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Abstract.  The development of nanoscale electrochemistry since the mid-1980s has been 

predominately coupled with steady-state voltammetric (i-E) methods.  This research has been 

driven by the desire to understand the mechanisms of very fast electrochemical reactions, by 

electroanalytical measurements in small volumes and unusual media, including in-vivo 

measurements, and by research on correlating electrocatalytic activity, e.g., O2 reduction 

reaction, with nanoparticle size and structure. Exploration of the behavior of 

nanoelectrochemical structures (nanoelectrodes, nanoparticles, nanogap cells, etc.) of a 

characteristic dimension λ using steady-state i-E methods generally relies on the well-known 

relationship, λ2 
~ Dt, which relates diffusional lengths to time, t, through the coefficient, D.  

Decreasing λ, by performing measurements at a nanometric length scales, results in a decrease in 

the effective timescale of the measurement, and provides a direct means to probe the kinetics of 

steps associated with very rapid electrochemical reactions. For instance, steady-state 

voltammetry using a nanogap twin-electrode cell of characteristic width, λ ~ 10 nm, allows 

investigations of events occurring at timescales on the order of ~100 ns. Among many other 

advantages, decreasing λ also increases spatial resolution in electrochemical imaging, e.g., in 

scanning electrochemical microscopy, and allows probing of the electric double layer. 

This perspective article traces the evolution and driving forces behind the “λ2
~ Dt” 

steady-state approach to nanoscale electrochemistry, beginning in the late 1950s with the 

introduction of the rotating ring-disk electrode and twin-electrode thin-layer cells, and evolving 
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2 

 

to current-day investigations using nanoelectrodes, scanning nanocells for imaging, nanopores, 

and nanoparticles.  The recent focus on so-called “single-entity” electrochemistry, in which 

individual and very short redox events are probed, is a significant departure from the steady-state 

approach, but provides new opportunities to probe reaction dynamics. The stochastic nature of 

very fast single-entity events challenges current electrochemical methods and modern 

electronics, as illustrated using recent experiments from the authors’ laboratory.  
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Introduction 

The electrochemical community is remarkably effective in applying nanostructures for 

both fundamental investigations and technological applications, providing a resource of tools and 

methods that have been gleaned from roughly three decades of active research.
1, 2

 Fabricating 

nearly ideal disk-shaped nanoelectrodes, Figure 1, is now nearly routine.
3
 These electrodes, of 

many different sizes, shapes, and composition, have played a vital role in modern measurement 

of electron-transfer rates
4
 and mechanisms,

5
 as in-vivo probes of neurotransmitter release,

6-8
 as 

probes of the electric double-layer,
9
 in electroanalysis within highly resistive media,

10
 as “tips” 

in high-resolution scanning electrochemical microscopies,
11

 as contacts to molecules in 

molecular electronics,
12

 and in many other applications.
2, 13

    

Figure 1. Scanning electron micrographs of a ~250-nm-radius Pt nanodisk electrode formed by heating 

and pulling a micron-sized Pt wire inside a glass capillary. Top image shows the needle-like geometry of 

the entire electrode, bottom image shows the tip of the electrode with the bright spot in the center being 

the Pt nanodisk. Adapted from reference 3. 
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Not surprisingly, advances in nanoelectrochemistry extend far beyond simply making 

small electrodes.  The advantages of nanoparticles in electrocatalysis and as a high-surface area 

electrodes have been known for well over a half century,
14-19

 but research on preparing exotic 

nanoparticles (e.g., core-shell and bimetallic nanoparticles) to create more active catalysts has 

exploded during the past 20 years, with many advances on both the theoretical and synthetic 

fronts.
20-22

  Thin-layer nano-gap cells,
23-25

 and scanning electrochemical nanocells
26

 have been 

introduced in the past 15 years, with characteristic dimensions well below 100 nm, providing 

unprecedented sensitivity (single-molecule electrochemistry) and imaging resolution (a few 

nanometers).
27

   

 Nanoelectrochemistry is also a natural companion to the field of single-molecule 

electronics; both fields developed at approximately the same time, partly because the physics of 

electron tunneling is basis of both redox chemistry and single molecule electronics (it is not an 

accident that many molecules studied in molecular electronics are also electroactive), but also 

because electrochemists are very proficient in attaching molecules to surfaces (through lessons  

 

 

Figure 2. Scanning tunneling microscopy (STM) break junction measurement of the conductivity of a 

single 4,4′-vinylenedipyridine molecule. Protonation modulates the conductivity between high 

conductivity (HC) and low conductivity (LC) states. Figure adapted from reference 12.   
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 learned in the “chemically modified electrode” era of the 1970s and 80s).
28, 29

  STM break-

junction measurements,
12

 an example shown in Figure 2, are used to collect single-molecule 

conductivity data and are representative of this area of research.   

  Electrochemistry beyond “large” nanoparticles is aimed at probing reactions of small 

clusters of metals atoms (including single atoms!), Figure 3,
30

 and, while certainly not yet 

routine, offers the exciting possibility of probing the size and electronic factors that control 

electrocatalytic activity.
31, 32

  

 

Figure 3. Schematic of the measurement of fM concentrations of metal ions, M
n+

 (e.g., Co
2+

, Ni
2+

, Pb
2+

), 

through electrocatalytic amplification. Oxidation of M
n+

 to metal oxides (MOx) is accompanied by anodic 

spikes corresponding to electrocatalytic conversion of reactants, R, to products, P; e.g., water oxidation. 

Figure adapted from reference 30. 

 

An important by-product of nanoelectrochemistry research during the past 20 years has 

been the strong focus on the electrical properties of nanopores, especially in the theory and 

applications of ion current rectification,
33

 and in the development of “nano” resistive pulse  
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detection (first introduced by Sun and Crooks using carbon nanotubes
34

).  Electrochemists 

continue to make important contributions to this field, which strongly overlaps with the 

community using protein ion channels in DNA sequencing technology efforts.
35

 Today, 

sophisticated resistive pulse methods have sub-nm resolution in measuring nanoparticle size,
36, 37

 

and are often coupled to optical and spectroscopic analysis.
38

  

 This Faraday Discussion volume, Nanoelectrochemistry, its 2016 predecessor, Single-

Entity Electrochemistry
39
 and the discussion it prompted,

40-44
 are almost exclusively focused on 

the science and application of methods, materials and theory on nanometer length scales. Thirty 

years ago, electrochemists made measurements using macroscopic-size electrodes (> 1 

millimeter, called a “microelectrode”) and applied “Nicholson and Shain”-type theory
45, 46

 to 

interpreting cyclic voltammetry to investigate redox mechanisms and emerging materials (e.g., 

electroactive polymers). Before the 1980s, the term nanoscience did not exist, much less 

nanoelectrodes
*
 or nanoelectrochemistry.   

  What has driven the intense focus on nanoscale electrochemistry?  The appearance 

of nanoelectrochemistry appears approximately correlated with the invention of scanning 

tunneling microscopy (STM) in 1981,
47-51

 and the general explosion of nanoscience and 

nanotechnology that immediately followed in the science and engineering communities.  The 

electrochemical community in the late 1980s was enthralled by the possibility of routine in-situ 

electrochemical STM imaging of electrode interfaces, and numerous electrochemical laboratories 

rapidly geared up.  In-situ electrochemical STM imaging turned out to be a difficult experimental 

endeavor, but it clearly sparked interest and the rapid development of other types of in-situ 

                                                           
*
 The senior author submitted a paper in 1987 with the work “Nanoelectrodes” in the title.  The existence of this term was 

challenged by a reviewer, and ultimately replaced by the understated phrase “Very Small Electrodes” ("Electrochemistry at 

Platinum Band Electrodes of Width Approaching Molecular Dimensions. Breakdown of Transport Equations at Very Small 

Electrodes," J. Phys. Chem. 91 , 3559-64 (1987)) 
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imaging of electrode surfaces, e.g., scanning electrochemical microscopy, SECM, initially 

developed in the Bard laboratories.
11, 26, 27, 52, 53

   

Some aspects of what is now called nanoelectrochemistry
1
 existed even before the 

nanoscience explosion. For instance, the invention of the patch clamp method in 1976 by 

Sakmann and Neher enabled researchers to isolate a single ion channel in a cell membrane and 

measure its electrical properties in response to solution agents.
54

 In essence, that is the basic 

principle underlying much nanopore research today.
35

  As noted above, electrocatalysis using 

nanoparticles has been researched for a half century,
14, 18

 by many electrochemists, in connection 

with the development of fuel cells.   It has been understood for many decades that the activity of 

complex inner-sphere redox reactions often correlate with the particle size and shape.
15

   

In addition to the backdrop of the general nanoscience explosion, nanoscale 

electrochemistry also has a less-obvious connection to the development of steady-state 

voltammetry beginning in the late 1950s.
55

   Steady-state voltammetry was largely developed as 

a method to probe intermediates of complex redox reactions, e.g., oxygen reduction.  A 

prototypical mechanism of interest would be a simple “ErCi” mechanism, Scheme 1, where a 

primary electron-transfer step, Er, is followed by irreversible chemical reaction, Ci.   

 

 

 

Scheme 1.  The ECi reaction, in which an irreversible chemical reaction follows an initial electron-

transfer step.  
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In the 1960s, experimental research led to the development of theoretical descriptions and 

simulations on the application of (non-steady-state) cyclic voltammetry for unraveling these 

types of coupled mechanisms, and measuring rate constants of homogeneous chemical 

reactions.
45, 46

  In parallel with those efforts, there clearly was a growing recognition that steady-

state methods using two closely spaced electrodes provided a means to detect intermediates as 

well as measure their lifetimes.  The first example of this approach appears to be the rotating 

ring-disk electrode (RRDE), initially reported by Frumkin’s laboratory in 1959.
56, 57

   In classical 

RRDE experiments, the electron-transfer step occurs at the disk electrode and the species R is 

“collected” at the ring electrode.  The amount of R collected at the ring depends on the rate of the 

following chemical rate, kchem, the rotation rate, and the “gap” distance between the ring and 

disk.   Clearly, larger values of kchem (i.e., faster chemical reactions) can be measured when the 

gap distance is reduced. A key idea of this method is that decreasing the gap thickness between 

the disk and ring electrodes allowed measurements of short-lived intermediates (or large 

homogeneous rate constants).  Thus, RRDEs were prepared with a gap thickness as small as 

possible (which were, and remain, macroscopic).  
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Following the introduction of the RRDE method, Anderson and Reilley in 1965 reported 

“twin-electrode thin-layer” (TETL) electrochemistry,
58, 59

 Figure 4. This method is analogous to 

the RRDE in terms of having generator and collector electrodes.  However, the TETL cell also 

introduced the innovative concept of “redox cycling” to create a steady-state response, Figure 4, 

that results in significant current amplification.  

 

  

Figure 4. Original drawings of the thin-layer cell and twin-electrode circuitry introduced by Anderson 

and Reilley and for monitoring rapid chemical processes (�
�
→ �) during redox cycling. The two working 

electrodes, W1 and W2, were maintained at independent potentials, E1 and E2, with a dual op-amp scheme 

used to measure the two currents. Adapted from references 58 and 59.  
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Redox cycling remains a central idea in many modern nanoelectrochemical 

measurements, including SECM imaging.
11

  In a the TETL cell measurement, an ErCi 

mechanism now is written as shown in Scheme 2, (compare to Scheme 1, which depicts the same 

chemistry).  

 

 

 

Scheme 2.  The ErCi mechanism of Scheme 1 expressed in context of redox cycling, introduced in the 

1965 Anderson-Reilley twin-electrode thin-layer cell.
58, 59

  Redox cycling results in current amplification 

and the amount of cycling depends on the rate of the following chemical rate, kchem, and the “gap” 

distance between the electrodes.   Clearly, larger values of kchem (i.e., faster chemical reactions) can be 

measured when the gap distance is reduced.  

 

The Anderson-Reilley reports of TETL cell measurements were designed to take  

advantage of the steady-state approach to measure  fast ET reactions, chemical reaction rates, 

and adsorption. In these thin layer cells, the two electrodes were separated by a solution 

thickness on the order of 50 µm, which is very large by today’s standards.
60-62

  But the basic idea 

of making the gap as small as possible in order to investigate fast redox and couple chemical 

phenomena was understood with the publication of these early papers.  This idea is now 
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exemplified by single-molecule “two-electrode thin-layer” measurements of Bard,
63

 Mirkin,
64

 

and Lemay,
60

 where the distance between electrodes is reduced by many orders of  magnitude 

from that of the original Anderson-Reilley TETL cells.  

 

 

Figure 5. (Top) Schematic of a nanogap cell during redox cycling of a single-molecule. (bottom) 

Experimentally measured current-time trace measured at the top (blue) and bottom (red) 

electrodes. Occasions where a single FcTMA
0/+

 molecule enters the gap and undergoes redox 

cycling, are visible by correlated increases/decreases in the current at the top/bottom electrode.  

The ability to detect a single molecule is due to rapid redox cycling. Adapted from reference 65. 

 

A Lemay nanogap electrochemical cell (Figure 5, top) consists of two micron-size 

parallel electrodes separated by a ~10-100 nm wide gap.
23

 With one electrode biased at an 

oxidizing potential and the other at a reducing potential, redox cycling of a reversible couple 

with massive current amplification is achieved.
66

 Any molecule residing in the cell will undergo 

multiple encounters with each electrode in rapid succession, during which electron transfer can 

occur. The characteristic time to travel between the electrodes is ~1.3 µs (= [40 nm]
2
/[2×6×10

-6
 

cm
2
/s]; L = 40 nm, D = 6 ×10

-6
 cm

2
/s). Thus for a rapid one-electron redox process, each 

molecule contributes ~60 fA (=1×1.6×10
-19

 C/[1.3 µs×2]) to the essentially “steady-state” time-

Page 11 of 29 Faraday Discussions

Fa
ra

da
y

D
is

cu
ss

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t



12 

 

averaged current.  Redox cycling and fast transport over the very short length scales between the 

electrodes is the key to single molecule detection.  

In experiments when the concentration of redox mediator is sufficiently low, the volume 

between the electrodes will almost certainly contain either 0 or 1 molecules, at any one time. In 

these experiments, the current-time trace (Figure 5, bottom) shows discrete bursts of correlated 

oxidation/reduction current, with a typical duration of seconds, which are indicative of a single 

molecule entering the gap and undergoing many (100,000-1,000,000 s
-1

) individual electron 

transfer events. Intervening periods of zero Faradaic current occur when no redox molecule 

resides in the cell. Measuring these miniscule currents (10s fA) requires a high-gain but slow 

amplifier, which delivers a low temporal response, e.g., 10
12

 V/A and 350 ms rise time, 

respectively, for the amplifier used.
65

  

While these experiments represent an ultimate analytical limit, i.e., single-molecule 

sensitivity, they also represent an average over many hundreds of thousands to millions of single 

electron transfer events; no dynamic information is gleaned from the measurement except for the 

entry and exit of the molecule from the thin layer cell, and possibly the decomposition of the 

molecule.  If adequate sensitivity and temporal resolution allowed direct observation of single 

electron transfer events, what more could one learn about electron transfer or other physical 

processes? One would expect to observe stochasticity in the time between individual oxidations 

and reductions, a convolution of the time for molecules to random walk between electrodes 

and/or the electron transfer rate.
67

 Evidence of heterogeneity between electron transfer rates at 

different sites on the electrode surface might be expected in addition to physical and mechanistic 

events occurring on rapid timescales. For example, adsorption/desorption occurring on 

timescales faster than the amplifiers can presently resolve might also become apparent. For 
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molecules that undergo multiple sequential ET reactions, one would be able to characterize all 

steps (and not just the rate determining steps). Moreover, one could gain insight into reactions 

that occur via multiple competing pathways (e.g., electrocatalysis).  An ensemble averaged 

current might show electron transfer with fractional numbers of electrons, while single ET 

resolution should offer the opportunity to differentiate and characterize the competing 

mechanisms. 

 The development of modern nanoelectrochemistry using steady-state voltammetric 

methods was also greatly accelerated by development of microelectrodes in the 1970s (later 

coined ultramicroelectrodes or UMEs).  A brief, but incomplete definition is that UMEs are 

electrodes with at least one characteristic dimension small enough to lead to a steady-state 

response on voltammetric timescales associated with scan rates of 1 V/s or less.  Early examples 

of UME applications include a 1942 report of using a 18-µm diameter Pt disk for measuring O2 

in animal tissues,
68

 and 1970s research using ~10 µm Pt disk UMEs to investigate nucleation 

phenomena,
69

 and similar size carbon fiber electrodes as implantable sensors for in-vivo 

detection of neurotransmitter release.
8
 

 Applications of UME-based electrochemistry exploded in the 1980s.  In 1986, a 

conference dedicated to UME electrochemistry was held in Snowbird, Utah, and attended by 

researchers world-wide.  The conference proceedings, published as the monograph, 

Ultramicroelectrodes,
70

 was light on actual experimental data, but rather focused on potential 

applications and concepts that could potentially be investigated by making electrodes as small as 

possible, including measurements at the nanoscale (see a list of some conference topics in Figure 

6). Many of these ideas are still being actively pursued, as exemplified by research reports 

presented at the current Faraday Discussion on Nanoelectrochemistry.  For example, one concept 
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introduced by K. Oldham in Ultramicroelectrodes was the idea that the electric double layer 

should have a more marked effect on transport rates if the size of the electrode could be reduced 

sufficiently small, i.e., comparable to the size of the electric double layer.
9
  This 

 

 

 

 

Figure 6. Ultramicroelectrodes
70

 contained contributions from participants at a conference held in 1986 

in Snowbird, Utah), outlining research topics and concepts pursued during the following decades.  

 

prediction has been realized over the past few decades as researchers have learned to make 

smaller and smaller electrodes and cells, on nanometer length scales.
62, 71-73

  For example, the 

original Anderson-Reilley TETL cell, reduced to the nanometer scale by Lemay, has been used 

to very clearly demonstrate how strongly the electric double layer influences molecular transport 

at nanometer length scales, Figure 7.
71, 72

  Electric fields between two electrodes separated by 

less than 100 nm have a very strong influence of the shape of the voltammetric wave, resulting in 

departure from the classical sigmoidal shape of a diffusion-controlled response.  

 

 

• Fast ET Kinetics (<10 ns time regime) 

• Fast Homogenous Kinetics 

• Probing Double Layer Structure 

• Electron-to-Photon Conversion Devices 

• Super Sensitive Chemical Analysis 

• Electrochemistry in Resistive Media (benzene, 

gas phase) 

• Intercellular Voltammetry 

• Early Theories of Ultramicroelectrodes 
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Figure 7. Redox cycling at electrodes separated at distances approaching the Debye length display 

unusual steady-state voltammetric responses. These measurements have been analyzed using theory 

describing the electric double-layer and models of electron-transfer kinetics. Adapted from references 71 

and 72. 

 

 “The advantages of steady state measurements cannot be overemphasized in 

electrochemistry, especially in cases where fast kinetic parameters are sought.”  This statement 

is from the introductory chapter of Ultramicroelectrodes written by Pons and Fleischmann,
70

 but 

is also implicit in the early writings on RRDE and TETL cells in the 1950s and 60s.
58, 59

  The 

correspondence between “steady-state” and “fast kinetics” is not obvious; in fact, it is initially 

counter intuitive. If you want to measure really fast processes, the least likely successful 

approach would appear to be to make a steady-state i-V or time averaged measurement. In 

steady-state measurements, no dynamic information is obtained.  So why has the steady-state 

approach been such a successful means for measuring fast kinetics in electrochemistry?    
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The answer to this question goes back to the work of Frumkin (RRDE)
56, 57

 and 

Anderson-Reilley (TETL cells),
58, 59

 in which time and distance were recognized as mutually 

dependent parameters; more specifically, distance can be manipulated to adjust the timescale of 

the electrochemical measurement.   Decreasing the distance between the disk and ring electrode 

in RRDE, or the gap between two electrodes in TETL cells, allows one to probe faster kinetics 

under steady-state conditions.  Analogously, UME not only allows steady-state measurements, 

but measurements of very fast kinetics when the UME is reduced to nanoscale dimensions.
4
  The 

focus on nanoscale length scales in the 1980s was also driven  by the desire, in part, to measure 

faster rates in electrochemical systems.  

Much of the today’s exploration of the behavior of nanoelectrochemical structures is 

driven by the above ideas.  More quantitatively, the concept of using steady-state i-E methods to 

measure fast processes generally relies on the well-known relationship, λ2 
~ Dt, which relates 

diffusional length to time, t, through the coefficient, D.  Decreasing λ using nanoelectrodes, 

nanoparticles, nanogap cells, etc. results in a decrease in the effective timescale of the 

measurement, and provides a direct means to probe the kinetics of steps associated with very 

rapid electrochemical reactions.  For instance, steady-state voltammetry using a nanogap 

twin-electrode cell of characteristic width, λ~10 nm, or a Pt disk electrode of equivalent 

diameter, allows investigations of events occurring at timescales on the order of ~100 ns.  Many 

of the advantages of nanoscale electrochemistry are also at least partially dependent on this 

relation between time and distance, including high spatial resolution in electrochemical 

imaging,
11, 27

 the probing of the electric double layer as noted above,
9
 and the ability to make 

measurements in the absence of intentionally added electrolyte.
10
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Moving Towards Stochastic Electrochemistry and Electrochemical Dynamics 

In 2016, a relatively new emphasis of nanoscale electrochemistry, entitled “Single Entity 

Electrochemistry,” was discussed at the Faraday Discussion in York, England. 
39, 42

  A 

prototypical example of  so-called single-entity electrochemistry are electrochemical 

measurements of nanoparticle collisions.
81

 These stochastic, single entity measurements 

represent a significant departure from steady-state measurements. The rules that define classical 

electrochemistry of large ensembles of molecules appear to sometimes become irrelevant in 

these collision experiments; for example, mass-transport limited currents defined by Fick’s laws 

are replaced by probability theories of collisions rates.   

At the 2016 Faraday Discussion, research groups from three different continents reported 

evidence of multiple current pulses during the electrooxidation of an individual Ag nanoparticle 

at a microelectrode, which are interpreted to reflect the dynamic motion of the nanoparticle.
74-76

 

For instance, Figure 8a shows the i-t response observed during the oxidative collisions of a single 

Ag nanoparticle at a Au microelectrode held at 1.1 V vs SHE (0.3 V vs E
0
(Ag/Ag

+
)).

76, 77
 The 

observed current displays discrete events because the nanoparticle spends most of the time in 

solution and out of contact with the electrode, as modeled by the simulated random walk 

trajectory in Figure 8b.  
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Figure 8. Experimental and simulated results for partial oxidations of an individual Ag nanoparticle, 35 

nm radius. (a) Current vs time (i-t) trace (bottom) resulting from multiple partial oxidation/collision 

events at a Au microelectrode, 6.25 µm radius, held at 600 mV vs Ag/AgCl wire (1.1 V vs SHE), 

acquired with 3-pole low-pass Bessel filter (10 kHz cutoff) and 50 kHz sampling rate, electrolyte: 20 mM 

potassium nitrate and 8 mM trisodium citrate. (b) Simulated 3-D motion trajectory over a 0.1 s time 

interval, starting (0 ms) and ending (100 ms) positions in trajectory trace as labelled. Au electrode 

(yellow) and glass sheath (light gray) drawn to scale. (c) Results of electrochemical random-walk 

simulation for a Ag nanoparticle, 35 nm radius, showing resulting i-t traces for ideal unfiltered current 

(black) over the first 100 ns of electrode-nanoparticle collisions/oxidations, cumulative collision count 

shown in red numeric labels. (d) Results from same simulation in part (c) shown over longer (0.1 ms) 

timescale with simulated filtered current (3-pole low-pass Bessel, 10 kHz cutoff frequency, 250 kHz 

sampling rate) shown in red (right vertical axis). Number of discrete simulated motion steps included in 

top horizontal axes for parts (c) and (d). Adapted from references 77 and 78. 
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The discrete timescale of a single nanoparticle/electrode interaction can range from 

nanoseconds (e.g., thermal collisions),
77

 to effectively infinity (e.g., irreversible particle 

adsorption).
79, 80

 For the case of Ag nanoparticle oxidation, one observes i-t peaks at the 

millisecond timescale, but theory
77, 81, 82

 suggests that each observable peak actually represents a 

set of much faster collisions occurring at the nanosecond timescale. According to our random 

walk model,
77

 whenever the nanoparticle collides with the electrode, it undergoes partial 

oxidative dissolution (~1% of total available Ag surface atoms) over a timescale of 6.4 ns and 

becomes slightly smaller due to the loss of Ag. The electron-transfer rate used to simulate the 

experimental data (~5 cm s
-1

) is within one order of magnitude agreement with that estimated 

from the Butler-Volmer kinetics based on a classically measured standard exchange current 

using macroscopic Ag electrodes.
83, 84

 This electron transfer rate is comparable to the thermal 

velocity of a 35 nm radius Ag particle (4.6 cm s
-1

), which supports the theoretical conjecture that 

the upper limit of the electron transfer rate is dictated by the thermal velocity of the reactant.
85, 86

  

Theory and simulation suggests that the temporal resolution of the observable peaks in i-t 

traces is limited entirely by the instrument/cell bandwidth. Figure 8c-d illustrates the 

juxtaposition of timescales associated with Ag nanoparticle oxidation and the limited 

information available from the experiment.
77

  Figure 8c shows the predicted i-t trace calculated 

in the simulation over the first 100 ns of the random walk. The nanoparticle undergoes ~15 

motion steps over this time period, 8 of which result in stochastic electrode collisions. Each 

collision event is marked by a rectangular i-t pulse. The nanoparticle radius (not shown) 

decreases only slightly after each collision such that the pulse amplitudes barely decrease over 

time (not noticeable in Figure 8c). Figure 8d simulates the effect of a low-pass filter, such as 

those used in amplifiers for experimental measurements, on the i-t response. Because of the 
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instrument response limitations, only one i-t peak results from 71 individual nanosecond-scale 

collisions. Thus, the most interesting information at the nanosecond timescale is essentially 

filtered out.78 One desires to make measurements that are at least a thousand to a million times 

faster to probe the true dynamics of particle collisions. Such a goal represents a daunting 

challenge. 

Our laboratory has also been performing experiments studying the electrochemical 

nucleation of small clusters of gasses (H2) that eventually grow to nanometer size bubbles. The 

nucleation of bubbles at electrode surfaces represents an interesting model system
87

 of many 

technological systems involving gas evolution.  A single nanobubble can be formed at a 10 – 100 

nm radius Pt disk electrode from electrochemical gas generation reactions,
88

 including bubbles of 

H2 (from H
+
 reduction),

89
 N2 (from N2H4 oxidation),

90
 and O2 (from O2 or H2O2 oxidation).

91, 92
 

The gas clusters that represent the bubble nuclei contain just a small handful of molecules.  

Nucleation times, i.e., the time between beginning with the bare Pt nanoelectrode and forming a 

small cluster of gas molecules at the surface, depends on the electrode potential and ranges from 

immeasurably slow to immeasurable fast.  

Figure 9 shows a study of the nucleation of a H2 bubble at a Pt nanoelectrode in an acidic 

solution. The current corresponding to H
+
 reduction to H2 increases as the potential becomes 

more negative, resulting in an increase in the surface concentration of H2. When the surface H2 

concentration becomes sufficiently high, nucleation, the formation of a critical gas bubble 

nucleus becomes likely. Interestingly, the nucleation rate (J) calculated based on classical 

nucleation theory increases by 9 orders of magnitude from (10
-6

 s
-1

 to 10
3
 s

-1
) within just a 

minuscule 30 mV voltage range. Because the nucleation rate is highly sensitive to any 
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Figure 9. Nucleation and growth of a single H2 nanobubble at a Pt nanoelectrode. A) Schematic 

corresponding to: ① H
+
 reduction, ② formation of critical H2 bubble nucleus, and ③ steady-state 

bubble sustained at the Pt surface. B) Top: voltammogram corresponding to nucleation and growth of a 

single H2 bubble. Dashed lines indicate the range of applied currents (iapp) for nucleation rate 

measurements. Bottom: Calculated nucleation rates (J) from classical nucleation theory as a function of 

voltage. Note the log scale for J. C) Cumulative probability distribution of nucleation induction time (tind) 

at different iapp measured from 40 individual nucleation events at each applied current. Figure adapted 

from reference 87. 

 

drift of the electrode potential, we instead controlled the applied current (levels indicated as 

dashed lines in the top of Figure 9B) and measure the induction time (tind) for bubble nucleation 

to occur. Figure 9c shows the stochasticity in tind stemming from the fluctuations that form the 

critical nucleus. However, at each given supersaturation (i.e., current level), tind is well described 

by a first-order stochastic process, from which we can extract the nucleation rate, J. It can be 

seen that as the current increases from -30 to -36 nA, the time required for nucleation to occur 
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decreases from several seconds to about 1 ms.
87

 Currently, the fastest measurements we can 

make are on the 100 µs timescale, corresponding to the RC response time of the 

electronics/electrode. There is tremendous opportunity in methodology and instrumentation 

development to push these measurements to shorter times.  

Our measurements allow us to determine that the critical nucleus for a H2 bubble contains 

between 30 – 50 H2 molecules. It should be noted that the nucleation induction time we 

measured is the waiting time for the stochastic process of H2 molecule clustering. It will be 

interesting to one day determine if classical nucleation theory breaks down at high 

supersaturation (via higher applied current), but this will only be possibly if much faster 

measurement can be achieved, on sub-microsecond timescales.  Another interesting aspect of 

faster measurements is to observe the dynamics of nucleation and the growth of the critical 

nucleus.   

A final example of single entity electrochemical measurements is the use of nanopores in 

chemical analysis.  Nanopore resistive pulse sensing is inherently stochastic, and its applications 

are largely limited by the ability to measure fast “pulse” events.  One sub-area of nanopore 

measurements is the use of protein ion channels for analyzing single biological molecules.
35

 In 

our laboratory, we have recently focused efforts on the detection of single base 

mismatches/lesions in a DNA sequence.
93-95

 We have shown that the “latch zone” of α-HL is an 

excellent sensing region for measurement of epigenetic modifications in double stranded DNA,
96

 

base flipping,
97

 and enzyme kinetics.
98

 In the example of base flipping, mismatch bases within 

double stranded DNA have the ability to flip in and out of the helix on timescales on the order of 

milliseconds (at 0.25 M KCl) as shown in Figure 10. The most thoroughly explored base-flipping 

dynamics are that of a cytosine-cytosine mismatch primarily due to the relatively long timescales 
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(~ 100 ms), which can additionally be modulated by changing the solution pH. Base flipping has 

also been observed in sequences that contain cytosine-thymine mismatches,
99

 among others,
100

 

but the kinetics are too fast to be resolved temporally due to the limitations of current 

instrumentation. We expect that there are many interesting DNA structures where base flipping 

is just too fast to be observed. Due to the finite bandwidth of our instrumentation, the flipping 

looks like “noise” in these cases.  

 

Figure 10. Measuring the dynamics of the motion of an individual DNA base by monitoring the ionic 

current through a protein nanochannel. (Top) Cross-section of the α-HL protein nanopore with a double-

stranded DNA molecule (with a single-stranded tail) captured in the vestibule.  The dsDNA contains a 

cytosine-cytosine mismatch near the latch zone of the protein. The observed current displays a two state 

modulation on the millisecond timescale resulting from the dynamic base flipping of one of the cytosine 

bases between intrahelical and extrahelical states.  Histograms of the duration times between the two 

current states, and single exponential fits, are used to measure the first-order lifetimes of the extra-helical 

(out of the helix) and intra-helical (within the helix) states. (Bottom) Square scheme depicting the 
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protonation/deprotonation and the effect of pH on the number of hydrogen bonds within cytosine-cytosine 

base pair. Below the pKa of the cytosine mismatch, an additional hydrogen bond is formed decreasing the 

rate of base flipping. Although base flipping is a relatively slow process, the protonation/deprotonation 

that affects the flipping kinetics is immeasurably fast. Figure adapted from reference 99. 

 

 

Conclusions. 

With new nanoscale electrochemistry being reported every week, it is certainly an 

exciting time for the field.  Nanoscale single entity electrochemistry on a sub-millisecond 

timescale offers great promise for answering fundamental questions and developing new 

applications. However, the above examples of single entity electrochemical processes are not just 

fast, but stochastic too. So, the rules of analyzing the data differ significantly from those used for 

conventional ‘ensemble’ electrochemical measurements. Very little existing electrochemical 

theory has been formulated for single entity applications, but instead interpretation relies on 

devising new methods for analyzing data. These are either developed from scratch, applying 

results from probability theory, or adapted from other single-entity fields (e.g., single molecule 

optics and STM break-junctions). With new measurements driving theory, new opportunities 

abound. 

However, performing these measurements represents daunting challenges, as one can no 

longer use steady-state measurements and simply make structures smaller and smaller, an 

approach that served very well over the past few decades. The approach does not apply because 

single entity electrochemistry is not at steady state! How to perform ultrafast and dynamic 

electrochemical measurements? is a tough and open question, which we should strive to answer 

as a field moving forward.  
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It is very difficult to eliminate the limitations of RC charging in electrochemical cells. 

State-of-the-art electronics, with the first amplifier placed very close to the cell minimizes 

extraneous noise and parasitic currents, is somewhat successful in addressing this issue. Amatore 

and Compton used such an approach to perform cyclic voltammetry at 10
6
 V/s,

101-104
 and more 

recently CMOS amplifier technology, exemplifying this approach, has delivered even higher 

bandwidths of low MHz.
105, 106

  Under optimal conditions, these approaches may allow 

measurements at ~1 µs timescales, which are likely about as fast as you can make in a 

conventional electrochemical current measurement --- in more typical experiments, even an 

order of magnitude slower temporal resolution is still challenging to achieve. However, in many 

of the new experiments, such as the random motion and collision of Ag nanoparticles with an 

electrode,
 24, 74, 76

  complete characterization of the dynamic motion requires measurement to be 

down to ~1 ns. Between what is presently measureable and what is desired, there’s a huge gulf 

waiting to be filled with transformative measurement ideas. An avenue that continues to be 

actively explored is to couple electrochemistry with optical readouts.
107-112

 While it is certainly 

possible to detect photons on such shorter timescales, a mechanism of electron-transfer-to-

photon-transduction is required. 

 

Acknowledgements.  Research within the authors’ laboratory described in this report was funded by the 

Office of Naval Research (N00014-16-1-2541), the National Institutes of Health (R01 GM093099), and 

the Air Force Office of Scientific Research (MURI FA9550-14-1-0003).  A part of this work was funded 

by he Science of Precision Multifunctional Nanostructures for Electrical Energy Storage (NEES), an 

Energy Frontier Research Center funded by the U.S. DOE, Office of Science, Office of Basic Energy 

Sciences, under award DESC0001160. This work also made use of University of Utah USTAR shared 

facilities supported, in part, by the  MRSEC Program of the NSF under Award No. DMR-1121252  

 

References. 

Page 25 of 29 Faraday Discussions

Fa
ra

da
y

D
is

cu
ss

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t



26 

 

1. R. W. Murray, Chem. Rev., 2008, 108, 2688-2720. 

2. S. M. Oja, Y. S. Fan, C. M. Armstrong, P. Defnet and B. Zhang, Anal. Chem., 2016, 88, 414-430. 

3. B. B. Katemann and W. Schuhmann, Electroanalysis, 2002, 14, 22-28. 

4. Y. Yu, T. Sun and M. V. Mirkin, Anal. Chem., 2016, 88, 11758-11766. 

5. W. Wang, J. Zhang, F. F. Wang, B. W. Mao, D. P. Zhan and Z. Q. Tian, J. Am. Chem. Soc., 2016, 

138, 9057-9060. 

6. X. C. Li, L. Ren, J. Dunevall, D. X. Ye, H. S. White, M. A. Edwards and A. G. Ewing, ACS 

Nano, 2018, 12, 3010-3019. 

7. J. Lovric, N. Najaiinobar, J. Dunevall, S. Majdi, I. Svir, A. Oleinick, C. Amatore and A. G. 

Ewing, Faraday Discuss., 2016, 193, 65-79. 

8. P. T. Kissinger, J. B. Hart and R. N. Adams, Brain Research, 1973, 55, 209-213. 

9. J. J. Watkins and H. S. White, Langmuir, 2004, 20, 5474-5483. 

10. S. M. Drew, R. M. Wightman and C. A. Amatore, J. Electroanal. Chem., 1991, 317, 117-124. 

11. T. H. Kai, C. G. Zoski and A. J. Bard, Chem. Commun., 2018, 54, 1934-1947. 

12. R. J. Brooke, D. S. Szumski, A. Vezzoli, S. J. Higgins, R. J. Nichols and W. Schwarzacher, Nano 

Lett., 2018, 18, 1317-1322. 

13. Y. L. Ying, Z. F. Ding, D. P. Zhan and Y. T. Long, Chem Sci, 2017, 8, 3338-3348. 

14. M. Boudart, Adv. Catal., 1969, 20, 153. 

15. L. J. Bregoli, Electrochim. Acta, 1978, 23, 489-492. 

16. M. L. Sattler and P. N. Ross, Ultramicroscopy, 1986, 20, 21-28. 

17. K. A. Friedrich, F. Henglein, U. Stimming and W. Unkauf, Colloid Surface A, 1998, 134, 193-

206. 

18. M. Boudart, A. W. Aldag, L. D. Ptak and J. E. Benson, J. Catal., 1968, 11, 35-45. 

19. G. C. Bond, Chem. Soc. Rev., 1991, 20, 441-475. 

20. R. W. J. Scott, A. K. Datye and R. M. Crooks, J. Am. Chem. Soc., 2003, 125, 3708-3709. 

21. L. H. Lu, G. Y. Sun, H. J. Zhang, H. S. Wang, S. Q. Xi, J. Q. Hu, Z. Q. Tian and R. Chen, J. 

Mater. Chem., 2004, 14, 1005-1009. 

22. J. X. Wang, H. Inada, L. J. Wu, Y. M. Zhu, Y. M. Choi, P. Liu, W. P. Zhou and R. R. Adzic, J. 

Am. Chem. Soc., 2009, 131, 17298-17302. 

23. B. Wolfrum, E. Katelhon, A. Yakushenko, K. J. Krause, N. Adly, M. Huske and P. Rinklin, Acc. 

Chem. Res., 2016, 49, 2031-2040. 

24. C. X. Ma, W. Xu, W. R. A. Wichert and P. W. Bohn, ACS Nano, 2016, 10, 3658-3664. 

25. F. H. J. van der Heyden, D. Stein, K. Besteman, S. G. Lemay and C. Dekker, Phys. Rev. Lett., 

2006, 96. 

26. N. Ebejer, A. G. Guell, S. C. S. Lai, K. McKelvey, M. E. Snowden and P. R. Unwin, Annu Rev 

Anal Chem, 2013, 6, 329-351. 

27. C. L. Bentley, M. Kang and P. R. Unwin, J. Am. Chem. Soc., 2017, 139, 16813-16821. 

28. R. A. Durst, A. J. Baumner, R. W. Murray, R. P. Buck and C. P. Andrieux, Pure Appl. Chem., 

1997, 69, 1317-1323. 

29. R. W. Murray, J. B. Goodenough and W. J. Albery, Philos. Trans. Royal Soc. A, 1981, 302, 253-

265. 

30. M. Zhou, J. E. Dick, K. K. Hu, M. V. Mirkin and A. J. Bard, Anal. Chem., 2018, 90, 1142-1146. 

31. A. Saheb, J. A. Smith, M. Josowicz, J. Janata, D. R. Baer and M. H. Engelhard, J. Electroanal. 

Chem., 2008, 621, 238-244. 

32. S. Proch, M. Wirth, H. S. White and S. L. Anderson, J. Am. Chem. Soc., 2013, 135, 3073-3086. 

33. C. Wei, A. J. Bard and S. W. Feldberg, Anal. Chem., 1997, 69, 4627-4633. 

34. L. Sun and R. M. Crooks, J. Am. Chem. Soc., 2000, 122, 12340-12345. 

35. D. Branton, D. W. Deamer, A. Marziali, H. Bayley, S. A. Benner, T. Butler, M. Di Ventra, S. 

Garaj, A. Hibbs, X. H. Huang, S. B. Jovanovich, P. S. Krstic, S. Lindsay, X. S. S. Ling, C. H. 

Mastrangelo, A. Meller, J. S. Oliver, Y. V. Pershin, J. M. Ramsey, R. Riehn, G. V. Soni, V. 

Tabard-Cossa, M. Wanunu, M. Wiggin and J. A. Schloss, Nat. Biotechnol., 2008, 26, 1146-1153. 

Page 26 of 29Faraday Discussions

Fa
ra

da
y

D
is

cu
ss

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t



27 

 

36. S. R. German, T. S. Hurd, H. S. White and T. L. Mega, ACS Nano, 2015, 9, 7186-7194. 

37. M. A. Edwards, S. R. German, J. E. Dick, A. J. Bard and H. S. White, ACS Nano, 2015, 9, 12274-

12282. 

38. X. Shi, R. Gao, Y. L. Ying, W. Si, Y. F. Chen and Y. T. Long, ACS Sens., 2016, 1, 1086-1090. 

39. Single Entity Electrochemistry: Faraday Discussion 193, Royal Society of Chemistry, York, 

United Kingdom, 2016. 

40. Y. X. Wang, X. N. Shan and N. J. Tao, Faraday Discuss., 2016, 193, 9-39. 

41. R. M. Crooks, Faraday Discuss., 2016, 193, 533-547. 

42. P. Actis, C. L. Bentley, M. A. Edwards and L. Jacobse, Chem. Commun., 2016, 52, 13934-13940. 

43. J. J. Gooding, Angew Chem Int Edit, 2016, 55, 12956-12958. 

44. Y. T. Long, P. R. Unwin and L. A. Baker, ChemElectroChem, 2018, In Press 

https://doi.org/10.1002/celc.201801169. 

45. R. S. Nicholson and I. Shain, Anal. Chem., 1964, 36, 706-723. 

46. R. S. Nicholson and I. Shain, Anal. Chem., 1965, 37, 178-190. 

47. G. Binnig, H. Rohrer, C. Gerber and E. Weibel, Appl. Phys. Lett., 1982, 40, 178-180. 

48. G. Binnig, H. Rohrer, C. Gerber and E. Weibel, Phys. Rev. Lett., 1982, 49, 57-61. 

49. A. Baratoff, G. Binnig and H. Rohrer, J. Vac. Sci. Technol., B, 1983, 1, 703-704. 

50. G. Binnig and H. Rohrer, Scientific American, 1985, 253, 50-56. 

51. G. Binnig and H. Rohrer, Reviews of Modern Physics, 1987, 59, 615-625. 

52. R. C. Engstrom, M. Weber and J. Werth, Anal. Chem., 1985, 57, 933-936. 

53. R. C. Engstrom, M. Weber, D. J. Wunder, R. Burgess and S. Winquist, Anal. Chem., 1986, 58, 

844-848. 

54. The Nobel Prize in Physiology or Medicine 1991. NobelPrize.org. Nobel Media AB 2018. Wed. 

29 Aug 2018. <https://www.nobelprize.org/prizes/medicine/1991/summary/>. 

55. I. B. Ivanov and V. G. Levich, Dokl. Akad. Nauk. SSSR, 1959, 126, 1029-1032. 

56. A. N. Frumkin and L. N. Nekrasov, Dokl. Akad. Nauk. SSSR, 1959, 126, 115-118. 

57. A. N. Frumkin, L. N. Nekrasov, V. G. Levich and Y. B. Ivanov, J. Electroanal. Chem., 1959, 1, 

84. 

58. L. B. Anderson and C. N. Reilley, J. Electroanal. Chem., 1965, 10, 295-305. 

59. L. B. Anderson and C. N. Reilley, J. Electroanal. Chem., 1965, 10, 538-552. 

60. S. Kang, A. Nieuwenhuis, K. Mathwig, D. Mampallil and S. G. Lemay, ACS Nano, 2013, 7, 

10931-10937. 

61. T. W. Hwang and P. W. Bohn, ACS Nano, 2011, 5, 8434-8441. 

62. Q. Chen, K. McKelvey, M. A. Edwards and H. S. White, J. Phys. Chem. C, 2016, 120, 17251-

17260. 

63. F. R. F. Fan and A. J. Bard, Science, 1995, 267, 871-874. 

64. P. Sun and M. V. Mirkin, J. Am. Chem. Soc., 2008, 130, 8241-8250. 

65. S. Kang, A. F. Nieuwenhuis, K. Mathwig, D. Mampallil, Z. A. Kostiuchenko and S. G. Lemay, 

Faraday Discuss., 2016, 193, 41-50. 

66. H. S. White and K. McKelvey, Curr Opin Electroche, 2018, 7, 48-53. 

67. S. W. Feldberg and M. A. Edwards, Anal. Chem., 2015, 87, 3778-3783. 

68. P. W. Davies and F. Brink, Rev. Sci. Instrum., 1942, 13, 524-533. 

69. A. P. Brown, M. Fleischmann and D. Pletcher, J. Electroanal. Chem., 1974, 50, 65-72. 

70. M. Fleischmann, S. Pons, D. Rolison and P. Schmidt, Ultramicroelectrodes, Datatech Systems, 

Morganton, N.C., 1987. 

71. L. X. Fan, Y. W. Liu, J. Xiong, H. S. White and S. L. Chen, ACS Nano, 2014, 8, 10426-10436. 

72. J. Xiong, Q. Chen, M. A. Edwards and H. S. White, ACS Nano, 2015, 9, 8520-8529. 

73. M. A. G. Zevenbergen, D. Krapf, M. R. Zuiddam and S. G. Lemay, Nano Lett., 2007, 7, 384-388. 

74. J. Ustarroz, M. Kang, E. Bullions and P. R. Unwin, Chem. Sci., 2017, 8, 1841-1853. 

75. W. Ma, H. Ma, J. F. Chen, Y. Y. Peng, Z. Y. Yang, H. F. Wang, Y. L. Ying, H. Tian and Y. T. 

Long, Chem Sci, 2017, 8, 1854-1861. 

Page 27 of 29 Faraday Discussions

Fa
ra

da
y

D
is

cu
ss

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t



28 

 

76. S. M. Oja, D. A. Robinson, N. J. Vitti, M. A. Edwards, Y. Liu, H. S. White and B. Zhang, J. Am. 

Chem. Soc., 2017, 139, 708-718. 

77. D. A. Robinson, Y. Liu, M. A. Edwards, N. J. Vitti, S. M. Oja, B. Zhang and H. S. White, J. Am. 

Chem. Soc., 2017, 139, 16923-16931. 

78. D. A. Robinson, M. A. Edwards, H. Ren and H. S. White, ChemElectroChem, 2018. 

79. B. M. Quinn, P. G. Van 't Hof and S. G. Lemay, J. Am. Chem. Soc., 2004, 126, 8360-8361. 

80. X. Xiao and A. J. Bard, J. Am. Chem. Soc., 2007, 129, 9610-9612. 

81. A. Einstein, Ann. der Physik, 1905, 17, 549-560. 

82. A. Einstein, Zeitschrift für Elektrochemie und angewandte physikalische Chemie, 1907, 13, 41-

42. 

83. H. Gerischer and R. P. Tischer, Zeitschrift für Elektrochemie, Berichte der Bunsengesellschaft für 

physikalische Chemie, 1957, 61, 1159-1162. 

84. H. Gerischer, Zeitschrift für Elektrochemie, Berichte der Bunsengesellschaft für physikalische 

Chemie, 1958, 62, 256-264. 

85. R. A. Marcus, The Journal of Chemical Physics, 1965, 43, 679-701. 

86. R. J. White and H. S. White, Anal. Chem., 2005, 77, 214 A-220 A. 

87. S. R. German, M. A. Edwards, H. Ren and H. S. White, J. Am. Chem. Soc., 2018, 140, 4047-

4053. 

88. L. Luo and H. S. White, Langmuir, 2013, 29, 11169-11175. 

89. Q. Chen, L. Luo, H. Faraji, S. W. Feldberg and H. S. White, J. Phys. Chem. Lett., 2014, 5, 3539-

3544. 

90. Q. Chen, H. S. Wiedenroth, S. R. German and H. S. White, J. Am. Chem. Soc., 2015, 137, 12064-

12069. 

91. H. Ren, S. R. German, M. A. Edwards, Q. Chen and H. S. White, J. Phys. Chem. Lett., 2017, 8, 

2450-2454. 

92. A. M. Soto, S. R. German, H. Ren, D. van der Meer, D. Lohse, M. A. Edwards and H. S. White, 

Langmuir, 2018, 34, 7309-7318. 

93. J. E. Reiner, A. Balijepalli, J. W. Robertson, J. Campbell, J. Suehle and J. J. Kasianowicz, Chem. 

Rev., 2012, 112, 6431-6451. 

94. A. E. P. Schibel, N. An, Q. A. Jin, A. M. Fleming, C. J. Burrows and H. S. White, J. Am. Chem. 

Soc., 2010, 132, 17992-17995. 

95. E. V. B. Wallace, D. Stoddart, A. J. Heron, E. Mikhailova, G. Maglia, T. J. Donohoe and H. 

Bayley, Chem. Commun., 2010, 46, 8195-8197. 

96. R. P. Johnson, A. M. Fleming, C. J. Burrows and H. S. White, J. Phys. Chem. Lett., 2014, 5, 

3781-3786. 

97. R. P. Johnson, A. M. Fleming, L. R. Beuth, C. J. Burrows and H. S. White, J. Am. Chem. Soc., 

2016, 138, 594-603. 

98. Q. Jin, A. M. Fleming, R. P. Johnson, Y. Ding, C. J. Burrows and H. S. White, J. Am. Chem. 

Soc., 2013, 135, 19347-19353. 

99. H. Ren, C. G. Cheyne, A. M. Fleming, C. J. Burrows and H. S. White, J. Am. Chem. Soc., 2018, 

140, 5153-5160. 

100. R. P. Johnson, A. M. Fleming, R. T. Perera, C. J. Burrows and H. S. White, J. Am. Chem. Soc., 

2017, 139, 2750-2756. 

101. N. V. Rees, O. V. Klymenko, B. A. Coles and R. G. Compton, J. Electroanal. Chem., 2003, 557, 

99-107. 

102. C. Amatore, E. Maisonhaute and G. Simonneau, Electrochem. Commun., 2000, 2, 81-84. 

103. C. Amatore, E. Maisonhaute and G. Simonneau, J. Electroanal. Chem., 2000, 486, 141-155. 

104. N. V. Rees, C. E. Banks and R. G. Compton, J. Phys. Chem. B, 2004, 108, 18391-18394. 

105. R. L. Fraccari, M. Carminati, G. Piantanida, T. Leontidou, G. Ferrari and T. Albrecht, Faraday 

Discuss., 2016, 193, 459-470. 

Page 28 of 29Faraday Discussions

Fa
ra

da
y

D
is

cu
ss

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t



29 

 

106. R. L. Fraccari, P. Ciccarella, A. Bahrami, M. Carminati, G. Ferrari and T. Albrecht, Nanoscale, 

2016, 8, 7604-7611. 

107. V. Brasiliense, A. N. Patel, A. Martinez-Marrades, J. Shi, Y. Chen, C. Combellas, G. Tessier and 

F. Kanoufi, J. Am. Chem. Soc., 2016, 138, 3478-3483. 

108. J. Wang, J. C. Dong, J. Yang, Y. Wang, C. J. Zhang, M. M. Xu, B. W. Mao, J. L. Yao, J. F. Li 

and Z. Q. Tian, Electrochem. Commun., 2017, 78, 16-20. 

109. X. W. Liu, Y. Z. Yang, W. Wang, S. P. Wang, M. Gao, J. Wu and N. J. Tao, Angew Chem Int 

Edit, 2017, 56, 8855-8859. 

110. J. B. Sambur, T. Y. Chen, E. Choudhary, G. Q. Chen, E. J. Nissen, E. M. Thomas, N. M. Zou and 

P. Chen, Nature, 2016, 530, 77-80. 

111. R. Hao, Y. S. Fan, M. D. Howard, J. C. Vaughan and B. Zhang, Proc. Natl. Acad. Sci. U. S. A., 

2018, 115, 5878-5883. 

112. S. Zaleski, A. J. Wilson, M. Mattei, X. Chen, G. Goubert, M. F. Cardinal, K. A. Willets and R. P. 

Van Duyne, Acc. Chem. Res., 2016, 49, 2023-2030. 

 

 

Page 29 of 29 Faraday Discussions

Fa
ra

da
y

D
is

cu
ss

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t


