte.  If θi < θcrit, the incident light will be transmitted across 

the electrolyte/gas interface and refracted at an angle, θref, predicted by Snell’s Law,
24

: 

𝜃𝑟𝑒𝑓 = sin
−1

(

 
 √2∙sin(𝜃𝑖)

√𝑛2
2−

𝑛2+𝑛2
𝑛1

+𝑠𝑖𝑛2(𝜃𝑖)+ √[𝑛2
2−

𝑛2+𝑛2
𝑛1

−𝑠𝑖𝑛2(𝜃𝑖)]
2+4∙𝑛2

2∙
𝑛2+𝑛2
𝑛1
)

 
 
      4.4 

Once θref is determined, the path of the light ray can be traced to the point where it strikes the 

photoelectrode surface. In order to model the light intensity distribution at the photoelectrode 

surface, the radial position of the photoelectrode surface was discretized into 8 μm wide bins, 

which were used to count the number of photons striking the photoelectrode surface as a 

function of r. A bin width of 8 µm was chosen because this is the approximate diameter of the 

focused laser beam used in SPCM experiments. The maximum radial distance where photons 

can hit the photoelectrode is fixed by the distance of the bubble from the edge of the tape that 

defines the exposed area of the photoelectrode. Experimentally, bubbles were generated at the 

center of a photoelectrode with circular ≈ 0.24 cm
2
 exposed area, meaning that the distance 

from the center of the bubble to the taped edge was ≈ 2 mm for most bubbles.  



91 

 

 

Simulated SPCM measurements- Using the bubble geometry and ray tracing algorithm 

described above, photocurrent may be calculated as a function of the radial position of an 

incident light beam, such as the 532 nm laser used in the SPCM measurements performed in 

study. The modeled photocurrent (Jph) was computed using Equation 4.5:
23

  

𝐽𝑝ℎ = (
𝑞∙𝑐

ℎ
) ∙ 𝐼ℎ𝑣(𝜆) ∙ 𝜆 ∙ 𝐼𝑄𝐸(𝜆) ∙ (1 − 𝑅(𝑟, 𝜆) − 𝑇(𝜆) − 𝐴(𝜆))     4.5 

where q is the elementary charge of an electron, h is Planck's constant, c is the speed, and Ihv(λ) 

is the incident rate of photons in the laser beam. The Ihv term was 5.08e6 J s
-1 

m
-2

, determined 

from the 19.6 µW intensity of the 532 nm laser used during the SPCM measurements. A(λ) is the 

fraction of light that is absorbed by the electrolyte and metal layer before it reaches the 

semiconducting absorber layer, R(r,λ) is the fraction of light that is reflected at the surface of the 

photoelectrode, and T(λ) is the fraction of light that is transmitted through the photoelectrode 

(negligible in this study). IQE(λ) is the internal quantum efficiency, defined as the fraction of 

photons entering the photoelectrode that result in electrochemical current. IQE(λ) depends 

strongly on the properties of the semiconducting material, such as bulk carrier lifetime and 

surface recombination velocity. IQE, as defined, was taken to be ≈ 100% for carriers generated 

by the 532 nm laser beam.
25,26

 This is a reasonable assumption for our MIS photoelectrodes with 

the continuous metal layer, since the absorption depth for light with λ = 532 nm (1.12 μm) is less 

than the effective minority carrier diffusion length measured for the single crystal Si used in this 

study (Le ≈ 16 μm, see Figure 4.18 in section 4.5). It was furthermore assumed that IQE (532 

nm) was independent of radial position with respect to the bubble location for the MIS 

photoelectrode geometry based on a continuous and uniform metal overlayer. R(r, λ), however, 

is assigned one of two different values, depending on whether the incident light strikes the 
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gas/photoelectrode or electrolyte/photoelectrode interface. As described in the experimental 

section, these values were determined by UV-Vis spectroscopy for the photoelectrodes used in 

this study. 

 Modeled SPCM curves of photocurrent versus radial position of the incident laser beam 

were compared to experimental SPCM line scans by converting photocurrent into external 

quantum efficiency (EQE), defined as the percentage of incident photons that result in 

photocurrent:
27

  

𝐸𝑄𝐸(𝜆) =
𝐽𝑝ℎ/𝑞

𝐼ℎ𝑣(𝜆)/(
ℎ∙𝑐

𝜆
)
              4.6 

where 𝑣 is the frequency of the 532 nm laser. In this paper EQE(λ) for a given laser location has 

been normalized by the value of EQE(λ) predicted or measured when the laser beam is directly 

incident on the photoelectrode surface such that there is no influence from the bubble. In 

experimental SPCM measurements, the average EQE(λ) for the region outside the bubble was 

used as the normalization factor, thus making the normalized EQE(λ), EQEN, equal to one 

wherever the laser is incident on the platinum surface without ever interacting with a bubble. 

EQEN thus provides a measure of the percent change in EQE(λ) that results from the bubble-

induced losses. Another related metric is the area-averaged relative EQE loss, ΔEQEb defined as 

the difference between the average EQEN for the bubble free region and the average EQEN for 

locations corresponding to the 2D footprint of the bubble. 

Simulated light intensity profiles- Light intensity profiles were predicted for a given bubble 

geometry by applying the ray-tracing algorithm described above for photons incident at all radial 

positions above the bubble in 1 μm increments. Using the binning system described above, the 

numbers of photons reaching each bin were normalized by the 2D radial bin area to obtain the 
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local light intensity at the photoelectrode surface as a function of radial position. The local light 

intensity, or area normalized flux of photons for each bin, was then plotted as a function of the 

normalized radial distance from the center of the bubble. The radial position is made non-

dimensional by dividing it by the bubble radius (Rb). 

4.3 Experimental Results and Discussion 

4.3.1 Materials and Methods 

Chemicals- 0.5 M sulfuric acid solutions were prepared from 18 MΩ deionized water 

(Millipore, Milli-Q Direct 8) and concentrated sulfuric acid (Certified ACS plus, Fischer 

Scientific). These solutions were dearated by purging with N2 for at least 15 min before every 

experiment. 

Photoelectrode fabrication- Photoelectrodes were fabricated using monocrystalline p-type 

Si(100) wafers (1-5 Ω cm, 500-550 µm thick, WRS materials). As-received wafers were 

subjected to a rapid thermal annealing (RTA) treatment in a gas environment of 9.1 sccm N2 and 

0.1 sccm O2.  During this treatment, the temperature was ramped from room temperature to 900 

°C at a rate of 15 degrees per second, held at 900 °C for 60 seconds, then allowed to passively 

cool to room temperature. After RTA treatment, a thin, continuous metal bilayer was deposited 

onto the p-Si wafer at 0.2 A s
−1

 by electron-beam evaporation in an Angstrom EvoVac 

evaporator with a base pressure of 1.0×10
−7

 Torr. This bilayer comprised the metal layer of the 

MIS junction, and consisted of 10 nm of titanium (Ti) and 3 nm of platinum (Pt), which were 

deposited sequentially without breaking vacuum. Film thicknesses were monitored with quartz 

crystal thickness monitors. After cleaving the wafer into 1 × 2 cm pieces, a diamond scribe was 

used to remove native oxide on the back side of the samples and a back contact was made with 
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indium solder and copper wire. Finally, the wafers were sealed in 3M Electroplater’s tape to 

protect the back contact and create a well-defined 0.246 cm
2
 circular area where the 

photoelectrode contacts the electrolyte. 

SPCM Cell and sample fabrication – SPCM measurements were performed in a low-profile 

cell that was designed in engineering design software and made from polylactic acid (PLA) 

using a Makerbot Replicator II 3D printer. The design files for this cell have been made freely 

available on the website echem.io. The electrode is sealed in place using 3M Electroplater’s 

tape, with a hole cut out to allow for the specified electrode area to be exposed to the electrolyte. 

A microscope glass slide was used as a window and sealed in place using 3M Electroplater’s 

tape. An Ag|AgCl reference electrode and a platinum wire counter electrode are taped to either 

side of the exposed electrode area as shown schematically in Figure 4.2.  

Imaging gas bubbles – A custom-made PEC cell was made for imaging gas bubbles on the 

surface of photoelectrodes. One horizontal photoelectrode cell holder was designed in Autodesk 

Inventor and printed using PLA (Makerbot Industries). The design included a lid insert for the 

photoelectrode, to allow illumination to the photoelectrode from above. The cell also had 

microscope glass slides as walls to allow for imaging from various orientations, while the cell 

was illuminated (Figure 4.8). 

(Photo)electrochemical SPCM measurements- SPCM measurements were performed on a 

Renishaw InVia confocal Raman microscope system equipped with a diode-pumped solid-state 

(DPSS) laser (Renishaw RL532C50), an upright optical microscope (Leica DM 2700M), and a 

computer-controlled XYZ positioning stage capable of a minimum step size of 0.1 μm. The 

SPCM cell was securely fastened to the surface of the stage before SPCM measurements, and de-

aerated electrolyte was introduced into the setup using a syringe. All electrochemical 
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experiments were controlled using a Biologic SP-300 or a CHI700E potentiostat. Cyclic 

voltammetry (CV) was carried out before each experimental session to characterize and clean the 

photoelectrode surface. Next, chronoamperometry (CA) was performed with an applied potential 

of -0.25 V vs. Ag|AgCl under white light illumination for 5 minutes to saturate the electrolyte 

with dissolved hydrogen and to generate bubbles to be isolated for SPCM measurements. Once a 

bubble nucleates on the photoelectrode surface, the size is controlled by varying the time of the 

applied potential. When the bubble reached the desired size, SPCM measurements were 

performed with the 532 nm laser focused on the surface of the photoelectrode and its power 

adjusted to 19.6 µW using neutral density filters. A quarter wave plate polarizing lens (1 inch, 

532 nm, RockyPhoton) was used to circularly polarize the incident laser light, which reduced 

interference effects due to polarization in the X and Y planes. SPCM measurements were 

performed with a microscope objective with 5x magnification/0.12 NA and working distance of 

9.9 mm.  When focused on the surface of the photoelectrode, the diameter of the laser beam was 

≈ 8 μm. SPCM images and line scans were recorded under a constant applied potential of -0.25 V 

vs. Ag|AgCl. Dark current, measured in the absence of illumination by the laser beam, was 

measured before and after each scan for background subtraction, as described in the section 4.5 

(Figure 4.12). The photocurrent (Jph) data were converted into EQE maps or linescans in Matlab, 

based on the scan conditions (step size, cycle time, number of scans, measurement start time). 

All SPCM measurements were carried out with a dwell time of 1 s.   

UV-Vis spectroscopy measurements: Optical losses due to absorption of light by the Pt/Ti 

bilayer and reflection from its front surface were measured by ultraviolet-visible (UV-Vis) 

spectroscopy using an Agilent Cary 60 spectrophotometer. The net transmittance (%Ttot = 1- 

R(r,λ) - A(λ)) of light through the metal bilayer was measured using a control sample consisting 
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of a glass slide with 10 nm Ti/3 nm Pt. Transmittance of 532 nm light through this sample was 

measured with and without the electrolyte present in order to account for differences in reflection 

losses present at the Pt/gas and Pt/electrolyte interfaces. Air and hydrogen have very similar 

indices of refraction, so the measured transmittance for the Pt/Ti/glass control sample in air can 

be assumed to be very similar to that measured in a hydrogen environment. The value of %Ttot 

was found to be 27.4 % and 35.3 % for the Pt/Air and Pt/electrolyte interfaces, respectively. 

Macroscopic PEC measurements: The PEC performance of large area (1 cm x 2 cm) 

photoelectrodes under simulated AM 1.5G illumination were carried out in a custom made, 2-

compartment glass PEC test cell that has been previously described.
5
 The photoelectrode was 

held at -0.7 V vs. Ag|AgCl. Based on LSVs, this operating potential is in the photo-limiting 

regime of the cell (refer to Figure 4.11). All electrochemical measurements were performed 

using a SP-200 BioLogic potentiostat controlled by EC-Lab v10.40 software. A 300 W xenon 

arc lamp (Newport, 67005) outfitted with a collimating lens and AM 1.5G filter (Newport, 

81094) was used as the illumination source. The light was calibrated to AM 1.5G illumination 

intensity using a VLSI Si reference cell (VLSI Standards, SRC-1000-RTD-QZ).  During 

measurements, the head space of the working electrode compartment was continuously purged 

with nitrogen. A Pt mesh (Alfa Aesar, 99.9 %) counter electrode was located in the back 

compartment of the cell, separated from the main compartment by a glass frit. An Ag|AgCl 

reference electrode was positioned in the working electrode compartment. 

4.3.2 SPCM Measurements of Optical Losses Caused by a Single H2 Bubble 

SPCM experiments were performed on single, isolated H2 bubbles that were “grown” to various 

sizes as described in the Experimental Section. Figure 4.2 contains a schematic side-view of the 

experimental set-up for SPCM measurements, which shows photocurrent resulting from 
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illumination of the electrode by a focused laser beam. During SPCM measurements, the low-

profile PEC cell is scanned on a programmable XYZ stage, which changes the position of the 

laser beam with respect to the bubble on the photoelectrode surface. By this means, photocurrent 

is recorded as a function of laser beam location and used to construct SPCM line scans and 

images.  In this study, most SPCM measurements were recorded at an applied potential of -0.25 

V vs Ag|AgCl (-1 mV vs. RHE in 0.5 M H2SO4). An applied potential slightly more negative 

than RHE was chosen to avoid dark oxidation of H2 that can occur at more positive applied 

potentials, and to minimize dark HER current that can lead to bubble growth at more negative 

applied potentials. Linear sweep voltammetry (LSV) curves were measured in the dark and under 

laser illumination. From these curves, it is seen that the chosen operating potential for SPCM 

maps (E= -0.25 V vs. Ag|AgCl) is not in the photo-limited operating regime, meaning that carrier 

collection losses are still important. However, the continuous nature of the thin metal layer in 

MIS photocathodes used in this study ensures that carrier collection losses are independent of 

radial position for all SPCM measurements conducted at a constant applied potential. Instead, 

changes in photocurrent in these measurements can be attributed to optical losses resulting from 

the presence of the gas bubble on the surface of the photoelectrode.   
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Figure 4.2. Side view schematic of set-up used for scanning photocurrent microscopy (SPCM). 

The reference electrode is Ag|AgCl and the counter electrode is a platinum wire.  After a bubble 

is generated on the photoelectrode surface, the low-profile electrochemical test cell that contains 

the photoelectrode is scanned beneath a focused laser beam while the resulting photocurrent is 

measured by a potentiostat as a function of laser beam position. 

 

Exemplary SPCM-generated EQE maps for three H2 bubbles with different diameters are 

provided in Figure 4.3, where deviations in EQEN from a value of 1.0 result from changes in 

optical losses induced by the presence of the bubble.  In all three SPCM images provided in 

Figure 4.3, EQEN is observed to decrease when the laser beam is incident on the bubble, but the 

magnitude and shape of the SPCM features varies greatly with changing bubble size. For all 

three bubbles, a circular feature with relatively constant EQEN ≈ 0.8 overlays with the center of 

the bubble and roughly coincides with the 2D area of where the gas bubble is attached to the 

photoelectrode surface. For the large- and medium-size bubbles, there is a narrow ring-shaped 

feature where EQEN exceeds one, although this feature is absent for the small bubble. Further 

away from the bubble center, a region of relatively constant EQEN is observed for all three 
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bubbles that extends to a position close to the outer edge of the bubble. For the smallest bubble, 

there is a smooth transition from this region to EQEN = 1 as the laser position moves off of the 

bubble. In contrast to this behavior, significant reduction in EQEN is observed in the SPCM 

image of the larger bubble when the laser approaches the edge of the bubble.  

 

Figure 4.3. Top-view optical images and corresponding SPCM maps showing spatial variation in 

normalized EQE (EQEN) in the vicinity of H2 bubbles with diameters of a.) ≈ 1000 µm, b) 

≈  500 µm c.) ≈  100 µm. The laser wavelength used was 532 nm with a power of 19.6 µW. The 

applied potential during these scans was -0.25 V vs Ag|AgCl and the electrolyte used was 0.5 M 

H2SO4.    

 

From each EQE image, the net change in EQE due to the presence of the bubble was 

computed as an area-averaged EQE loss within the 2D projected footprint of the bubble: 

4.7 

 
where 𝑁𝑟>𝑅𝑏 represents the number of the (x,y) locations for the region outside of the bubble 

footprint and 𝑁𝑟<𝑅𝑏 represents the number of the (x,y) locations for the region inside the bubble 
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footprint. In this equation, x and y are the Cartesian coordinates of the photoelectrodes surface 

as viewed from the top of the photoelectrode with the origin corresponding to the center of the 

bubble. The first term in Equation 4.7 represents the average relative EQEN recorded at laser 

locations outside the 2D bubble footprint, and the second term is the average relative EQEN 

value recorded within of the bubble. For line scan measurements, the relative difference in 

average EQEN for laser beam locations r > Rb and laser beam locations r < Rb is taken and 

normalized over the 2D projected circular ring area of the bubble. Using Equation 4.7, values of 

relative ΔEQEb of -2.2 %, -5.2 %, -22.9 % are computed for experimentally measured bubbles 

of Rb ≈ 75, ≈ 250, ≈ 500 µm. 

4.3.3 Understanding and Predicting the Effect of Bubble Size and Geometry on Local EQE 

Losses 

 Single line-scans from the EQE images of the smallest and largest bubbles in Figure 4.3 are 

provided in Figure 4.4a and Figure 4.4b to visualize key features as a function of bubble radius 

more clearly. Also shown in Figure 4.4 are SPCM line scans that were modeled with the optical 

model for a bubble with the same geometry as the bubbles studied experimentally. From the 

SPCM line scan in Figure 4.4a for the smallest bubble, the value of EQEN measured when the 

laser is incident on the center of the bubble is 20% smaller than when its location strikes outside 

of the bubble (r/Rb > 1), with a gradual transition between the two extremes. In contrast to 

Figure 4.4a, the EQEN line scan for the large bubble in Figure 4.4b exhibits a substantially 

different profile. In the center of the bubble (r/Rb < 0.3), there is a region where the EQEN is 

around 20% lower (relative) than the surrounding bubble-free area. Moving outward from the 

center of the bubble, the EQE increases suddenly at r/Rb ≈ 0.25. It is hypothesized this sudden 
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increase occurs for light that strikes the photoelectrode surface just outside of the three-phase 

contact line, where it may be reflected multiple times between the electrolyte/electrode and 

gas/electrolyte interface, as illustrated by pathway V in Figure 4.4c.  Since multiple reflections 

were not accounted for in the optical model, the modeled EQEN curve does not capture this 

feature. Continuing outward, the EQE gradually decreases until around r/Rb ≈ 0.8, where EQEN 

rapidly drops to a value of EQEN  ≈ 0.25. When the laser is scanned beyond the bubble’s edge, 

EQEN has a value of one.   

 

Figure 4.4. Comparison of experimental (measured by SPCM) and modeled photocurrent line 

scan profiles for a.) a bubble with diameter of ≈ 100 µm and b.) a bubble with diameter of ≈ 

1500 µm. c.) Schematic side-views illustrating different optical pathways that are likely to occur 

based on the radial position of the incident light.  

 

 It follows from the descriptions of the SPCM line scans that different regions in the 

SPCM maps and line scans can be attributed to different types of pathways that are taken by 

photons that interact with the gas bubble. Ray tracing diagrams illustrating five of these 

pathways are illustrated in Figure 4.4c. In pathway I, the angle of refraction of the incident light 
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is sufficiently small that the light hits the photoelectrode surface at the gas/electrode interface. 

In pathway II, the light entering the gas bubble is refracted in a direction that causes it to re-

enter the electrolyte before interacting with the electrolyte/electrode interface. As stated in the 

experimental section, there are higher reflection losses at the gas/electrode interface than the 

electrolyte/electrode interface and subsequently there is lower EQE for light that travels via 

pathway I than pathway II. Pathway III corresponds to the region of lowest EQEN where 

incident light hits the bubble/electrolyte interface at an angle greater than the critical angle, 

causing total internal reflection such that the photon path never encounters the photoelectrode 

surface.
28–30

 Experimentally, a portion of this reflected light hits outside the taped perimeter of 

the exposed photoelectrode during the SPCM measurements, meaning that photocurrent is not 

produced. Pathway IV illustrates the case where incident light is reflected off the gas/electrolyte 

interface with an angle of reflection that still directs it to the photoelectrode surface. Lastly, 

pathway V corresponds to a small fraction of light that results in EQEN ≈1.15. It is suspected 

that this elevated EQEN involves multiple reflections at the photoelectrode/gas and gas/liquid 

interfaces, but the precise pathway is not known with certainty at this time. While the modeled 

curve predicts that EQEN should be zero, the minimum value of EQEN recorded experimentally 

was ≈ 0.25.  This is most likely because the incident laser light is not perfectly parallel to the 

photoelectrode surface normal, an unavoidable consequence of the focusing optics in the 

confocal microscope used for these measurements. The calculated value of ΔEQEb for a ≈ 100 

µm diameter bubble is around ≈ -2% compared to a 1 mm diameter bubble, for which ΔEQEb ≈ 

-23%. Figure 4.5a shows a comparison of experimental and modeled ΔEQEb for bubbles of 

different sizes ranging from 100 μm < Rb < 1 mm. The ΔEQEb increases monotonically with 

bubble radius, which is primarily a result of the increase in size of the region of total internal 
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reflection. As seen in Figure 4.5b, there is a strong correlation between the radial width of the 

region of total internal reflection, Δr, and ΔEQEb. In theory, the region of total internal 

reflection should be the same for bubbles of all sizes with the same geometry, (H/Rb and θ), so 

long as the photoelectrode is infinitely large. However, this is not observed in practice due to 

the finite size of the photoelectrode used in this study, which creates a minimum reflection 

angle, θr, below which reflected photons strike the tape surrounding the exposed photoelectrode 

surface. Based on the bubble and photoelectrode geometries, the minimum θr for a small bubble 

is less than that for a larger bubble, meaning that a smaller fraction of photons will be deflected 

beyond the edge of the photoelectrode. The sphericity factor or geometry of the bubble also has 

a significant effect on the size of the region of total internal reflection and the subsequent 

ΔEQEb loss, which is discussed further in the following section. Overall, these measurements 

show that, for a given coverage of bubbles, smaller bubbles are favorable for minimizing optical 

losses. Additional experimental and modeled SPCM linescans are provided in Figure 4.13 of the 

chapter appendix. 

 

Figure 4.5. a.) Relationship between the decrease in relative EQE loss (ΔEQEb) due to bubble-

induced optical losses within the projected 2D area of an isolated bubble on the surface of an 
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MIS photoelectrode and the radius of the bubble (Rb).  The ΔEQEb is defined as the average 

percent difference in EQE for laser beam locations r < Rb and laser beam locations r > R from 

the linescans. Experimental data points are calculated SPCM linescans measured under -0.25 V 

vs. Ag|AgCl and 532 nm laser of 19.6 μW power, and modeled data points were calculated using 

Snell’s Law model where the average EQE was also taken for locations r < Rb and laser beam 

locations r > Rb. b.) Relationship between the fraction of a bubble’s 2D footprint for which 

incident photons undergo total internal reflection and the radius of the bubble. In this figure, Δr 

is the radial width of the region of total internal reflection. The experimental value was 

determined from the difference in the distance of the inflection points for the linescan data that 

corresponded to the model region of where total internal reflection should be occurring. 

 

As can be seen from Figure 4.5, EQEN decreases to less than 5% for bubbles with Rb< 100 μm. 

The trend of decreasing EQEN loss with decreasing bubble size suggests that surface 

modifications, such as texturing, that lower the average bubble departure size can help to 

minimize bubble-induced optical losses.  It is expected that minimizing average bubble sizes on 

the photoelectrode surface will be even more important for MIS or liquid-junction 

photoelectrodes based on non-uniform co-catalyst layers. In such photoelectrodes, a bubble with 

radius significantly larger than the effective minority carrier diffusion length will result in 

significantly lower EQEN due to carrier collection losses. However, these bubble-induced 

carrier collection losses were not relevant in this study because of the continuous nature of the 

metal layer in these MIS photocathodes. 

4.3.4 Modeling Bubble-Induced Variations in Light Intensity Distributions at a Photoelectrode 

Surface   

Besides increasing optical losses and thereby decreasing photoelectrode efficiency, bubbles can 

also impact photoelectrode operation by causing changes in local light intensity, and thus local 

current density distributions in the vicinity of a bubble. For example, Hu et. al hypothesized that 

optical refraction of incident light from a 240 μm wide laser beam at the electrolyte/bubble 
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interface of a surface-bound bubble resulted in an optical concentrating effect whereby the 

incident light was concentrated at the edge of the bubble-photoelectrode contact region.
20

 Such 

an optical concentrating effect can have important implications for photoelectrode operation 

because it can lead to non-uniform generation of electron-hole pairs and subsequently non-

uniform current density distributions on the photoelectrode surface. Non-uniform current 

densities result in non-uniform ohmic and kinetic overpotential losses, and may also lead to 

local degradation processes that can be accelerated at higher local current densities.
5
 

 In order to investigate bubble-induced optical concentrating effects, the optical model 

which was validated by SPCM measurements in the previous section was expanded to 

understand the effect of bubble shape on the light intensity distribution for a photoelectrode that 

is uniformly illuminated. This optical model is only concerned with the light intensity 

distribution on the surface of the photoelectrode. This light intensity distribution is an important 

input for determining the local current density distribution (i.e. where the reaction takes place), 

but this topic was beyond the scope of this study. Using knowledge of where light hits the 

photoelectrode surface, the light distribution for a fully-illuminated photoelectrode can be 

determined. Figure 4.6 illustrates the bubble shape-induced optical concentration effects. From 

this model, bubbles with a smaller H/Rb concentrate light near the bubble edge, whereas the 

more spherical bubbles do not, as evident in Figure 4.6b. The ray tracing diagrams in Figure 

4.6a show that bubbles with smaller H/Rb also have a smaller region of total internal reflection, 

which would correlate to lower ΔEQEb losses for these bubbles. For bubbles with larger H/Rb 

values, there is a larger region where total internal reflection occurs because the incident light 

hits at more points along the bubble interface at an incident angle, θi, greater than the critical 

angle with respect to the normal of the bubble interface. The model suggests that tuning the 
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angle at which incident light hits the bubble interface, by varying the H/Rb and bubble shape, 

can influence how light is directed to or reflected away from the photoelectrode surface. In 

addition to the sphericity factor, the bubble contact angle is another parameter that can have a 

strong influence on the bubble geometry, and therefore the local EQEN and light intensity 

profiles associated with that bubble. As detailed in section 4.5, and shown in Figure 4.17, 

optical modeling predicts that increasing θc can greatly reduce the fraction of incident light that 

is reflected off the bubble/electrolyte interface. This corresponds to a decrease in the width of 

the low EQEN ring feature that is evident in the SPCM images. 

 

Figure 4.6. a.) Ray tracing diagrams of bubbles with varying sphericity values. The sphericity 

value (H/Rb) was varied from 0.6 (top), 0.8 (middle) and 1 (bottom) for a 500 μm radius bubble. 

Higher density of light near the bubble edge is to highlight the differences in light concentration. 

b.) The modeled light distribution profile of a fully-illuminated photoelectrode surface for the 

bubbles shown in part a, where a concentrating light effect is seen near the bubble edge. 

 

 The profile of the current density distribution is expected to be very different from the 

light intensity distribution and will be highly dependent on the geometry of the catalyst layer on 



107 

 

 

the surface of the photoelectrode. For all photoelectrodes, it can be assumed that the local 

current density will approach zero at the gas/electrode interface where there are no reactant 

species. However, the current density distribution outside of the “triple phase ring” will depend 

highly on whether the catalytic layer is continuous or non-continuous.  Although it was not 

measured in this study, the current density distribution can be expected to be fairly uniform 

across the areas not occupied by bubbles on the MIS photoelectrodes used in this study, since 

collected carriers can laterally conduct with minimal resistance along the continuous catalyst 

layer to an area exposed to the electrolyte. In the case of an MIS photoelectrode with a non-

uniform catalyst layer, lateral electron transport away from the bubble is suppressed, leading to 

non-uniform carrier collection and current density distributions. The carrier collection will be 

dependent on the effective minority carrier diffusion within the semiconductor, which is the 

average distance that a carrier travels from the point of generation to the point of recombination.  

For example, there would be no reaction or current measured under the bubble, if the carriers 

are generated greater than an effective diffusion length away from the edge of the bubble, where 

there is exposed electrolyte.  

4.3.5 Predicting Macroscopic Photoelectrode Performance based on Single Bubble SPCM 

Measurements 

Unlike the SPCM measurements of single bubbles, the performance of a photoelectrode operated 

under uniform 1-sun illumination experiences losses due to many bubbles of multiple sizes that 

are dynamically nucleating, growing, and detaching. To further validate our SPCM line scans of 

individual bubbles, we attempted to use the knowledge gained from those measurements to 

explain the current-versus time behavior of a uniformly illuminated larger area photoelectrode 

during a chronoamperometry experiment. First, the bubble size distribution from image analysis 
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during a macroscopic cell measurement under 1 sun intensity and the correlation of ΔEQEb loss 

and bubble size (from Figure 4.5a) were used to calculate a percent loss in photocurrent under 

photo-limiting conditions (Figure 4.7 and Figure 4.19). The calculated photocurrent loss was 

then be compared to the change in limiting current during a chronoamperometry experiment for a 

large area photoelectrode that was fully illuminated with one sun intensity light. It is reasonable 

to apply the correlation from Figure 4.5a, which is based on SPCM measurements recorded with 

monochromatic illumination (λ=532 nm), to the macroscopic PEC measurements based on white 

light illumination because the critical angle is not very sensitive to the wavelength of light over 

the visible portion of the spectrum (Figure 4.15). Chronoamperometry experiments were carried 

out at an applied potential of -0.7 V vs Ag|AgCl, corresponding to the photo-limited operating 

regime of the photoelectrode LSV curve where kinetic and ohmic losses are negligible (Figure 

4.11). Video of multiple bubbles evolving off of the large ≈ 2 cm
2
 photoelectrode was recorded 

alongside measurement of the current versus time data. The “sawtooth” pattern observed in the 

experimental current-time curves is characteristic of bubble-induced losses whereby sudden 

increases in current correspond to bubble detachment events (Figure 4.7a). Image stills were 

extracted from the video at various points in time, and image analysis was performed to 

determine the bubble size distribution (Figure 4.7b). The bubble size distributions and average 

bubble size change over the operating time of the experiment and is examined in section 4.5. The 

predicted ΔEQEb, and subsequently the loss in photocurrent, was then calculated for each bubble 

radius (Rb) measured from the experimental linear correlation determined from the SPCM data 

that related ΔEQEb loss to bubble radius from (Figure 4.5a). The predicted current values for 

each still frame were then calculated with Equation 4.8: 
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𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 𝐶𝑢𝑟𝑟𝑒𝑛𝑡 = 𝐼𝐿,0 ∙ (100% − ∑ %𝛥𝐸𝑄𝐸𝑏(𝑅𝑏𝑖) · (𝜋 · 𝑅𝑏𝑖
2𝑎𝑙𝑙 𝑏𝑢𝑏𝑏𝑙𝑒𝑠

𝑖 ))  4.8 

where IL,0 is the initial current measured when there were no bubbles present, Rbi is the radius of 

bubble i, and ΔEQEb was obtained from the experimental linear correlation between ΔEQEb and 

Rbi. This procedure was then repeated for all still frame images, and the predicted photocurrent 

calculated from Equation 4.8 was plotted as a function of the time at which each image was 

taken. The linear correlation used from Figure 4.5a is only valid for bubbles of D = ≈ 100 µm or 

greater, as bubbles smaller than 100 µm were not experimentally stable during the SPCM 

measurements. The instability of bubbles with Rb less than ≈100 μm results from the high 

internal pressure that exists within small bubbles, as predicted by the Young-Laplace Equation 

4.9
1
: 

∆𝑃 = 2𝛾 (
1

𝑅1
+

1

𝑅2
)      4.9 

where ΔP is the pressure difference between the gas and liquid phases, 𝛾 is the surface tension, 

and R1 and R2 are the principle radii of curvature. For a perfect sphere, R1=R2=Rb. For example, 

the Young-Laplace Equation predicts that the internal pressure for a bubble with diameter of 100 

μm is 1.27 atm, whereas a bubble with a diameter of 1000 μm has an internal pressure very close 

to ambient pressure, around 1.02 atm. The high pressure difference at small Rb drives dissolution 

of H2 back into the electrolyte until the bubble completely disappears. Because the smallest 

bubble analyzed in this work (Rb = ≈ 100 µm) had an ΔEQEb loss of ≈ 2 %, bubbles with Rb less 

than 100 µm were ignored during the analysis and assumed to have a negligible impact on  

ΔEQEb compared to larger bubbles.  

Figure 4.7 contains a comparison of the predicted and experimental current-time curves, 

with four representative images that were used as a part of the analysis. There is relatively good 
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agreement between the experimental and predicted current-time curves, although the predicted 

curves consistently over-predict the photocurrent losses. Some of the error may result from 

human error associated with defining bubble footprints from the image analysis procedure, 

although there are also many physical explanations that may account for the difference. For 

example, a larger area photoelectrode was used for these measurements compared to the SPCM 

studies, so more of the reflected light off the bubbles could have struck the surface of the 

photoelectrode, resulting in a higher experimentally measured photocurrent than predicted. The 

bubbles are also in a dynamic state, growing and detaching, whereas the SPCM measurements 

used to determine ΔEQEb were done for static bubbles. This dynamic nature means the bubbles 

are constantly changing size throughout operation and could have non-equilibrium contact angles 

and H/Rb factors. Bubbles evolved near the edge of the tape are more likely subject to varying 

forces along the footprint of the bubble, which would also influence their shape and H/Rb factor. 

This could consequently affect the light distribution and ΔEQEb losses for these bubbles evolved 

near the tape edge. Other potential sources of error include bubble-to-bubble reflections, which 

were not relevant to SPCM measurements where single isolated bubbles were studied.   

 

Figure 4.7. a.) Current vs. time traces b.) Snapshots of the photoelectrode surface at various 

times during the measurement shown in part a. The absolute value of the current density is 

shown here and the corresponding image stills. The width of the photoelectrode is 1 cm. 



111 

 

 

4.4 Conclusions 

This study presents a novel application of SPCM to quantitatively analyze bubble-induced 

optical losses associated with individual bubbles bound to the surface of a p-Si MIS 

photocathode. Bubble size was varied and the resulting change in photocurrent was measured, 

analyzed in terms of external quantum efficiency, and compared to a theoretical model based on 

Snell’s Law. The relative optical losses in external quantum efficiency were found to increase 

with bubble size. For our system, it was found that large bubbles (D = ≈ 1000 µm) lead to 

larger experimental optical induced photocurrent losses of around 23 %, compared values of ≈

 2 % for small bubbles with D ≈ 150 μm. Subsequently, as seen from the study looking at 

multiple bubble evolution off a larger area photoelectrode, the SPCM EQE data can also be used 

to predict the approximate relative losses for an entire photoelectrode surface and not just for 

single bubbles. This study of single isolated bubbles should serve as a useful starting point to 

investigate more complex scenarios such as multiple bubble effects, different operating regimes, 

flowing electrolyte, and 3D structured or photoelectrode geometries. Although this study has 

only considered horizontally mounted photoelectrodes that are illuminated with normal-incident 

light, we anticipate that the photoelectrode tilt angle could also significantly influence the light 

intensity profile and associated optical losses. Specifically, a tilted photoelectrode can be 

expected to lead to asymmetry in the bubble geometry (non-uniform contact angles) because the 

buoyancy force vector is no longer perpendicular to the photoelectrode surface. From a practical 

standpoint, studying tilted photoelectrodes is important because an optimized PEC reactor will 

likely be tilted so as to maximize the intensity of incident light that falls on the photoelectrode.  

Although this study was limited to the photo-limiting regime, it will also be important to extend 
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the model and experiments to explain bubble induced losses due to ohmic, kinetic, carrier 

collection, and mass transfer. 

4.5 Appendix 

4.5.1 Imaging of Gas Bubble Geometry 

4.5.1.1 Imaging Setup and Procedure 

As described in the text, a custom-made PEC cell was designed in Autodesk Inventor and 3D 

printed using PLA (MakerBot Industries). The cell and a schematic of the setup is shown as 

Figure 4.8. The design included an insert for the photoelectrode in the base of the cell so as to 

allow a fixed photoelectrode position without blocking the illumination source. Microscope glass 

slides were used as front and back walls to allow for imaging from various orientations while the 

cell was illuminated. A PixelLINK camera was positioned and focused perpendicular to the edge 

of the photoelectrode so as to provide a side-view of gas evolution from the photoelectrode 

surface. A Biologic SP300 potentiostat was used for gathering chronoamperometry data during 

dynamic gas evolution video recording and to generate bubbles analyzed in static imaging.  

 

Figure 4.8. Gas Evolution Imaging Setup: a.) Photograph and b.) schematic of the imaging setup 

used to measure gas bubble geometry on the photoelectrode surfaces. 
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4.5.2 Light Distribution Model Parameters 

4.5.2.1 Input Parameters for Model 

High resolution image analysis was performed in Image J software to determine how the bubble 

sphericity (H/Rb) and contact angle vary with bubble radius (Rb). Correlations between (H/Rb), 

θc, and Rb are provided in Figure 4.9 and Figure 4.10. There was no significant correlation 

between bubble size and sphericity within the accuracy of the image analysis procedure 

employed in this study, while a weak dependence of contact angle on bubble size was observed. 

The inset in Figure 4.10 contains an image showing how the contact angle was defined, with the 

apex of the angle set at the triple phase boundary point at the base of the bubble. 

 

Figure 4.9. Sphericity Correlation and Model Bubble Agreement: a.) Measured sphericity factors 

for 56 bubbles as a function of bubble radius. The average sphericity was determined and a 95 % 

confidence interval error analysis was done on the average. The mean of 0.92 ± .25 was used for 

generating the bubbles in the optical model. b.)  Outline of Matlab generated bubbles overlaid on 

real bubbles. Image analysis software was used to determine the contact angle, radius and 

sphericity for the three bubbles pictured here that were then used to generate the modeled bubble 

outline. 

4.5.3 Photoelectrochemical Characterization and SPCM Procedures 

4.5.3.1 Photoelectrode LSV Curve Measured Under AM 1.5 illumination 

For the large area photoelectrode experiment, linear sweep voltammetry was done to determine 

the operating potential for the photo-limiting regime. LSVs were scanned in the dark and under 
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AM 1.5 illumination from positive to negative, as shown in Figure 4.11. LSVs were done in 0.5 

M H2SO4 at a scan rate of 20 mV s
-1

. 

 
 

Figure 4.10. Contact Angle and Bubble Size Correlation: The contact angle is defined as the 

angle where the three phases are in contact with the electrolyte, and is shown as the inset figure. 

The average contact angle was determined and a 95 % confidence interval error analysis was 

done on the average. The mean of 50 ° ± 4.6 ° was used for generating the bubbles used in the 

optical model.  

 

Figure 4.11. LSVs for Macroscopic Measurements: Current-Potential LSVs for the macroscopic 

cell measurements in 0.5 M H2SO4 at a scan rate of 20 mVs
-1

.  
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4.5.3.2 Procedure for Scanning Photocurrent Microscopy Measurements 

The procedure used to generate SPCM images and linescans was as follows:  First, dark current 

resulting from leakage current across the MIS junction was subtracted from the total recorded 

current in order to obtain photocurrent resulting from local illumination by the laser beam. This 

was achieved by recording the dark current in the absence of laser illumination, both before and 

after the SPCM measurement. The dark current recorded before and after a representative SPCM 

measurement can be seen in the Figure 4.12 below. After the SPCM measurements, the dark 

current was subtracted from the total current by fitting the measured dark current at the start and 

end of the experiment to either a linear, two-term exponential, or hybrid exponential/linear fit. 

The best background current fit was then subtracted from the total current to get the 

photocurrent, as illustrated in Figure 4.12. The measured photocurrent versus time was then 

converted to a location using the step size, exposure time of the laser at each location, time 

increment between measured current data points, and the time at which the scan was started. To 

construct the 2D spatial maps shown in the text, additional parameters such as cycle time, 

number of cycles, and number of data points per cycle were needed. 
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Figure 4.12. Dark Current Subtraction: Shown here is the total current measured while scanning 

a focused 532 nm laser beam across the surface of an MIS photocathode containing a ≈ 100 μm 

diameter bubble. The dark current (i.e. no laser) was measured before and after each SPCM 

measurement scan, for ≈ 1-2 minutes each. After the initial background dark current 

measurement period, the laser is then turned on. After a period of 30-60 seconds with the laser 

on, the scan is started. Once the scan is complete, the laser shuts off and the dark current is 

measured again. The applied potential for this measurement was -0.25 V vs Ag|AgCl. 

 

4.5.3.3 SPCM Linescan and Model Comparisons for Additional Bubbles 

SPCM linescans were shown in the paper for two extreme cases, a small bubble with a diameter 

≈ 150 μm and for a large diameter bubble case of ≈ 1500 μm in Figure 4.4 of the text. Figure 

4.13a-d shows the SPCM linescans for additional bubble sizes that fall in between these values.   

These SPCM line scans were used to calculate the relative local EQE losses, ΔEQEb, shown as 
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Figure 4.5a-b in the text. Also shown in Figure 4.13 are the modeled SPCM curves based on the 

bubble size.  

 

Figure 4.13. SPCM line scans for different sized bubbles: SPCM linescans for H2 bubbles 

attached to the photoelectrode surface and having diameter of a.) ~300 μm b.) ~600 μm c.) ~800 

μm d.) ~1000 μm. Also shown are SPCM line scans based on the optical model described in the 

text (dashed lines). All SPCM linescans were taken at -0.25 V vs Ag|AgCl in 0.5 M H2SO4.  

 

4.5.3.4 Predicting Multi-bubble Behavior of a Large Area Photoelectrode based on Single 

Bubble SPCM Measurements 

Multiple trials were analyzed and presented below as Figure 4.14a, b.   
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Figure 4.14. Various chronoamperometry trial measurements compared to predicted current 

values from the EQE correlation determined the SPCM measurements. Chronoamperometry was 

done at -0.7 V vs Ag|AgCl. 

 

Although the SPCM measurements were performed with monochromatic light of wavelength of 

532 nm, and the refraction of light changes with wavelength for different media, the comparison 

is still valid because the critical angle is not very sensitive to the wavelength of light over the 

visible portion of the spectrum, as seen in Figure 4.15.
31,32

  

 

Figure 4.15. Critical Angle vs. wavelength of incident light for an interface between a hydrogen 

bubble and the surrounding aqueous electrolyte based on Equation 3 from the main article. 
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Lastly, impedance spectroscopy was done to determine the ohmic drop for the system 

from having a large bubble coverage area to see if it needed to be considered for the image 

analysis (Figure 4.16). The ohmic drop (ΔΩ) was 0.92 Ω for a sample with and without bubble 

coverage. This ohmic drop is not large enough to affect the data significantly in the potential 

operating region. 

 

Figure 4.16. Impedance spectroscopy measurements were done at a frequency of 400 kHz at the 

open circuit potential in order to extract what the ohmic drop would be from having bubbles on 

the photoelectrode surface. The ohmic drop was determined to be .92 Ω, calculated from the 

difference in the x-intercepts. 

 

4.5.4 Modeling of Contact Area Footprint Effect on Light Distribution 

In order to study the influence of the bubble contact angle on the light distribution and EQEN, 

additional simulations were run in which the bubble size and sphericity were kept constant (Rb = 

500 µm, sphericity = 0.92), while the bubble contact angle was varied. Figure 4.17 shows ray 

tracing diagrams and the associated EQEN and light intensity distributions for a bubble with 

contact angle of θc=20° (Figure 4.17a,c,e) and a bubble with θc=50° (Figure 4.17b,d,e) that is 
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similar to the experimentally observed contact angles in this study. The bubble with θc=20° has a 

smaller contact area footprint compared to that of the bubble with θc=50°.  Figure 4.17 shows 

that the bubble with the smaller contact angle is predicted to have a wider width of the ring 

corresponding to low EQE and low light intensity. 

 

Figure 4.17. Modeling the Effect of Bubble Contact Angle: a.), b.) Modeled ray tracing 

diagrams, c.), d.) EQEN profiles, and e.) light intensity distribution profiles at the photoelectrode 

surface for bubble contact angles of a,c) θc=20° and b,d) θc=50°. In all figures, the bubble radius 

(Rb=500 μm) and sphericity ((H/Rb) =0.92) were kept constant. Green rays indicate incident light 

before it contacts the bubble, and blue rays indicate photons that have reflected or refracted from 

the gas/liquid interface. The x-axis for c,d) correspond to the radial position of the incident laser 

while for e) the x-axis corresponds to the position on the photoelectrode surface. 
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4.5.5 Effective Diffusion Length Measurements 

The Pt/Ti metal front contact was then e-beam deposited on the semiconductor. In order to 

understand the bulk semiconductor properties and effective minority carrier diffusion length (Le), 

an SPCM experiment was done.  In these Le experiments, the metal bilayer front contact was 

contacted by a tungsten probe, and the laser beam-induced photocurrent (Jph), was measured 

under constant applied voltage (-5 mV) as a function of laser beam distance from the edge of the 

circular contact (DL). A schematic of the measurement set-up is provided in Figure 4.18a. Figure 

4.18b shows a plot of the logarithm of normalized photocurrent, ln(Jph_norm), versus DL.
33

 Le is 

strongly dependent on both the bulk diffusion length of the semiconductor and the surface 

recombination velocities associated with interfaces in the devices.
33

  The laser beam induced 

photocurrent was recorded as a function of DL, and effective diffusion length (Le) was calculated 

from a plot of the logarithm of the normalized photocurrent, ln(JN), versus DL: 

𝐿𝑒 = (
𝑑𝑙𝑛𝐽𝑁

𝑑𝐷𝐿
)
−𝟏

                                                           4.10 

The average value of Le was determined to be 16 μm. Effective diffusion lengths were calculated 

based on slopes between 10 μm < DL < 40 μm.   

 

Figure 4.18. Effective Diffusion Length Measurements: a) A side-view schematic illustrating the 

SPCM measurement set-up that was used to determine the effective minority carrier diffusion 

length of the semiconductor. The sample contains a metal component, or collector, comprised of 
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500 μm e-beam deposited bilayer islands with 3 nm Pt on top of 5 nm of Ti. b) Example plot of 

ln(Jph_norm) versus distance from the metal collector (DL). The photocurrent was measured with a 

532 nm laser focused to a beam diameter of ≈3 µm and with incident power of 33.9 µW. 

 

4.5.6 Bubble Size Distributions During Operation of Large Photoelectrodes 

During operation of a larger area photoelectrode (2 cm x 1 cm) under AM 1.5 illumination the 

bubble size distribution on the photoelectrode surface and average bubble size varies over time. 

Image analysis was done during the macroscopic trials, shown as Figure 4.7, where the change in 

the size distribution was quantified to calculate the expected ΔEQE at various points in time 

during operation. In Figure 4.19, below, exemplary bubble size distributions are shown for 

operation at 13 s, 55 s, and 90 s, which correspond to average bubble radii of 320 μm, 625 μm, 

and 778 μm. The standard deviation for these distributions at 13 s, 55 s, and 90 s are 113 μm, 

756 μm, and 385 μm, respectively.  



123 

 

 

 
 

Figure 4.19. Bubble size distribution on photoelectrode surface: Bubble size distribution for a 2 

cm x 1 cm photoelectrode during operation in 0.5 M H2SO4 under AM 1.5G illumination at times 

of a.) 13 s, b.) 55 s and c.) 90 s after the photoelectrode was exposed to the light source. 
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: CHAPTER 5

CONCLUSIONS AND FUTURE DIRECTIONS 

5.1 Thesis Overview  

Scanning electrochemical microscopy (SECM) and scanning photocurrent microscopy (SPCM) are 

powerful electrochemical imaging techniques that allow one to gather high resolution data from 

electrocatalytic and photoelectrocatalytic systems. In this dissertation work, Chapter 2 presented a 

novel scanning continuous line probe (CLP) geometry that was designed to improve the scanning 

efficiency of SECM systems without compromising the electrochemical imaging quality. 

Conventional SECM methods require long scan times due to the point-by-point nature of the 

imaging process and can lead to unwanted environmental changes in the electrochemical 

environment and inaccurate results about the system being studied. The CLP consists of an 

electroactive band electrode as the sensing layer, which is sandwiched between an inactive 

substrate support and an insulating layer of approximately the same thickness as the electroactive 

layer. The electroactive layer can simultaneously sense multiple features along its length. A 

programmable, automated CLP-SECM microscope was built to demonstrate this non-local probe 

imaging technique and showed an order of magnitude decrease in imaging time compared to 

conventional SECM systems for simple substrates based on patterns of disk electrodes. The SECM 

system was studied further in Chapter 3, where three in situ colorimetric pH imaging studies used 

to visualize the plumes of electroactive species during SECM linescan measurements were 

described. Colorimetric images of plumes generated at a substrate band electrode revealed that the 

probe geometry strongly influences linescan signal distortion and hysteresis at scan speeds 

surpassing the conventional SECM “speed limit”. This mechanistic information was combined 
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with finite element modeling to construct and validate transport models of the electrochemical 

system. These studies showed that in situ colorimetric visualization of plumes of redox species 

using pH indicator dyes during SECM measurements can be a powerful tool for deconvoluting the 

influences of probe geometry and scan speed on the dynamics of localized plumes of electroactive 

species that mediate probe/substrate interactions.  

  Lastly, Chapter 4 described the use of scanning photocurrent microscopy (SPCM) in the 

electrochemical environment to investigate the local photocurrent losses associated with isolated 

H2 bubbles attached to the surface of a photoelectrode. The experimental SPCM measurements 

were also compared to an optical model built based on Snell’s Law, which elucidated the 

relationships between local photocurrent losses and bubble size. Higher optical losses were 

correlated to larger bubble sizes (radius > 100 μm). This was due to the amount of 

electrochemically active surface area that was blocked and the total internal reflection of light from 

the edge regions of bubbles. These single bubble measurements were then applied to macroscale 

bubble evolution on a larger surface area photoelectrode and the empirical loss in current was 

calculated and compared to the measured value, where there was very good agreement. Endless 

opportunities still exist for continued research of the aforementioned systems described in this 

dissertation work. In the subsequent sections, 5.2 through 5.6, future directions and applications 

related to this dissertation work are discussed.  

5.2 Nanoscale Imaging with Continuous Line Probes (CLPs) 

A major research opportunity is the extension and improvement in resolution of CLP-SECM to 

the nanoscale. This requires more advanced fabrication methods than those used in the studies 

highlighted in the dissertation. However, the layer by layer geometry of the CLP is innately 
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simpler than conventional point probe fabrication procedures, opening up many possible 

fabrication routes.
1
 Initial work in this area used High Vacuum Angstrom metal deposition on a 

flexible substrate that is able to easily deposit titanium (as an adhesion layer) and platinum metal. 

A Parylene coater was used for depositing a nanoscale top insulating layer (Figure 5.1a). Initial 

results were promising but the methodology still requires optimization. In particular, producing a 

clean-cut probe edge without compromising the integrity of the nanoscale electroactive and 

insulating layers proved to be difficult. A microtome was used to remove nanoscale slices from 

the edge of the CLP but SEM images showed some perturbation and adhesion issues of the 

Parylene + Ti/Pt layers to the polycarbonate substrate (Figure 5.2). As the SEM Figure 5.2 

shows, there were sections where the layers had peeled away and cracked at the edge. The 

resulting CLP end was not flat enough relative to the size of the nano-layer. Three different 

routes are suggested in Figure 5.1b-d as an initial starting point for further improvement. 

Alternative substrate support materials and/or nanoscale insulator deposition techniques will 

likely need to be investigated. Initially, in order to be able to test fabricated nano-scale CLPs, a 

sample made with nanobeam lithography containing nanoscale disks with radii of 500 nm at 

varying separation distances is shown as Figure 5.1d. Ultimately, a successfully manufactured 

nanoscale probe would be able to accurately capture and measure the signal from the five disks.  
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Figure 5.1. a) Preliminary nanoscale CLP fabrication route. b-d) Three different possible 

fabrication routes for fabricating CLPs on the nanoscale. e) Optical images of nano-dots 

deposited via electron beam lithography.  

 

 

Figure 5.2. An SEM image of the cross-section of the fabricated nano-scale CLP showing 

perturbation and non-uniformities to the Ti+Pt layer on top of the polycarbonate substrates. 
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5.3 High Throughput Screening 

High-throughput (HTP) screening of  electrocatalytic materials allows one to efficiently assess 

dozens to thousands of samples within a single experiment, which saves time and cost.
2
 The 

most common method for assessing these HTP sample arrays is by conventional SECM that uses 

a conventional point-probe UME to measure the generated current at each x and y location in a 

raster pattern across an area of interest.
2–4

 As illustrated in this dissertation work, the point-by-

point measurement scheme is tedious and requires long scan times. One of the key advantages 

for CLPs is its ability to scan large areas significantly faster than conventional SECM methods. 

The implementation and demonstration of CLP-SECM is currently well-suited for high 

throughput screening applications, as the CLP has been successfully used for coarse-grain 

(micron-scale) measurements. A collaboration with groups that explore the inkjet printing of 

metals for combinatorial screening of catalysts of varying compositions will allow demonstration 

of this advantage using CLPs to increase the HTP catalyst screening process. There are research 

groups that presently have this materials inkjet printing capability or are doing work in this 

area.
5,6

 The general approach and concept for HTP imaging with CLPs would be to do an initial 

macro-scale coarse-grain screening where the “hot spots” of catalytic activity can be identified. 

The “hot-spots’ can then be further analyzed in more detail and at a higher resolution with a 

conventional ultramicroelectrode (UME) point-probe. This idea of a hierarchical screening 

method will save considerable time by quickly identifying the areas and samples that do not 

show catalytic activity.  

5.4 Complex Sample Shapes and Geometries for use with CLPs 

For the initial proof-of-principle demonstrations of the novel continuous line probe imaging 

technique, substrates containing well-defined disk samples were used. The sample complexity 
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for the disk shapes increased in the number of disks that were evaluated on one sample but work 

remains to be done to adapt the compressed sensing (CS) algorithm to even more complex 

substrate designs. The next logical step is to continue pushing the limit with disk density and 

number of disks of the same size on one sample, as well as to start to introduce simple substrate 

designs that evaluate, for example, two disks of different sizes. Once fine tuning of the algorithm 

is done for simple base cases of a few disks of different sizes, substrates that include a large 

number of disks with a mix of different sizes will be evaluated. Lastly, different shapes that try 

to account for the most common features seen in electrochemically deposited or manufactured 

catalyst structures will be studied. These shapes include, but are not limited to, triangles, squares, 

rectangles/rods, diamonds, etc. These samples are manufactured from a shadowmask of the 

etched features containing the designs of interest. The difficulty with shapes that don’t have 360° 

symmetry like disks is that a new dictionary of elements is needed to be constructed for as many 

common shapes and motifs that could be expected to occur. This dictionary is a required input 

for the compressed sensing (CS) algorithm, as CS uses it as a basis when trying to reconstruct an 

image.
7–9

 This is not to say that one needs to have a dictionary with all possible shapes of 

elements being measured. However, if the dictionary contains as many common shapes and 

motifs as possible, it would better support the performance of the CS algorithm. In a simplified 

sense, the dictionary is essentially the expected single linescan measurement of the isolated 

electroactive feature at a specific rotation and location. In the case of features beyond the simple 

disk electrode, there will be rotation dependent linescans associated with different rotations with 

respect to the probe.  For example, a line scan of a disk at 30° is geometrically not different from 

a line scan of the same disk at 60° due to its symmetry. For an isosceles triangle, however, line 

scans of 30° and 60° are completely different. This is depicted pictorially for the case of an 



133 

 

 

electroactive triangle feature in Figure 5.3. Ultimately, the end goal of this project would be to 

successfully reconstruct an image of a sample with an unknown composition and density of 

features. The user may know some basic knowledge about the features present on the surface 

(e.g. shape, sparsity, density, etc.) but the CS image reconstruction algorithm would be able to 

appropriately assign the right elements to the electroactive features being measured and 

reconstruct the electrochemical image without any substantial prior knowledge. 

 

Figure 5.3. Comparison of the expected dictionary elements needed for more complex shape 

geometries like the triangle shown here versus the simple disk base case. A sparse map showing 

locations of motifs being measured (locations shown as spikes). 

 

5.5 Alternative Scanning Probe Geometries 

For flat samples possessing sparse features, CLP-SECM has great potential to drastically 

improve areal scan rates compared to conventional SECM and has immediate utility in a number 
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of sample types and applications. One of the potential limitations of standard CLPs, and even for 

conventional point probe SECM, is imaging of rough surfaces or surfaces with protrusions. One 

of the concerns with the current CLP geometry is that as it scans in contact with the substrate 

surface it could physically move or dislodge fragile electroactive features
10

. Wittstock et al. 

designed a soft flexible probe consisting of gold microelectrodes that exerts a low tangential 

stress on the substrate.
11

 In order to address the fragility and roughness issues that can arise, a 

limited-contact CLP would need to be designed with only the raised side edges of the probe that 

would be in contact with the sample substrate. A schematic of this probe design is shown as 

Figure 5.4. Focused ion beam (FIB) or other high resolution milling technology could be 

employed to precisely cut a section out of a traditional CLP structure, leaving only raised edges 

on the ends.
12

 This type of geometry is also advantageous for integrating into the existing 

compressed sensing (CS) algorithm that has been built for the original CLP geometry. A CLP 

probe that contains two support legs—one on each end of the CLP— that make contact with the 

outer areas of the sample surface could be fabricated. This would allow the active electrode layer 

of the CLP to hover above the sample surface with an average probe-substrate separation 

distance dm set by the length of the CLP legs and electrode angle θCLP. This probe has the same 

benefits of the standard CLP but can avoid contact with delicate features in the imaging area. 

 

Figure 5.4. Schematic illustrating a a) front view and b) 3D side view of the Rail-CLP limited-

contact geometry. 
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There also exists interesting possibilities to explore more conventional cylindrical 

geometries commonly used in traditional SECM applications but for non-local imaging 

applications. One idea in this space would be to construct a non-local ring probe, where the 

electroactive sensing element is a ring and is surrounded on both sides by an insulator. Ring-disk 

point-probe microelectrodes have already been used in conventional SECM applications.
13–17

 

Similar to the CLPs described in this dissertation work, the width of the electroactive ring would 

set the imaging resolution. Figure 5.5 shows a schematic of the non-local ring probe geometry, 

the basic electrochemical processes as it pertains to this geometry, and an example scan.  One 

can see how the electroactive disk feature is sensed as it hits both points on the edge of the 

electroactive ring. From just one scan, both the X and Y positions are known, as you can obtain 

the second dimension from the peak separation, labeled dp in Figure 5.5.  

 

Figure 5.5. a) A schematic illustrating the non-local ring probe geometry and the basic 

electrochemical processes associated with this design as well as a b) bottom view of the non-

local ring probe geometry. An example scan of the non-local ring probe passing over an 

electroactive disk is shown in c).  
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This non-local ring probe geometry would also be interesting for further in situ colorimetric 

studies, demonstrated in Chapter 2, as the geometry most closely resembles a UME point-probe 

but with a larger area footprint. The hydrodynamics and convective effects at high scan rates are 

expected to be significantly different than the CLP that was previously studied. Based on the 

results with the UME at high scan rates and its sensitivity to the perturbed plume of electroactive 

species, one could imagine the non-local ring probe being subject to similar issues.  

5.6 Evaluating Optical Losses for a Non-continuous Photoelectrode Architecture 

In the appendix associated with Chapter 4, the effects of a bubble’s footprint and contact angle 

on its light distribution and local decreases in external quantum efficiency (EQE) were 

investigated. The bubble with the smaller contact angle was predicted to have a wider area over 

which light hitting the bubble would be totally internally reflected and redirected away from the 

photoelectrode surface, corresponding to low EQE and low light intensity. This is an important 

factor to consider, as the structure of the photoelectrode interface will affect the surface tension 

and therefore contact angle of attached bubbles.
18

 For all the studies in Chapter 4 a continuous 

smooth metal catalyst layer was used in the metal-insulator-semiconductor (MIS) photoelectrode 

architecture. This ensured that any light that reached the photoelectrode surface was able to 

generate electrons for the hydrogen evolution reaction. However, if the metal layer was non-

continuous, e.g. platinum (Pt) nanoparticles, this assumption would not be valid. The 

photogenerated electrons and holes in the p-Si semiconductor have a limited carrier lifetime and 

effective diffusion length (Le). The average effective diffusion length for the p-Si used in this 

dissertation work was found to be 16 μm. The range of effective diffusion lengths were between 

10 μm < DL < 40 μm, calculated from the slopes of the laser beam induced photocurrent as a 

function of distance from a Pt disk metal contact. As Figure 5.6 show, laser photogenerated 
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carriers in the middle of the bubble may or may not be able to reach a Pt nanoparticle due to the 

lack of continuous catalytic metal layer that can conduct photo-generated electrons to the 

periphery of the bubble. This should be especially noticeable for instances where Le is less than 

the radius of the circular bubble footprint. It is particularly relevant to study these non-

continuous photoelectrode architectures, as the current and highest performing catalyst materials 

used for the hydrogen and oxygen evolution reactions are expensive, and continuous metal layers 

will absorb/reflect more light in a front-illumination configuration. Thus, catalyst materials 

should be deposited as nanoparticles in order to maximize their surface area while minimizing 

the amount of material used, as well as to ensure that sufficient light is able to reach the 

semiconductor underneath. 

 

Figure 5.6. Example schematic illustrating the pathway of photogenerated carriers for a non-

continuous MIS photoelectrode architecture. 
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