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 This dissertation presents the results on studies of chemical and electrochemical catalysis 

using single molecule fluorescence microscopy. With its real-time, single-turnover observations at 

millisecond, sub-diffraction limit resolutions, the single molecule fluorescence microscopy is a 

powerful technique in interrogating nanocatalysts in catalyzing chemical and electrochemical 

transformations. In this work, three major topics are covered: (i) revealing a hidden surface reaction 

intermediate in a catalytic process on a single nanoparticle, (ii) visualizing monolayer graphene 

oxide sheets in electrocatalysis and monitoring their activity changes upon electrochemical 

reduction, and (iii) studying electrochemical catalysis of arrays of aligned single-walled carbon 

nanotubes. 

 Detecting and characterizing reaction intermediates is important and powerful for 

elucidating reaction mechanisms, but challenging in general because of the low populations of 

intermediates in a reaction mixture. Studying surface reaction intermediates in heterogeneous 

catalysis presents additional challenges, especially the ubiquitous structural heterogeneity among 

the catalyst particles and the accompanying polydispersion in reaction kinetics. The single molecule 

fluorescence spectroscopy was used in this work to study the oxidative N-deacetylation of amplex 

red catalyzed by Au@mSiO2 nanorods and 5.3 nm Au nanoparticles. The distribution of 

microscopic reaction times for the catalysts followed the initial-rise-and-then-decay behaviors, 



indicating a kinetic intermediate straddled by two rate determining steps. The rate constant for each 

step was quantified, and a working mechanism was formulated for the catalytic kinetics. 

 Graphene oxide sheets are a novel material that can be potentially used for the 

electrochemical, optoelectronic and mechanical related applications. Challenges in the research of 

graphene oxide sheets include imaging the single-sheet and understanding the electrochemical 

activity. By using a fluorogenic reaction, the electrochemical catalysis of graphene oxide sheets 

was studied in real time. Morphologies of individual sheets were revealed by this fluorescence 

microscopy approach, including the boundaries, wrinkles and folded regions. A graphene oxide 

sheet might be divided into different regions whose electrochemical activities were studied and 

compared. A constant negative potential was applied to the graphene oxide sheets for their partial 

reduction while monitoring the activity changes.  

 The fundamental understanding of single-walled carbon nanotubes in electrochemical 

processes is important for tailoring their structures for optimal performances. Single molecule 

fluorescence microscope was applied to study large arrays of aligned single-walled carbon 

nanotubes. Super-resolution imaging technique was used to precisely locate the active sites at the 

sub-diffraction limit resolution. After the single molecule study, the same piece of sample was 

imaged by AFM and SEM to overlay the active sites on top of nanotubes. Multiple active sites were 

observed on the same nanotube at different locations, and compared in terms of the dependence of 

substrate concentrations and applied potentials.   
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CHAPTER ONE 

 

PAST APPLICATIONS OF SINGLE-MOLECULE FLUORESCENCE MICROSCOPY IN 

CHEMICAL CATALYSIS AND ELECTROCHEMICAL CATALYSIS 

 

1.1 Introduction 

  The efficient usage of fossil fuels and the seeking for alternative energy feedstock are 

critical to mankind’s sustainable future, because of the increasing energy demands and the 

declining reserves of fossil fuels. Catalysis and electrochemical catalysis are widely used in 

chemoselective processing of fossil fuels, removing pollutants from gas exhausts and promoting 

solar energy conversion to fuels.1-12 Therefore, they are considered one of the key technologies to 

meet the energy challenges. Nanoparticle catalysts are an integral part of catalysis technology, and 

they can catalyze many energy conversion related reactions.  Partly owing to their high surface-to-

volume ratios and new electronic properties, nanoparticle catalysts often show new or superior 

activity compared to their bulk counterparts.2-4, 13 To improve the performances of current 

nanoparticle catalysts and design new ones is one of the major goals in today’s catalysis research. 

In order to achieve these goals, an essential task is to understand the fundamental structure-activity 

correlation of nanoscale materials for catalysis and electrochemical catalysis, as well as studying 

their underlying mechanisms during the catalytic processes.  

 There are tremendous efforts in characterizing the catalytic properties of nanoparticles at 

the ensemble level, where a collection of nanoparticles are studied simultaneously. Significant 

insights have been made into the structure-activity correlations of nanoparticle catalysts. However, 

this ensemble-averaged characterization is not precise, since nanoparticle catalysts always have 

structural dispersions, such as in sizes and shapes; even on a single particle, surface atoms reside 
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at various corners, edges, and facet sites.13-15 This structure heterogeneity inevitably leads to 

different properties among individual particles, and presents a great challenge for traditional 

characterization methods, where only averaged catalytic behaviors are obtained while individuality 

is lost.  

 To address these questions, one needs to study the nanoparticle catalysis at the single-

particle level. The rapid technological advances have made it possible to detect the fluorescence of 

a single molecule readily under ambient conditions.16-24 By applying this single-molecule approach 

to catalysis and electrochemical catalysis, one can directly probe the individuality among 

nanocatalysts. Besides removing the ensemble averaging, it also allows visualization of catalytic 

reactions in real time with single-turnover resolution. With tens of milliseconds time resolution at 

a single nanocatalyst, this approach becomes a powerful tool to dissect the reaction mechanism. 

Moreover, by applying the super-resolution approach, the single-molecule fluorescence detection 

can offer optical imaging beyond the diffraction-limited resolution, giving tens of nanometers 

resolution.   

 The single-molecule fluorescence microscopy has been proven a powerful tool to 

quantitatively study metal nanoparticles and carbon nanostructures in catalysis and electrochemical 

catalysis in a spatially resolved fashion.16, 25 Continuous efforts are being made into this field and 

many exciting insights are discovered. The following sections present examples of the wide 

applications of single-molecule fluorescence microscopy in catalysis. 

 

1.2 Pioneering Studies in Single-Molecule Enzymology 

 Single-molecule fluorescence microscopy was applied to biocatalysis prior to 

heterogeneous catalysis.22, 26-29 Much alike the nanoparticle heterogeneous catalysis, the enzyme 

based biocatalysis study is also limited in conventional measurements for the following reasons. 
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First, the activity differences among identical enzymes could be as large as one magnitude.30-32 This 

activity heterogeneity is known as the static disorder. In addition, each enzyme is in constant 

conformational changes, which inevitably leads to a time-dependent activity fluctuation.30, 33-35 

Observing this dynamic disorder is a challenging task for bulk measurements, because at any given 

time, the measured results are a mixture of enzymes at all possible conformations. In enzyme 

kinetics, the Michaelis-Menten model is often used,20, 36-41 where the substrate reversibly binds to 

enzyme forming an intermediate before it is fully converted to the final product. This intermediate 

state, however, is usually concealed, because the concentration of steady-state intermediate is too 

low to be detected.42 The single-molecule fluorescence microscopy, on the other hand, meets all 

the above challenges.  

 The single enzyme study done by Xie and coworkers is one of the best examples that 

illustrate the single-molecule fluorescence microscopy being a very informative technique in 

enzymology.20 In their work, they studied the single cholesterol oxidase (COx) catalyzed oxidation 

of cholesterol by oxygen (Figure 1.1A). This enzyme involves a fluorescent cofactor (flavin 

adenine dinucleotide, FAD), which gets reduced in the catalytic cycle and becomes nonfluorescent 

(FADH2). Without catalysis, the fluorescent intensity from a single COx enzyme shows slow 

fluctuation, indicating the enzyme conformational changes around the fluorescent FAD center, 

which is a hidden process in ensemble-averaging measurements. With an excess amount of 

cholesterol and oxygen, the catalytic transformation starts to take place, which is reflected in the 

fluorescent intensity as a digital on-off behavior (Figure 1.1B). The non-exponential on-time 

distribution indicates the existence of the substrate-bound state, which was well explained by the 

Michaelis-Menten mechanism (Eq 1.1). 

 

 

(Eq1.1) 
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They further extracted the rate constant k2 for individual enzymes, which had a broad distribution 

reflecting the static disorder (Figure 1.1C). Moreover, the positive autocorrelation function of on-

time (Figure 1.1D) had a slowly decay timescale that matched the fluorescence intensity 

fluctuations from a single COx, which further confirmed that the dynamic disorder indeed stemmed 

from the conformational dynamics. 

 

1.3 Single-molecule kinetics of nanoparticle catalysis 

 Aside from being a powerful tool in enzymology, the single-molecule approach has 

approved its own value in heterogeneous catalysis as well. The pioneering work was respectively 

done by Hofkens, Majima and Chen with their coworkers on single-crystal catalysis, TiO2 and Au 

nanoparticles.22, 43-44 The Au nanoparticle work is used here as an example to illustrate the 

uniqueness of single-molecule approach in catalysis. 

 In this work, the non-fluorescent substrate molecule resazurin was catalyzed to become the 

highly fluorescent product resorufin with reductant hydroxylamine at single-reaction resolution. 

Similar to enzyme catalysis, the fluorescence time trajectories from single Au nanoparticles were 

also digitalized with consistent heights of their on-level, which is characteristic of single-molecule 

fluorescence detection (Figure 1.2A). Each sudden intensity increase in the trajectory marked a 

product formation event on a nanoparticle. The product molecule stayed on the nanoparticle for a 

while due to its finite affinity for the nanoparticle surface before dissociation; the dissociation is 

marked by a sudden intensity decrease in the trajectory. Every off-on cycle in the trajectory 

corresponded to a single turnover of a catalytic formation of a product and its subsequent 

dissociation from one nanoparticle.  In a single-particle fluorescence turnover trajectory, the 

waiting times, τoff and τon, are the two most important observables (Figure 1.2A). Their clean 

resolution separates the catalysis into two parts temporally: τoff is the waiting time before the 
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formation of each product, and τon is the waiting time for the product dissociation after its formation. 

The individual values of τoff and τon are stochastic, but their statistical properties, such as their 

distributions and averages, are defined by the underlying reaction kinetics. 

 One of the major differences between the enzyme (homogeneous) catalysis and 

nanoparticle (heterogeneous) catalysis is on the kinetic mechanism. The most commonly used 

mechanism for enzymology is the classic Michaelis-Menten mechanism, which applies for one-

site, one-substrate kinetic model. However, there exist multiple catalytic sites for nanoparticles, 

and therefore the Michaelis-Menten model is not appropriate any more. To address this issue, Chen 

and coworkers used the Langmuir-Hinshelwood mechanism which explicitly includes the 

multiplicity of catalytic sites. The off1 ( denotes averaging), representing the rate of product 

formation, takes the form of: 

 
off

−1 =
𝛾eff𝐾1[S]

1 + 𝐾1[S]
 

(Eq1.2) 

 

where eff is the effective rate constant, K1 is the adsorption-desorption equilibrium constant of the 

substrate resazurin (S); [S] is the substrate concentration. The Langmuir isotherm 
𝐾1[S]

1+𝐾1[S]
 gives an 

increase and then saturation kinetics of off1 versus the substrate concentration, which well 

predicted the experimental results (Figure 1.2C).  

 In a single-particle turnover trajectory, τon starts at the moment when a product molecule 

forms on a particle surface, and ends once this product leaves the particle surface. Strikingly, τon 

also showed a [S] dependence, which suggested two parallel pathways for product dissociation: 

one was the direct desorption; and the other, the substrate assisted product desorption (Figure 

1.2B).17 In this mechanism, k2 and k3 were two apparent rate constants respectively for these two 

desorption pathways. With different relative magnitudes of k2 and k3, this mechanism immediately 
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predicts three types of [S] dependence of on1: Type Ⅰ: on1 increases with the increase of [S] 

and eventually saturates if k2 > k3; Type Ⅱ: on1 decreases with the increase of [S] and flattens if 

k2 < k3; Type Ⅲ: on1 is independent of [S] if k2 = k3, or k1/(k-1+k2) = 0. All three types of behaviors 

were observed for individual 6-nm Au-nanoparticles (Figure 1.2D), and they have different 

subpopulations: 66% of Au-nanoparticles are TypeⅠ, 19% are TypeⅡ, and 15% are Type Ⅲ.16 

These different behaviors are manifestations of the differential selectivity of individual Au-

nanoparticles between the two parallel product dissociation pathways. This differential selectivity 

is completely hidden in nanoparticle averaged results, which are dominated by the behavior of the 

TypeⅠparticles.45 
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Figure 1.1 (A) The enzymatic cycle of cholesterol oxidase (COx). (B) Real-time observation of 

single COx catalyzing cholesterol molecules. (C) The on-time distribution from a single COx 

molecule with 2 mM 5-pregene-3-20-diol substrate. The insert is the static distribution of k2. (D) 

The autocorrelation function of on-time from a single COx with 2 mM 5-pregene-3-20-diol 

substrate. Figures adapted from Xie et al.20 Copyright 1998 American Association for the 

Advancement of Science. 
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Figure 1.2 (A) Segment of the fluorescence time trajectory from a 6-nm Au nanoparticle. (B) 

Kinetic mechanism of Au-nanoparticle catalysis. Aum: Au-nanoparticles; S: the substrate resazurin; 

P: the product resorufin; AumSn represents an Au-nanoparticle having n adsorbed substrate 

molecules. (C) Resazurin concentration dependence of off1 from three 6-nm Au-nanoparticles. 

Each titration is from one nanoparticle. (D) Resazurin concentration dependence of on1 from 

three individual Au-nanoparticles with Type Ⅰ, Type Ⅱ and Type Ⅲ behaviors. Figures adapted 

from Xu et al.43 
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1.4 Single-Molecule Nanoscale Electrocatalysis 

 Another example of the wide applications of the single-molecule approach was on the 

electrocatalysis of single-walled carbon nanotubes (SWNTs) done by Chen and coworkers.25 

SWNTs can electrocatalyze reactions such as the oxygen reduction reaction (ORR), thus are 

attractive for energy related applications. The single SWNT electrochemistry was done previously 

by Crooks and Dekker et al via direct current measurements.46-48 However, this method required 

delicate engineering to attach the SWNT to electrodes, and thus was limited for multiplexed 

observations. With the wide-field fluorescence microscopy, Chen and coworkers were able to 

simultaneously study the electrochemistry of a single SWNT at single turnover level from multiple 

SWNTs.  

In this work, the two-stage electrochemical reduction of resazurin to the highly fluorescent 

resorufin, then to nonfluorescent dihydroresorufin was used as the probe to measure the activity of 

individual SWNTs (Figure 1.3A). Unlike the chemical catalysis by an Au nanoparticle, the sudden 

intensity decreases in the fluorescence time trajectory primarily resulted from electro-reduction of 

resorufin to dihydroresorufin.25 At constant electrochemical potentials, the electro-reduction of 

resorufin to dihydroresorufin contained in on followed a simple, one step reaction kinetics (reaction 

(iv), Figure 1.3B). This simple kinetic mechanism of resorufin electro-reduction was manifested 

experimentally in that on1 was independent of resazurin concentration (Figure 1.3C).  For the 

electrocatalytic formation of resorufin contained in off, the reaction kinetics contained two parallel 

reaction pathways. One involved a substitution reaction of dihydroresorufin by resazurin at the 

reactive site followed by electrocatalytic reduction (reactions (i) and (ii), Figure 1.3B), the other 

was a direct electro-oxidation of dihydroresorufin to resorufin (reaction (iii)). This electro-

oxidation is possible because the redox of resorufin to dihydroresorufin redox is reversible (Figure 

1.3A).  
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By analyzing many fluorescence electrocatalysis trajectories, the distributions of kinetic 

rate constants among many SWNT reactive sites were obtained at any applied potential, for 

example those of  𝑘2
red and 𝑘4

red in Figure 1.3D. As expected, their distributions were dependent 

on the applied potential. Relative to their average values, the distribution widths of all rate constants 

were broad, indicating the large reactivity inhomogeneity among the SWNT reactive sites. Several 

of these rate constants, such as 𝑘2
red and 𝑘4

red, involve interfacial electron transfer from a SWNT 

to an adsorbed molecule and were thus related to the electronic properties of the SWNT reactive 

sites. This work again showed that single-molecule approach is a powerful method in dissecting 

kinetic mechanisms of reactions. 
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Figure 1.3 (A) Redox chemistry of resazurin in aqueous solution. (B) Scheme of the kinetic 

mechanism. The fluorescence state (on or off) is indicated at each stage of the reaction. S: resazurin; 

P: resorufin; PH2: dihydroresorufin. (C) Resazurin concentration dependence of on1 and off1 

of a single reactive site at -0.35 V (vs. Ag/AgCl). (D) Distribution of 𝑘2
red and 𝑘4

red from many 

SWNT reactive sites at -0.35 V. Figures adapted from Xu et al.25 Copyright 2009 American 

Chemical Society. 
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1.5 Structure and catalytic activity correlation and super-resolution imaging 

 Other than being a powerful tool in studying the kinetic mechanism in catalysis and 

electrochemical catalysis, single molecule fluorescence approach is also useful in understanding 

the structure-activity correlation due to its powerful spatial resolution. One of the first studies in 

spatially resolved catalytic activity was done by Hofkens and his coworkers on the [Li+-Al3+] 

layered double hydroxide (LDH) catalyst.22 In this work, both the hydrolysis and transesterification 

of the non-fluorescent 5-carboxyfluorescein diacetate (C-FDA) was catalyzed by LDH, yielding a 

fluorescent product (Figure 1.4A and B). Single molecule results showed that the active sites for 

the transesterification reaction was non-specifically distributed on the {0001} facets, as the 

fluorescent products were generated all over the basal plane. On the other hand, the hydrolysis 

reaction was location specific. Majority of the products were found at the crystal edges with very 

few at the basal plane. This structure related activity preference was due to the OH ions exchange 

at the {1010} facet, which can only be predicted indirectly by conventional methods, but observed 

directly with the single molecule fluorescence microscopy. By tracking the product molecule and 

examining the mean square displacement (r2), they found that although most of the product 

molecules were highly mobile (> 90%), there exist a small portion of molecules that were almost 

immobile on catalyst surface. 

 Furthermore, Hofkens and his coworkers studied the zeolite chemistry with confocal 

fluorescent microscopy. In one case, two fluorescence probes were used to image the outer and 

inner surfaces of ZSM-5 zeolites respectively.49 The larger probe, an asymmetrically substituted 

perylene diimide dye (PDI-TEA) being pre-quenched in free base, could react with the acid site to 

restore the fluorescence. The smaller probe, 4-(4-diethylaminostyryl)-N-methylpyridinium iodide 

(DAMPI) could enter the zeolite pores, and become fluorescent because of the pore size 

confinement preventing the trans-cis isomerization.49-50 With this fluorescence approach, they 
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proved that the acid sites on the outer surface of ZSM-5 are uniform. Moreover, the single crystals 

are accessible for substrate molecules from the straight pores located on {010} facets. 

 Albeit the optical microscopy based activity study contains rich spatial information, it has 

a spatial resolution limit: the well-known diffraction-limited resolution, defined by the Rayleigh 

criterion (Equation 1.3): 

 
Resolution𝑥,𝑦 =

0.61𝜆

N.A.
 

(Eq1.3) 

 

where  is the wavelength, and N.A. is the numerical aperture of the objective.51-53 In a typical 

experiment, the spatial resolution is usually between 200~300 nm, with which many nanoparticle 

catalysts would appear as point objects. Therefore, the optical diffraction limited approach is only 

suitable for large sized catalysts. To overcome this diffraction limit, mathematical fitting of the 

fluorescence point spread functions (PSF) was used to achieve higher resolution. This technique, 

known as super-resolution imaging,54-66 again first emerged in biophysics, and was later adapted to 

nanocatalysis by Chen and Hofkens in studying the Au and ZSM-22 catalysts respectively.67-69 By 

fitting the PSF of fluorescence bursts from spherical Au nanoparticles with various sizes, Chen and 

coworkers achieved a final resolution of 15~40 nm, which is about one magnitude higher than the 

diffraction limited resolution. This optical advance greatly expanded the possible application of 

single molecule catalysis, because small sized nanocatalysts can be chemically imaged and the 

activity variation such as facets, defect sites might be resolved. 

 Chen and coworkers used this super-resolution technique to map out the activity 

distribution on Au nanorods in mesoporous silica shell (Au@mSiO2 nanorod) as well as on Au 

nanoplate (Au@mSiO2 nanoplate).67-68 As a pseudo-1-D material, a Au@mSiO2 nanorod showed 

a linear specific activity gradient along the length of its side facets in catalyzing an N-deacetylation 

reaction. Highest activity was observed in the middle of the nanorod and the activity gradually 
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decayed towards its two ends (Figure 1.4C, D). As a pseudo-2-D nanocatalyst, a Au@mSiO2 

nanoplate showed a radial gradient specific activity within its flat facet ({111}) in catalyzing a N-

deoxygenation reaction. Highest activity was observed in the center and the activity decayed 

gradually toward its periphery (Figure 1.4E, F). For individual Au@mSiO2 nanorods, the specific 

activity at the center of a nanorod can be a factor of ten larger than the extrapolated specific activity 

for perfect side facets.  
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Figure 1.4 Spatially resolved activity distribution. (A) Single LDH catalyzed transesterification of 

C-FDA with 700 nM 1-butanol. (B) Hydrolysis of 600 nM C-FDA. (C) 2-D histogram of catalytic 

product locations on a single Au@mSiO2 nanorod in catalyzing a N-deacetylation reaction. The 

red line is the SEM structural contour of the nanorod. The white lines separate out the two ends. 

(D) Dependence of the specific turnover rate on location at every ~20 nm segment along the length 

of the nanorod in (C). (E) Locations of product molecules overlaid on top of the SEM image of a 

single Au@mSiO2 nanoplate. The product locations in different radial segments are colored 

differently. (F) Dependence of the specific turnover rates of radial segments on r2, where r is the 

distance along the center-to-corner vector of the nanoplate. (A) - (B) adapted from Roeffaers et al 

(Copyright Nature Publishing Group).22 (C) - (D) adapted from Zhou et al (Copyright Nature 

Publishing Group).67 (E) - (F) adapted from Andoy et al (Copyright 2013 American Chemical 

Society).68    
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1.6 Scope of this thesis 

 This dissertation focuses on studying the heterogeneous catalysis and electrochemical 

catalysis using fluorescence microscopy. We fully utilize its advantages in high-temporal, high-

spatial resolution to dissect reaction kinetics and correlate the activity differences with structure.  

 Chapter 2 focuses on the chemical catalysis by nanoscale particles. Detecting and 

characterizing reaction intermediates is important and powerful for elucidating reaction 

mechanisms, but challenging in general because of the low populations of intermediates in a 

reaction mixture. Studying surface reaction intermediates in heterogeneous catalysis presents 

additional challenges, especially the ubiquitous structural heterogeneity among the catalyst 

particles and the accompanying polydispersion in reaction kinetics. In chapter 2, we use single-

molecule florescence microscopy to study the oxidative deacetylation of amplex red by H2O2 

catalyzed by two complementary types of Au nanocatalysts  mesoporous-silica-coated Au 

nanorods (i.e., Au@mSiO2 nanorods) and bare 5.3 nm pseudospherical Au nanoparticles  at the 

single-particle, single-turnover resolution. For both nanocatalysts, the distributions of the 

microscopic reaction time from a single catalyst particle clearly reveal a kinetic intermediate, which 

is hidden when the data are averaged over many particles or only the time-averaged turnover rates 

are examined for a single particle. Detailed single-molecule kinetic analysis leads to a quantitative 

reaction mechanism and supports that the intermediate is likely a surface-adsorbed one-electron-

oxidized amplex red radical. The quantitation of kinetic parameters further allows for the evaluation 

of the large reactivity inhomogeneity among the individual nanorods and pseudospherical 

nanoparticles, and for Au@mSiO2 nanorods, it uncovers their size-dependent reactivity in 

catalyzing the first one-electron oxidation of amplex red to the radical. Such single-particle, single-

molecule kinetic studies are expected to be broadly useful for dissecting reaction kinetics and 

mechanisms.  
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In Chapter 3, the spatial resolution of fluorescence microscopy was used to study the 

electrochemical activity of graphene oxide (GO). A fluorogenic electrocatalytic reaction was 

designed to probe the activity of individual GO sheets supported on transparent conducting ITO 

electrodes. By imaging the fluorescence, thus the electrocatalytic activity using fluorescence 

microscopy, the activity distribution on GO sheets was mapped out. This fluorescence approach 

enabled the imaging of GO sheets and resolving their fine features, including boundaries, wrinkles 

and folded regions. By further manipulating their activity with prior electrochemical reduction, 

domains within individual GO sheets were differentiated. The division lines between neighboring 

domains were mapped out as well, and they possibly reflected the grain boundaries. The 

electrochemical reduction of GO was further studied by sequential reduction. Localized reduction 

centers were observed, which preferentially existed within wrinkles and boundaries.   

 Chapter 4 discusses the aligned arrays of single-walled carbon nanotubes. This is an 

extension of previous single-molecule electrochemistry on SWNTs.25 With etched position markers 

on quartz substrate, the spatially resolved active sites with sub-diffraction resolution were 

correlated with the AFM and SEM images.  It is known that large reactivity heterogeneity existed 

among SWNTs. However it is unclear whether multiple active sites can occur on the same nanotube 

and whether multiple active sites from the same nanotube behave differently. In Chapter 4, the 

substrate concentration and driving force dependence of reactivity were studied in the spatially 

resolved fashion.  
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CHAPTER TWO 

 

SINGLE-MOLECULE KINETICS REVEALS A HIDDEN SURFACE REACTION 

INTERMEDIATE IN SINGLE-NANOPARTICLE CATALYSIS 

 

2.1 Introduction 

Observing and characterizing reaction intermediates represents a powerful approach in 

elucidating the mechanism of chemical transformations, such as those in enzyme catalysis, 

homogeneous catalysis, and heterogeneous catalysis.1-8 But trapping and detecting reaction 

intermediates is difficult in general because of their very nature of being intermediates  their 

populations in a reaction mixture are low, and they exist only transiently. Synchronization of 

reaction progress (e.g., via the stopped-flow technique9, 10) and trapping of reactive species (e.g., 

via rapid-freeze quench11, 12 or chemical trapping13, 14) are often needed to obtain an appreciable 

amount of the desired intermediate, so as to characterize it by spectroscopic techniques. 

In heterogeneous catalysis, studying reaction intermediates presents additional 

challenges.1, 2, 5-7, 15, 16 Besides the general low population of surface-adsorbed species, the 

ubiquitous heterogeneity among catalyst particles gives rise to polydispersion in reaction kinetics, 

making synchronization more difficult. Yet it is important to know whether and how many 

intermediates are involved in a surface catalytic reaction, so one can determine the number of rate-

limiting steps in the reaction and how one could possibly modify the catalyst to accelerate the 

respective reaction steps for improving the catalyst performance.  

Single-molecule kinetics provides advantages in dissecting reaction steps and uncovering 

reaction intermediates.17-25 By studying individual molecules/catalysts, this approach removes 

ensemble averaging, so dispersion in kinetics among different molecules can be circumvented. 
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Synchronization of molecular actions is not needed either, as it monitors one molecule at a time. It 

also allows for following the actions of individual molecules in real time, and at any time point, 

only one molecular state is present even if the molecule can adopt multiple different states; this 

feature is particularly useful in capturing intermediates and elucidating reaction mechanisms. 

The capability of single-molecule kinetics in uncovering intermediates and elucidating 

mechanisms has in particular been shown in single-molecule fluorescence studies of biological 

molecules. For example, Lu et al. studied the catalysis by single cholesterol oxidases and observed 

an enzyme-substrate complex as a kinetic intermediate.26 Others have observed kinetic 

intermediates in the catalysis by -galactosidase,27 -chymotrypsin,28 and nitrite reductase,22 in the 

DNA unwinding by nonstructural protein 3 (NS3),29 and in virus fusion.30  

Single-molecule kinetics via fluorescence microscopy has also been achieved in studying 

catalysis (or reactions) by layered double hydroxides31, zeolites,32, 33 metal nanoparticles,34-41 

semiconductor nanocrystals,42-48 carbon nanotubes,49 and small molecules.50-53 Other techniques, 

such as optical tweezers,54, 55 magnetic tweezers,56 single-channel-recording,57 and atomic force 

microscopy,58 are also powerful in studying dynamic processes.  

We have previously used single-molecule microscopy of fluorogenic reactions to study 

catalysis on single Au or Pt nanoparticles at the single-turnover temporal resolution and nanometer 

spatial precision34-40. In this approach, the catalyzed reaction converts a nonfluorescent reactant to 

a highly fluorescent product on the surface of the nanoparticles, which are dispersed at a low density 

and spatially separated on a slide. Under continuous laser excitation, each catalytically produced 

reaction product emits a large number of fluorescence photons, enabling its easy detection and 

imaging at the single-molecule level (as well as its position localization down to nanometer 

precision). By imaging this fluorescent product one molecule at a time in real time, one can follow 

the catalytic reactions on a single nanoparticle at the single-turnover resolution in situ. 
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Using this single-molecule microscopy approach, we examined individual mesoporous-

silica-coated Au nanorods (i.e., Au@mSiO2 nanorods) in catalyzing the fluorogenic oxidative 

deacetylation of amplex red (i.e., AR) to resorufin by H2O2.38 There, by measuring the time-

averaged catalytic turnover rate as a function of the reactant concentration in a spatially resolved 

manner, we discovered reactivity gradients along the side facets of individual nanorods, which were 

attributable to an underlying defect density gradient. Here we report that single-molecule kinetics 

further uncovers a hidden kinetic intermediate during the surface catalysis of amplex red 

deacetylation on single Au@mSiO2 nanorods; the same catalytic intermediate is resolved as well 

on single bare 5.3 nm pseudospherical Au nanoparticles. By analyzing the distributions of the 

microscopic reaction time of individual catalyst particles, we have been able to resolve two rate-

determining steps, quantify the rate constant of each step, provide evidences for the nature of the 

captured intermediate, and formulate a quantitative working mechanism for the catalytic reaction. 

 

2.2 Materials and Methods 

2.2.1 Synthesis and Characterization of Au Nano-catalysts 

The 5.3 nm pseudospherical Au-nanoparticles, prepared from citrate reduction of HAuCl4 

and capped with tannic acid, was purchased from Ted Pella (JME1052). Mesoporous-silica-coated 

Au nanorods (i.e., Au@mSiO2 nanorods) were prepared by making the Au nanorods first via 

stepwise seeded growth,59 coating them with silica and subsequently etching the silica shell with 

base in the presence of CTAB to make it mesoporous,60 as reported previously (more details in 

supporting information (SI)).38 The Au@mSiO2 nanorods were later calcinated at 500ºC to remove 

the organic ligands for activation for surface catalysis, during which the Au nanorod cores 

maintained their morphology as examined by TEM, as we reported previously.38 All samples were 

characterized by a FEI Tecnai 12 transmission electron microscopy (TEM) at Cornell Center for 

Materials Research.  
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2.2.2 Catalytic Reaction Conditions 

The oxidative deacetylation of amplex red (AR), a nonfluorescent molecule, to resorufin, 

a highly fluorescent molecule, by hydrogen peroxide (H2O2) was studied in 50 mM pH 7.3 degassed 

sodium phosphate buffer. Ensemble reaction measurements were done via monitoring the 

fluorescence of the reaction product resorufin (excited at 532 nm and detected at 585 nm) using a 

Varian Cary Eclipse fluorometer. 

 

2.2.3 Single-Molecule Fluorescence Microscopy  

 Single-molecule fluorescence measurements were performed on a homebuilt prism-type 

total internal reflection fluorescence (TIRF) microscope based on an Olympus IX71 inverted 

microscope as previously described.34-37 5-6 mW continuous-wave circularly polarized 532 nm 

laser (CrystaLaser, GCL-025-L-0.5%) was focused onto an area of ~80  40 m2 in a microfluidic 

reactor cell to directly excite the fluorescence of the product resorufin generated on immobilized 

nanocatalysts.  The fluorescence of resorufin was collected by a 60× NA 1.2 water-immersion 

objective (UPLSAPO60XW, Olympus), filtered by two filters (HQ550LP, HQ580m60), and 

projected onto a camera (Andor iXon EMCCD) controlled by the Andor IQ software. The time 

resolution of image acquisition was 25 ms. 

The microfluidic reactor, about 100 m (height) × 2 cm (length) × 5 mm (width), was 

assembled using double-sided tapes sandwiched between a quartz slide (Technical Glass) and a 

borosilicate coverslip (Gold Seal). The quartz slide was amine-functionalized by an 

aminoalkylsiloxane reagent (Vectabond, Vector Laboratory) to have a positive charged surface to 

immobilize the negatively charged 5.3 nm Au nanoparticles. As for the Au@mSiO2 nanorods, they 

were drop casted on the quartz slide. The reactant solution was flowed in continuously at 25 L 

min1, maintaining nonequilibrium steady-state reaction kinetics. 
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2.2.4 Scanning Electron Microscopy (SEM) 

 The microfluidic reactor used for the fluorescence microscopy measurements was 

subsequently dissembled for characterizing the nanoparticles on the slide under a LEO 1550VP 

FESEM (operated at 2-5 keV). A carbon film of ~10 nm was coated on the quartz slide before the 

SEM measurements. 

 

2.3 Results and Discussion 

2.3.1 Catalytic Reaction and Catalysts 

 We studied the catalyzed oxidative deacetylation of amplex red (AR) by H2O2 to generate 

resorufin and acetate (Figure 2.1A).37 The product resorufin is highly fluorescent, allowing for its 

single-molecule fluorescence imaging. 

 We studied two types of Au nanocatalysts: mesoporous-silica-coated Au nanorods (i.e., 

Au@mSiO2 nanorods) and “bare” pseudospherical 5.3   0.7 nm Au nanoparticles (Figure 2.1B 

and C, and SI Figure S2.1; here “bare” refers to that the particles have weak surface ligands, e.g., 

citrate or tannic acid, which can be readily washed off).  

 These two types of Au nanocatalysts are complementary model catalysts. The Au nanorods 

are pseudo-1-D nanocatalysts with defined surface facets (e.g., their side facets are {110} and 

{100}).61, 62 The Au nanorod cores have monodisperse diameters (21.4  3.2 nm), but their lengths 

are variable (from ~100 nm to 600-700 nm);38 and they are large enough to be imaged readily under 

SEM (SI Figure S2.2) to be correlated with optical microscopy using the same sample preparation 

(i.e., dispersed on quartz slides). The mSiO2 shell (~80 nm in thickness) here was necessary for 

removing through calcination the capping ligands that were used in synthesizing these nanorods 

while maintaining their morphology and preventing aggregation. The mesopores here are large 

enough for reactants to access the gold surface, and the catalytic kinetics is not limited by mass 

transport of reactants, as we reported.38, 39 The mSiO2 shell also helps temporarily trap the product 
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resorufin, facilitating its single-molecule fluorescence detection, before it desorbs, diffuses into 

surrounding solution, and gets carried away by the solution flow. 

On the other hand, the 5.3 nm pseudospherical Au nanoparticles are pseudo-0-D 

nanocatalysts with many types of surface facets, which are hard to define. Their small sizes also 

make them harder to image by SEM. But, these pseudospherical particles can be prepared without 

using strong capping ligands, removing the need for the mSiO2 encapsulation.    
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Figure 2.1 (A) Balanced chemical equation of the Au-nanoparticle-catalyzed oxidative N-

deacetylation of amplex red by H2O2, generating resorufin, acetate, and water. (B, C) TEM images 

of Au@mSiO2 nanorods (B) and 5.3 nm pseudospherical Au nanoparticles (C).  
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2.3.2 Single-turnover Kinetics of Single Au@mSiO2 Nanorods Reveals a Reaction 

Intermediate  

 Figure 2.2A shows an exemplary fluorescence intensity versus time trajectory from a single 

immobilized Au@mSiO2 nanorod in catalyzing the oxidative deacetylation of amplex red to 

resorufin by H2O2. The reactants were kept at constant concentrations and supplied continuously 

via a flow, giving steady-state reaction kinetics. This trajectory features stochastic fluorescence 

intensity bursts over a constant background emission of the Au nanorod; each burst reports the 

generation of a fluorescent product molecule resorufin. These bursts each typically last for ~50 - 

100 ms (SI Figure S2.3), before the product desorbs, diffuses out of the laser excitation volume, 

and gets carried away by the solution flow; the times () between the bursts are the microscopic 

reaction times for catalytic product generation. These ’s are probabilistic in their individual values, 

but their statistical properties, such as averages and distributions, are defined by the underlying 

reaction kinetics.63, 64     

 Figures 2.2B-D show the distributions of  from a single Au@mSiO2 nanorod at various 

amplex red concentrations (i.e., [AR]) while the H2O2 concentration was kept at large excess. (The 

catalytic activities of these Au@mSiO2 nanorods were sufficiently stable so that each nanorod could 

be studied over a range of [AR] over a period of many hours.38 Strikingly, the distributions of  

show an initial-rise-and-then-decay behavior with a delayed maximum at  > 0 (especially clear at 

[AR] = 0.05 M, Figure 2.2B), in contrast to the typical single-exponential decay behavior for 

single-molecule kinetics that contains just one rate-determining step.18, 63, 65-67 This initial-rise-and-

then-decay behavior of  distributions indicates that the catalytic kinetics in forming the fluorescent 

product contains at least two sequential rate-determining steps  i.e., there is a hidden kinetic 

intermediate.21, 26, 63 Similar behaviors of  distributions were also observed in the single-molecule 

kinetics of some enzyme reactions that contain kinetic intermediates.21, 26-30 It is important to note 

that this initial-rise-and-then-decay behavior of  distributions could not be reliably discerned when 
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’s from many nanorods are compiled because of the polydispersion in kinetics among the 

individual nanorods (SI Figure S2.4); therefore, even at the single-turnover resolution, 

measurements at the single-particle level were also essential in unmasking the kinetic signature of 

this intermediate. 

 The distributions of  from single Au@mSiO2 nanorods can each be fitted by an empirical 

equation of a combination of two exponentials: 

𝑦 = 𝐴(𝑒−𝑘1𝜏 − 𝑒−𝑘2𝜏)  (2.1) 

where k1 and k2 are the apparent rate constants for the two rate-determining steps straddling the 

kinetic intermediate (see later and SI Section 2.6.4 for derivation of this functional form of the  

distribution), and A is a scaling factor. Interestingly, in examining the results across a range of [AR], 

we find that k1 is dependent on [AR]: it increases with increasing [AR] and eventually saturates 

(Figure 2.2E); this dependence indicates that the associated rate-determining step involves the 

reactant amplex red. In contrast, k2 is virtually independent of [AR] (Figure 2.2F), indicating that 

the associated rate-determining step does not involve amplex red. Moreover, k2 is in general an 

order of magnitude larger than k1 across different [AR]. These trends of k1 and k2 versus [AR] 

persist, regardless of whether individual Au@mSiO2 nanorods are examined or k1 and k2 are 

averaged over many nanorods (Figures 2.2E-F). 

The single-turnover kinetics also readily gives the conventional rate of turnovers (v, in s1 

particle1) for a single Au@mSiO2 nanorod, which is equivalent to 1, where   denotes 

averaging. With increasing [AR], the single-particle rate of turnovers 1 shows typical saturation 

kinetics, regardless if the data are from a single Au@mSiO2 nanorod or averaged over many 

nanorods (Figure 2.2G). These saturation kinetics of 1 alone can be well accounted for by the 

classic Langmuir-Hinshelwood mechanism for surface catalysis68 involving surface adsorbed 

amplex red molecules, without the need of invoking an intermediate in the catalytic kinetics, as we 

previously showed.34, 36-38  In other words, the conventional titration of turnover rate vs. reactant 
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concentration is insensitive here to the presence of this intermediate. This insensitivity again 

highlights the capability of single-turnover resolution kinetics to produce the distribution of the 

microscopic reaction time  to unmask kinetic intermediates.  
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Figure 2.2 Single Au@mSiO2 nanorod catalysis. (A) Fluorescence intensity versus time trajectory 

of a single Au@mSiO2 nanorod in catalyzing the oxidative deacetylation of amplex red at [AR] = 

0.05 M and [H2O2] = 60 mM. (B, C, D) Distributions of  from a single Au@mSiO2 nanorod at 

[AR] = 0.05 M (B), 0.1 M (C) and 0.5 M (D), respectively. H2O2 concentration was kept at 60 

mM.  Solid red lines are empirical fits with = 𝐴 ∙ (𝑒−𝑘1𝜏 − 𝑒−𝑘2𝜏)  (Equation (2.1)). (E, F) 

Dependences of the apparent rate constant k1 and k2 on [AR] for the same Au@mSiO2 nanorod in 

B-D (red triangles) and when averaged over 257 nanorods (blue squares). Solid lines are fits with 

Equations (2.3) and (2.4) at the limiting condition of [H]  , where  
𝐺B

1/2[H]1/2

1+𝐺B
1/2[H]1/2

→ 1 . (G) 

Dependence of -1 on [AR] for the same Au@mSiO2 nanorod in B-D (red triangles) and when 

averaged over 257 nanorods (blue squares). Solid lines are fits with Equation (2.5) at the limiting 

condition of eff2 >> eff1. Error bars in E, F and G are all s.e.m.  
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2.3.3 Single-turnover Kinetics of Single 5.3 nm Pseudospherical Bare Au Nanoparticles Again 

Reveals a Reaction Intermediate 

To probe if the observed kinetic intermediate is unique to Au@mSiO2 nanorods or is 

somehow related to the presence of its mSiO2 shell, we further studied bare pseudospherical Au 

nanoparticles of 5.3 nm in diameter. Figure 2.3A shows an exemplary fluorescence intensity versus 

time trajectory from a single 5.3 nm Au nanoparticle in catalyzing the deacetylation of amplex red 

by H2O2. This trajectory exhibits the characteristic intensity bursts reporting the generation of the 

fluorescent product molecule resorufin, similarly as in Figure 2.2A. The distribution of the 

microscopic reaction time  from a single particle also shows a clear initial-rise-and-then-decay 

behavior (Figure 2.3B-C), indicating the presence of a hidden reaction intermediate straddled by 

two rate-determining steps in converting amplex red to the product resorufin. Again, this initial-

rise-and-then-decay behavior is masked when the ’s from many particles are compiled together 

(SI Figure S2.5), further stressing the importance of having both single-particle and single-turnover 

level resolution in measuring kinetics here. 

Compared with the Au@mSiO2 nanorods, these 5.3 nm Au nanoparticles do not have the 

mSiO2 shell, and the product resorufin is detected while it is temporarily adsorbed on the particle 

surface. Therefore, the persistent observation of a hidden kinetic intermediate indicates that this 

intermediate stems from the catalytic process on the Au surface and is unrelated to the presence or 

not of a mSiO2 shell. 

The distribution of  for a single 5.3 nm Au nanoparticle here again can be satisfactorily fitted 

by Equation (2.1), where k1 and k2 are the apparent rate constants of the two rate-determining steps 

(Figure 2.3B-C). We further studied many 5.3 nm Au nanoparticles across a range of [AR] while 

[H2O2] was kept at large excess. (Note that due to particle inactivation that becomes significant 

after 2 hours, we could not study the same set of 5.3 nm Au nanoparticles over the entire range of 

[AR]; instead, a different set of particles were studied at each [AR] within a <2 hour time window.) 
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Once averaged over the many Au nanoparticles, the extracted k1 shows a clear dependence on [AR]: 

it increases with increasing [AR] until saturation (Figure 2.3D), whereas k2 is essentially 

independent of [AR] (Figure 2.3E); both trends are similar to those for Au@mSiO2 nanorods 

(Figure 2.2E, F). 

1, the single-particle rate of turnovers, for the 5.3 nm Au nanoparticles shows the typical 

saturation kinetics with increasing [AR] for surface-mediated catalysis (Figure 2.3F), similar to that 

of Au@mSiO2 nanorods (Figure 2.2G). Again, this saturation kinetics of 1 is insensitive to the 

presence of the kinetic intermediate that is unmasked by the distribution of  in Figure 2.3B-C.  
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Figure 2.3 Single 5.3 nm pseudospherical Au nanoparticle catalysis. (A) Fluorescence intensity 

versus time trajectory of a single 5.3 nm pseudospherical Au nanoparticle under catalysis at [AR] 

= 2 M and [H2O2] = 60 mM. (B, C) Distributions of  from two 5.3 nm Au nanoparticles when 

[AR] was 0.8 M (B) and 2 M (C), respectively. H2O2 concentration was kept at 60 mM.  Solid 

lines are fits with 𝑦 = 𝐴 ∙ (𝑒−𝑘1𝜏 − 𝑒−𝑘2𝜏) (Equation (2.1)). (D, E) Dependences of the apparent 

rate constants k1 and k2 on [AR]; each data point is an average from ~90 nanoparticles. Solid lines 

are fits as those in Figure 2.2E-F. (F) Dependence of 1 on [AR]; data averaged over ~570 

nanoparticles. [H2O2] was kept at 60 mM. Solid line is a fit as those in Figure 2.2G. Error bars in 

D-F are all s.e.m.  
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2.3.4 Mechanism of Catalysis  

 The single-turnover kinetics of single Au@mSiO2 nanorods and single 5.3 nm Au 

nanoparticles above show that the surface-catalyzed oxidative deacetylation of amplex red by H2O2 

involves a kinetic intermediate straddled by two rate-determining steps (Figures 2.2B-D and 2.3B-

C). The kinetics of one of the two steps is dependent on [AR], whereas the other is independent 

(Figures 2.2E-F and 2.3D-E). The catalysis also directly involves surface-adsorbed amplex red 

molecules, as evidenced by the saturation behavior of the single-particle turnover rate 1 vs. [AR] 

(Figures 2.2G and 2.3F). 

 Unfortunately, titrating [H2O2] in single-molecule imaging of single-nanoparticle catalysis 

is unreliable: the concentration of dilute H2O2 solutions is unstable, but the single-nanoparticle 

catalysis measurements need a long observation time (>1 h) to observe a sufficient number of 

catalytic turnovers per particle for accumulating statistics on. Nevertheless, we performed titration 

of the catalytic reaction rate vs. [H2O2] at the ensemble level, using 5.3 nm pseudospherical Au 

nanoparticles as a representative because they are less inhomogeneous in  size (Figure 2.1C) (the 

Au@mSiO2 nanorod sample contains a mixture of pseudospherical particles and nanorods, which 

are more problematic for ensemble-averaged measurements; Figure 2.1B and SI Figure S2.1C). 

The reaction rate shows saturation kinetics with increasing [H2O2] (Figure 2.4A), supporting that 

the catalysis involves adsorption of H2O2 onto the particle surfaces. 

 To account mechanistically for the observed single-turnover catalytic kinetics of 

Au@mSiO2 nanorods and 5.3 nm Au nanoparticles, we first considered the following reaction 

sequence for the surface-catalyzed oxidative deacetylation of amplex red to resorufin by H2O2 

(Scheme 2.1, and SI Section 2.6.4). This catalyzed reaction has overall a 1:1 reaction stoichiometry 

between amplex red and H2O2, as we determined previously (Figure 2.1A)37, and for amplex red, 

it is overall a two-electron oxidation reaction. 
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 In this overall reaction sequence (Scheme 2.1), the two reactants first adsorb reversibly to 

the Au surface (step i). The adsorbed H2O2 can undergo a reversible hemolytic OO bond cleavage 

to generate surface-bound OH radicals (step ii). Then the reaction proceeds via a one-electron 

oxidation of amplex red by a surface-bound OH radical, generating a radical species AR (step 

iii). A subsequent 2nd electron oxidation generates the product resorufin (step iv). The deacetylation 

of amplex red could be accompanying the 1st or the 2nd oxidation step, or occur as a separate step 

that is not explicitly included here, and both or either step can be coupled with proton transfer as 

well. 

 It is known that Au surface can catalyze H2O2 decomposition to form OH radicals,69-74 

and this reaction is reversible.74 To test the involvement of OH radical in the reaction pathway, we 

examined the effect of DMSO, a known effective scavenger of OH radicals,75-80 on the catalytic 

kinetics at the ensemble level, again using 5.3 nm Au nanoparticles as the representative. The 

catalytic reaction rate is strongly quenched by DMSO in the solution (Figure 2.4B), consistent with 

the involvement of OH radical in the reaction pathway. The involvement of the AR radical in the 

oxidation of amplex red to form resorufin has been described in the catalysis by the enzyme 

horseradish peroxidase.81-83  

 Our previous studies on small ( 15 nm in diameter) bare Au nanoparticles in catalyzing a 

different reductive reaction34-36 and the current results on 5.3 nm Au nanoparticles show that we 

could directly detect the fluorescence of the product resorufin on their surfaces. For Au@mSiO2 

nanorods, the generated resorufin on the Au nanorod surface could potentially be fluorescently 

quenched due to the proximity to the Au surface, before desorbing from Au nanorod surface and 

getting temporarily trapped in the mSiO2 shell. Regardless, this fluorescence-quenched state of the 

product cannot be the observed kinetic intermediate, as the intermediate is still present for the bare 

5.3 nm Au nanoparticles.  
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 In Scheme 2.1, step i can be assumed to follow a fast adsorption-desorption equilibrium, 

in which amplex red and H2O2 each follow a Langmuir adsorption behavior onto different types of 

surface sites, which would be consistent with the saturation kinetics observed with increasing 

reactant concentrations. The two rate-determining steps observed experimentally should come from 

the remaining three reaction steps (i.e., steps ii, iii, and iv), involving two possible reaction 

intermediates: the surface-adsorbed OH radical or the surface-adsorbed one-electron-oxidized 

amplex red radical AR.  

 The OH radical being the observed kinetic intermediate is significantly disfavored for two 

reasons (see SI Section 2.6.4.2 for details): (1) Based on the measurements of Lunsford et al.,74 the 

OO bond cleavage rate of H2O2 to generate OH on Au surfaces is estimated to be around 0.1 

mol cm2 s1. For Au@mSiO2 nanorods and 5.3 nm Au nanoparticles with average surface areas 

of 10-10 cm2 and 10-12 cm2, respectively, this OO bond cleavage rate would correspond to 107 and 

105 s1particle1, at least 6 orders of magnitude larger than their observed highest turnover rates at 

~2 and ~0.04 s1particle1 (Figure 2.2G and Figure 2.3F). (2) The apparent rate constants of the two 

rate-determining steps would both be predicted to be dependent on [AR] (SI Section 2.6.4.2), which 

is in conflict with the results in Figures 2.2E-F and 2.3D-E where only one of the rate-determining 

steps is dependent on [AR].  Therefore, the AR radical, not the OH radical, is likely the kinetic 

intermediate observed, and the steps iii and iv in Scheme 2.1 are the two rate-determining steps 

with the apparent rate constants kapp1 and kapp2, respectively. 

 Assuming the OO bond cleavage of H2O2 to generate OH establishes a fast equilibrium 

on Au surfaces, the reaction sequence in Scheme 2.1 reduces to the minimal kinetic mechanism in 

Scheme 2.2. The probability density function f() of the microscopic reaction time  for this 

simplified kinetic scheme has been derived previously21, 26, 63 and described in detail in SI Section 

2.6.4: 
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 𝑓(𝜏) =
𝑘app1𝑘app2

𝑘app2−𝑘app1
(𝑒−𝑘app1𝜏 − 𝑒−𝑘app2𝜏) (2.2) 

f() contains two exponentials, behaving with an initial exponential rise followed by an exponential 

decay, as observed experimentally (Figures 2.2B-D and 2.3B-C). And kapp1 and kapp2 here 

correspond to k1 and k2 in the empirical Equation (2.1), respectively. 

 Using classic Langmuir-Hinshelwood kinetics for surface catalysis where AR and OH 

adsorb onto different types of surface sites, we can derive that kapp1 and kapp2 take the following 

forms (see derivations in SI Section 2.6.4): 

 

𝑘app1 = 𝛾eff1
𝐺A[A]

1+𝐺A[A]

𝐺B
1/2[H]1/2

1+𝐺B
1/2[H]1/2

 
[H]→∞
→     𝛾eff1

𝐺A[A]

1+𝐺A[A]
 (2.3) 

𝑘app2 = 𝛾eff2
𝐺B

1/2[H]1/2

1+𝐺B
1/2[H]1/2

 
[H]→∞
→     𝛾eff2   (2.4) 

Here GA is the adsorption equilibrium constant of amplex red. GB is the equilibrium constant for 

H2O2 adsorption to directly become two adsorbed OH. 𝛾eff1 = 𝛾1𝑛A𝑛B, 𝛾eff2 = 𝛾2𝑛B, where 1 

and 2 are two rate constants and nA and nB are respectively the total numbers of adsorption sites 

for amplex red and OH on a particle. [A] (i.e., [AR]) and [H] are the solution concentrations of 

amplex red and H2O2, respectively. Moreover, when H2O2 in the solution goes to saturation 

concentrations (e.g., at 60 mM in our experiment), 
𝐺B

1/2[H]1/2

1+𝐺B
1/2[H]1/2

→ 1. Clearly, kapp1 is dependent on 

[A] (the amplex red concentration)  it increases with increasing [A] and eventually saturates  

whereas kapp2 is independent of [A], as observed experimentally for the two exponents in the 

distributions of  (Figures 2.2E-F and 2.3D-E).   

 1, the time-averaged single-particle rate of turnovers, takes the form at saturating H2O2 

concentrations: 

〈𝜏〉−1 =
𝛾eff1𝐺A[A]

1+(1+
𝛾eff1
𝛾eff2

)𝐺A[A]

𝛾eff2≫𝛾eff1
→       

𝛾eff1𝐺A[A]

1+𝐺A[A]
  (2.5) 
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With increasing amplex red concentration, 1 is predicted to show the typical saturation kinetics, 

consistent with experimental results (Figure 2.2G and 2.3E), and non-informative about the 

presence of the kinetic intermediate. The limiting form of Equation (2.5) at eff2 >>eff1 is identical 

to the classic Langmuir-Hinshelwood rate equation for the case there is merely one rate-

determining step and no kinetic intermediate is present, which we used previously.38    
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Figure 2.4 Ensemble reaction rates catalyzed of bare 5.3 nm pseudospherical Au nanoparticles. (A) 

Dependence on H2O2 concentration at [AR] = 1 M. Solid line is a fit with 𝑣 =
𝑘𝐺1/2[H]1/2

1+𝐺1/2[H]1/2
, which 

is equivalent to the SI Equation S2.16 (SI Section 2.6.5) at saturating [A]. [H] is the H2O2 

concentration. (B) Dependence on DMSO concentration in the reaction solution at [AR] = 10 M 

and [H2O2] = 50 M. Solid line is a spline connection for visual guide. All experiments here were 

carried out in 50 mM pH 7.3 degased phosphate buffer with ~0.44 nM Au nanoparticles as the 

catalyst. Error bars are S.E. 

 

Scheme 2.1 Possible reaction steps of amplex red oxidation by H2O2 catalyzed on Au nanoparticle 

surfaces a 

 

a M: Au nanocatalyst; A: amplex red; H: H2O2; B: OH radical; I: intermediate AR; P: 

fluorescent product resorufin. For example, MAmB2n represents a Au nanorod/nanoparticle having 

m adsorbed amplex red molecules and 2n OH.  
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Scheme 2.2 Minimal kinetic mechanism 

 

 

 

2.3.5 Inhomogeneity and Size-dependence of Nanocatalyst Reactivity  

 The formulation of the effective kinetic mechanism in Scheme 2.2 and the corresponding 

expressions for f(), kapp1 and kapp2 in Equations (2.2)-(2.4) allowed us to fit the experimental results 

to determine the kinetic parameters for each catalyst particle. For each Au@mSiO2 nanorod, the 

data collected at all [AR] were globally fitted (e.g., fitting the distributions of  in Figure 2.2B-D, 

or the k1 and k2 in Figure 2.2E-F) to obtain its eff1 (=1nAnB), eff2 (=2nB), and GA. These nanorods 

are sufficiently large to be easily identifiable in their SEM image (SI Figure S2.2),38 from which 

the core length of each nanorod can be obtained using known mSiO2 shell thickness (~80 nm, SI 

Section 2.6.1.3).38 For each 5.3 nm Au nanoparticle, its distribution of  at a [AR] was fitted to 

obtain its eff1, eff2, and GA (e.g., Figure 2.3B-C). 

 In general, Au@mSiO2 nanorods are more active on a per particle basis than the 5.3 Au 

nanoparticles, reflected by their ~20 times and ~2 times larger average eff1 and eff2 values, 

respectively (Figure 2.5A, B vs. E, F). It is not surprising, as the nanorods are much larger and thus 

have more surface sites per particle. The distributions of eff1, eff2, and GA for the Au@mSiO2 

nanorods are all broad (Figure 2.5A, B and C), reflecting the large reactivity inhomogeneity among 

the individual nanorods. This large reactivity inhomogeneity is also observed among the individual 

5.3 nm Au nanoparticles (Figure 2.5E, F and G). For these inhomogenieties, single-nanoparticle 

catalysis measurements are uniquely capable of quantifying them, for example here by the 

distributions of the respective kinetic parameters. 
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 For the individual Au@mSiO2 nanorods, the availability of their lengths from SEM also 

allowed for examining their size-dependent catalytic properties. Their eff1 (=1nAnB) represents the 

combined reactivity of all the sites on a single nanorod in the first one-electron oxidation of AR to 

AR by OH (the first rate-determining step in Scheme 2.2); eff1 shows a clear positive correlation 

with the nanorod length (i.e., L; Figure 2.5A, left), attributable to a larger number (i.e., nA and nB) 

of reactive sites on longer nanorods. However, once normalized by the nanorod length, eff1/L 

decreases with increasing length (Figure 2.5D), suggesting that longer Au@mSiO2 nanorods have 

smaller specific reactivity (i.e., 1) for the reaction of AR oxidation to AR. In contrast, eff2 (=2nB), 

which represents the combined reactivity of all sites on a single nanorod for the second one-electron 

oxidation of AR to P (the second rate-determining step in Scheme 2.2), shows no clear dependence 

on the nanorod length (Figure 2.5B, left), even though longer nanorods presumably have more 

reactive sites of the nB type. This independence might result from opposite dependences of 2 and 

nB on nanorod length, thus canceling each other. GA, being the adsorption equilibrium constant of 

amplex red, does not show any clear dependence on the nanorod length, either (Figure 2.5C, left). 
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Figure 2.5 (A-C) Left: Scatter plots of 𝛾eff1, 𝛾eff2, and GA versus the core length for individual 

Au@mSiO2 nanorods. Each black cross represents one nanorod (total 257 nanorods). The nanorods 

are then binned every 25 nanorods according to their core length L and averaged to obtain the 

dependences of 𝛾eff1, 𝛾eff2, and GA on L (red circles). Right, the corresponding histograms of 𝛾eff1, 

𝛾eff2 , and GA. The averaged values are 〈𝛾eff1〉 = 1.20 ± 0.04  s
-1, 〈𝛾eff2〉 = 38.4 ± 4.7  s

-1, and 

〈𝐺A〉 = 9.3 ± 0.7 M-1 (errors here are s.e.m). (D) Dependence of 𝛾eff1/L on nanorod length. Each 

point is an average of 25 nanorods. (E-G) Distributions of 𝛾eff1 , 𝛾eff2  and GA for 5.3 nm 

pseudospherical Au nanoparticles. Their averaged values are 〈𝛾eff1〉 = 0.068 ± 0.003s-1, 〈𝛾eff2〉 =

15.0 ± 0.5s-1, and 〈𝐺A〉 = 8.4 ± 0.7 M-1. X error bars are s.d.; y error bars are s.e.m. 
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2.4 Conclusion 

 Using single-molecule fluorescence microscopy, we have studied the single-molecule 

kinetics of individual Au@mSiO2 nanorods and bare 5.3 nm pseudospherical Au nanoparticles in 

catalyzing the oxidative deacetylation of amplex red to resorufin by H2O2. For both nanocatalysts, 

the distributions of the microscopic reaction time from a single catalyst particle clearly reveal a 

kinetic intermediate straddled by two rate-determining steps. This surface reaction intermediate is 

hidden when the data are averaged over many particles or only the time-averaged turnover rates 

are examined for a single particle, demonstrating the necessity of both single-turnover and single-

particle resolution in unmasking this reaction intermediate. The kinetic (in)dependence of the two 

rate-determining steps on the reactant concentration allows for the formulation of a reaction 

mechanism that can describe quantitatively the catalytic kinetics, which, in combination with 

literature results, supports that the intermediate is likely a surface-adsorbed one-electron-oxidized 

amplex red radical. The quantitative kinetics also gives kinetic parameters of the reaction steps for 

each catalyst particle, allowing the evaluation of the large reactivity inhomogeneity among the 

individual nanorods and pseudospherical nanoparticles. Parallel SEM imaging further enables the 

correlation of each Au@mSiO2 nanorod’s reactivity with its length, uncovering its size-dependent 

reactivity in catalyzing the first one-electron oxidation of amplex red to the radical. We envision 

that such single-molecule kinetic studies should be broadly useful for dissecting reaction kinetics 

and mechanism in heterogeneous catalysis, where the catalyst heterogeneity is a ubiquitous 

challenge for which ensemble-averaging could mask the kinetic signatures of reaction 

intermediates. 
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2.6 Supporting Information 

2.6.1 Au nanocatalysts preparation and characterization 

2.6.1.1 Preparation of Au@mSiO2 nanorods 

 Au@mSiO2 nanorods were made by first synthesizing the Au nanorods via seeded growth 

(following Murphy et al.1), then coating the nanorods with a silica shell, and then base etching the 

shell to make it mesoporous, as reported in detail by us previously.2  

 For the seeded growth to make Au nanorods, pseudospherical Au seeds were first prepared 

by adding 0.6 mL 0.1 M of ice cold NaBH4 into 20 mL aqueous solution containing 2.5 × 104 M 

HAuCl4 (Aldrich) and 2.5 × 104 M trisodium citrate (J. T. Baker). To grow the nanorods, 1 mL of 

the as-prepared seed solution was added into three identical growth solutions constituted by 2.5 × 

104 M HAuCl4, 0.1 M cetyltrimethylammonium (CTAB) (Aldrich), and 5.6 × 104 M ascorbic 

acid (EM Science) sequentially. The volumes of the growth solutions were 9, 18 and 180 mL, 

respectively, while the growth times were 15 s, 30 s, and overnight.  

 To grow the silica shell on the nanorods, a freshly prepared 150 L ethanol solution of 0.54 

mM 3-mercaptopropyltrimethoxysilane (MPTMS) was added to 4 mL of the final Au nanorod 

solution with vigorous stirring. After 30 min, 150 L of 0.54% w/v aqueous Na2SiO3 solution was 

added and stirred for another 48 hours to form a thin layer of silica on Au nanorods. Further growth 

of the silica shell was done by adding 160 L, 10 v% tetraethyl orthosilicate (TEOS) (Aldrich) 

under stirring, following the procedure by Stöber et al.3 The silica-coated Au nanorods were then 

etched with NaOH in the presence of CTAB to make the shell mesoporous. 70 L 0.1 M NaOH 

and 140 L 0.1 M CTAB was added under stirring at room temperature for 15 min. The solution 

was then transferred to 363 K oil bath and left unstirred for 2 hours. After recovering the 

Au@mSiO2 nanorods by centrifugation, they were first heated in air at 373 K for 2 hours, then 
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calcinated at 773 K for another 1 hour to remove the capping ligands and other organic components 

while the Au nanorod cores maintain their morphology as analyzed by TEM.2 

 

2.6.1.2 Structural characterization of Au nanocatalysts  

The Au nanocatalysts were structurally characterized by TEM. Figure S2.1A (same as 

Figure 2.1C in the main text) is the TEM of pseudospherical Au nanoparticles (Ted Pella JME1052). 

The averaged diameter is measured to be 5.3 ± 0.7 nm (Figure S2.1B). For the Au@mSiO2 

nanorods, the lengths of Au nanorod cores are poly-disperse, ranging from ~100 nm to 600-700 nm 

(Figure S2.1C, and Figure 2.1B in the main text), but their diameters are monodisperse, as we 

reported previously:2 the averaged diameter of the Au core of samples used in this study is 21.4  

3.2 nm, with the mSiO2 shell about 80 nm in thickness.2 The Au@mSiO2 sample usually is a 

mixture of nanorods, nanoparticles and nanoplates (Figure S2.1C), but the nanorods are easily 

identified in our single-molecule imaging measurements as well as in the parallel SEM images (e.g., 

Figure S2.2 below).4  

 

Figure S2.1 (A) TEM image of pseudospherical 5.3 nm Au nanoparticles. (B) Distribution 

of nanoparticle diameter from A. Red curve is a Gaussian fit. (C) TEM image of mSiO2 

coated Au nanorods coexisting with nanoplates and nanoparticles. 
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2.6.1.3 Determining the lengths of Au nanorod core from the SEM images of individual 

Au@mSiO2 nanorods 

The nanorod length used in the main text (Figure 2.5A-C and section 2.3.5) refers to the 

length of the Au nanorod core of a Au@mSiO2 nanorod. It was determined from the SEM image 

(Figure S2.2) of the same sample after the single-molecule catalysis imaging measurements, from 

which the overall length (including the mSiO2 shell) was directly determined. With the known 

mSiO2 shell thickness (~80 nm) from TEM characterization, the length of the Au nanorod core was 

then deduced. The details about the combined TEM and SEM characterization of the Au@mSiO2 

nanorods were reported in our previous publication.2  

 

 

Figure S2.2 SEM image of Au@mSiO2 nanorods after single-molecule catalysis imaging 

measurements. The individual nanorods are clearly identifiable. 

 

2.6.2 Analysis procedures to extract the fluorescence intensity vs time trajectories during 

catalysis of single nanocatalysts 

 

 The 5.3 nm pseudospherical Au nanoparticles are invisible in fluorescence microscopy 

owing to their small size. Under catalysis, the detected emission signal comes entirely from the 
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laser-induced fluorescence of the catalytic reaction product resorufin. On the other hand, the Au 

nanorods within Au@mSiO2 nanorods have intrinsic stable emission under laser excitation,2, 5-7 and 

the fluorescence of the reaction products during catalysis appears on top of a constant nanorod 

emission background. Therefore, two different analysis procedures were used to analyze the 

fluorescence movies to extract the fluorescence intensity versus time trajectories for individual 5.3 

nm pseudospherical Au nanoparticle and Au@mSiO2 nanorods, respectively. The analysis 

procedures are each described below.   

 

2.6.2.1 Analysis procedures for 5.3 nm pseudospherical Au nanoparticles 

A simple, low computational cost procedure was used here, as described previously.8-10 A 

home-written IDL program was used to extract fluorescence trajectories throughout the entire 

movie. Intensities of localized fluorescence spots were obtained by integrating the signal counts 

over a ~7 × 7 pixel area (each pixel ~267 nm). Integration over different fluorescence spots were 

running parallel to each other, giving an output file containing all the fluorescence trajectories from 

the many individual nanoparticles in the movie. For each single trajectory, the microscopic reaction 

time τ was extracted as the time between a fluorescent burst and its subsequent one (reference 

Figures 2.2A and 2.3A in the main text).  

 

2.6.2.2 Analysis procedures for Au@mSiO2 nanorods  

The analysis of the fluorescence signals from individual Au@mSiO2 nanorods was 

described in detail in our previous publication.2 Briefly, the fluorescence trajectory for each 

Au@mSiO2 nanorod during catalysis was first obtained by integrating fluorescence counts within 

a ~7 × 7 pixel area, which is sufficiently large to encompass the entire nanorod as well as the 

fluorescence signal of the catalytic product. A two-stage fluorescence intensity thresholding 
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procedure was used, as described in detail previously,2 to select fluorescence signals from the 

catalytic products while suppressing nanorod emission contributions. The image frames 

corresponding to the selected fluorescence bursts were further analyzed. The intrinsic emission 

signal from the nanorod was first subtracted and the remaining fluorescence image (in a 1313 

pixel area) was fitted with a 2D Gaussian function (as an approximation to the fluorescence point 

spread function, PSF) on top of a sloping background. This fitting generates the center position (x0, 

y0) of the fluorescent molecule, the errors/uncertainties (Erx, Ery) of the center position, and the 

widths (x, y) of the PSF. Based on the PSF fitting results, the fluorescence bursts selected from 

the prior intensity thresholding were further filtered by two criteria: (1) The errors of the center 

position in PSF fitting, Erx, Ery, should be less than 1000 nm; this removes the signals having poor 

signal-to-noise ratios. (The average Erx and Ery is about 10-20 nm.2) (2) 𝜎𝑥 and 𝜎𝑦, the widths of 

the fitted PSF, should be  80 nm <  𝜎𝑥 or 𝑦 < 1000 nm , as the rest are unreasonable for the 

fluorescence PSF of a single molecule. (The average x and y is about 180 nm.2) After these 

additional filtering, the final catalytic fluorescence events were registered, including the timing of 

each event and the location of each catalytic product molecule. The time separations, i.e., , 

between temporally neighboring events were determined. 

 

2.6.2.3 Distribution of fluorescence burst on-time during catalysis by Au nanocatalysts 

The duration (i.e., on-time) of each fluorescent bursts represents the waiting time for a 

product resorufin molecule to fully dissociate from the nanocatalyst. The average on-time for 

Au@mSiO2 nanorods and 5.3 nm Au nanoparticles are around 100 ms and 50 ms, respectively 

(Figure S2.3A and B), which are much shorter than their respective average τ. In this study, on-

time was not analyzed separately and was included in τ.  
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Figure S2.3 Distribution of fluorescence burst on-time from: (A) Compiled ~ninety 

Au@mSiO2 nanorods at [AR] = 50 nM; (B) Compiled ~ninety 5.3 nm Au nanoparticles at 

[AR] = 1.2 M. [H2O2] was kept at 60 mM for both (A) and (B).  

 

2.6.3 The distributions of , once compiled from many nanocatalysts, lose the characteristic 

rise-followed-by-decay behavior from the kinetic intermediate 

2.6.3.1 Distributions of  compiled from many Au@mSiO2 nanorods  

Figure S2.4 shows the distributions of  compiled from 90 Au@mSiO2 nanorods at two 

different [AR]. Compared with the distribution of  from a single Au@mSiO2 nanorod (e.g., Figure 

2.2B, C and D in the main text), the initial rise part of the  distribution is indiscernible, and the 

distributions show apparent single-exponential decay behavior, which is most often seen in single-

molecule kinetics. This indiscernibility results from the heterogeneity in catalytic kinetics among 

the nanorods, and it indicates that even with single-turnover resolution, single-particle level 

measurements are needed as well to unmask the kinetic intermediate. 
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Figure S2.4 Distribution of  compiled from 90 Au@mSiO2 nanorods at [AR] = 50 nM 

(A) and [AR] = 100 nM (B). H2O2 concentration was kept at 60 mM. Solid red lines are 

fits with 𝑦 = 𝐴 ∙ 𝑒−𝑘𝜏. 

 

2.6.3.2 Distributions of  compiled from many 5.3 nm Au nanoparticles 

Figure S2.5 shows the distributions of  compiled from two sets of 5.3 nm Au nanoparticles. 

Each set contains ~80 nanoparticles. Again the initial-rise-and-then-decay behavior observed from 

a single 5.3 nm Au nanoparticle (Figure 2.3B in the main text) cannot be clearly discerned in the 

compiled data. The distributions only contain the decay part, which can be well fitted with a single-

exponential decay function. 

 

Figure S2.5 Distribution of  compiled from ~eighty 5.3 nm Au nanoparticles at [AR] = 

0.5 M (A) and [AR] = 1.2 M (B). H2O2 concentration was kept at 60 mM. Solid red lines 

are fits with 𝑦 = 𝐴 ∙ 𝑒−𝑘𝜏. 
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2.6.4 Kinetic mechanism and derivation of the probability density function f() of the 

microscopic reaction time  

 

 Our previous study showed that amplex red oxidation by H2O2 generates the resorufin and 

acetate, in amplex-red:H2O2:resorufin:acetate = 1:1:1:1 stoichiometry, which is described by the 

balanced chemical equation in Scheme S2.1.9 Overall, it involves a two-electron oxidation of 

amplex red.  

 

Scheme S2.1 Balanced chemical equation of oxidative deacetylation of amplex red by 

H2O2 to generate resorufin, acetate, and water 

 

  

Scheme S2.2 Possible mechanism of catalysis a 

 

a M: Au nanocatalyst; A: amplex red; H: H2O2; B: OH radical; I: the intermediate AR; 

P*: resorufin molecule in a possibly fluorescence-quenched state; P: fluorescent product 
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resorufin. MAmB2n represents a Au nanorod/nanoparticle having m adsorbed amplex red 

molecules and 2n OH. 

 

  

Scheme S2.2 presents a possible reaction sequence for surface-catalyzed oxidative deacetylation of 

amplex red to resorufin on Au nanocatalysts, which has 1:1 reaction stoichiometry between amplex 

red and H2O2. The two reactants first adsorb reversibly to the Au surface (step i). The adsorbed 

H2O2 then undergoes a reversible hemolytic O-O bond cleavage to generate surface-bound OH 

radicals (step ii). The presence of OH radicals in the reaction pathway is supported by our 

observation that the catalytic rate is strongly quenched by DMSO (Figure 2.4B in the main text), a 

known effective OH quencher.11-16 It is also known that Au surface can catalyze H2O2 

decomposition to form OH radicals,17-23 and this reaction is likely reversible.23 Then the reaction 

proceeds via a one-electron oxidation of AR by a surface bound OH radical, generating a radical 

species AR (step iii). A subsequent 2nd electron oxidation generates the product resorufin (step iv). 

The deacetylation could be accompanying the 1st or the 2nd oxidation step, or occur as a separate 

step that is not explicitly included here. Although our previous studies on small ( 15 nm in 

diameter) bare Au nanoparticles showed that we could directly detect the fluorescence of P on their 

surfaces, for the Au@mSO2 nanorods here, the generated P on the Au nanorod surface could 

potentially be fluorescently quenched (i.e., P*) due to the proximity to the Au surface, before 

desorbing from Au nanorod surface (step v) and getting temporarily trapped in the mSiO2 shell of 

the Au@mSiO2 nanorods. We will justify below that P*, the fluorescence-quenched species, either 

does not exist in the reaction pathway or at least does not exist in a kinetically relevant fashion (i.e., 

step v is very fast). 
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 The distributions of the microscopic reaction time  from our single-molecule catalysis 

measurements (Figures 2.2B-D and Figures 2.3B-C in the main text) have shown that the reaction 

kinetics contains two rate-determining steps straddling over one kinetic intermediate. In Scheme 

S2.2, step i can be assumed to follow a fast adsorption-desorption equilibrium, in which amplex 

red and H2O2 each follow a Langmuir adsorption behavior onto different types of surface sites, 

which would be consistent with the saturation kinetics observed with increasing reactant 

concentrations (Figure 2.2G, Figure 2.3F, Figure 2.4A and Equation (S2.16) later). The 

fluorescence-quenched P* species on the Au surface could not be the observed kinetic intermediate; 

otherwise, the desorption of P* to become P that is temporarily trapped in the mSiO2 shell would 

be one of the rate-determining steps, but this step does not exist for the bare 5.3 nm Au nanoparticles 

for which the kinetic intermediate is still observed (Figure 2.3B-C in the main text).  Thus, step v 

in Scheme S2.2 is not a kinetically relevant step, and is not included in the mechanism in Scheme 

2.1 in the main text.  

 Therefore, the two rate-determining steps observed experimentally should come from the 

remaining three reaction steps in Scheme S2.2 (i.e., step ii, iii, and iv), involving two possible 

reaction intermediates, the one-electron-oxidized amplex radical AR and the OH radical. The 

involvement of the AR radical in the oxidation of amplex red to form resorufin has been shown 

in the catalysis by the enzyme horseradish peroxidase.24-27 The involvement of OH radical in the 

reaction is supported by our observation that DMSO can quench the reaction (Figure 2.4B in the 

main text). Below we will treat the two possibilities separately. And later we will present evidences 

that argue against OH being the reaction kinetic intermediate observed in our single-molecule 

kinetics. 

 



63 

 

 2.6.4.1 Mechanism 1: Surface-adsorbed AR being the kinetic intermediate. Assuming 

the amplex red radical (AR) being the observed reaction intermediate, steps iii and iv are then the 

two rate-determining steps, with all other steps being fast in Scheme S2.2. Consequently, the 

reaction mechanism reduces to the effective kinetic mechanism in Scheme S2.3 with only two 

kinetic steps: 

 

Scheme S2.3 Reduced effective kinetic mechanism with AR being the observed reaction 

intermediate 

 

Here MAmB2n is a Au nanocatalyst (i.e., M) with surface adsorbed amplex red (i.e., A) and HO 

radical (i.e., B) in rapid equilibrium with amplex red and H2O2 in solution. I stands for the amplex 

red radical AR, P for the final product resorufin. m is the number of amplex red molecule adsorbed 

on the catalyst particle surface and 2n is the number of OH radical adsorbed.  kapp1 and kapp2 are 

the two corresponding apparent rate constants. The first step involves amplex red; its associated 

apparent rate constant kapp1 is expected to be dependent on the concentration of amplex red on the 

catalyst surface and thus on its concentration in solution. The second step is expected to be 

independent of amplex red concentration. Our experimental results in Figure 2.2E-F and Figure 

2.3D-E in the main text show that the amplex-red-concentration-independent step (which 

corresponds to kapp2 here; see the derived Equation (S2.8) below) is one magnitude faster than the 

amplex-red-concentration-dependent step (which corresponds to kapp1 here; see Equation (S2.7) 

below). Therefore, in Scheme S2.3, the formation of the intermediate I is slower, and it is followed 



64 

 

by a faster consumption step. Therefore, we assume no intermediate accumulation on catalytic 

surface.  

 The apparent rate constants kapp1 and kapp2 take the following forms: 

 𝑘app1 = 𝛾1𝑚(2𝑛) (S2.1) 

 𝑘app2 = 𝛾2(2𝑛 − 1)(1) ≈ 𝛾2(2𝑛) (S2.2) 

where 1 and 2 are rate constants. 

  Assuming noncompetitive adsorption between amplex red and H2O2/HO on the 

nanoparticle surface (i.e., they adsorb onto different types of surface sites), Langmuir adsorption 

model gives: 

 𝑚 = 𝑛A𝜃A (S2.3) 

 2𝑛 = 𝑛B𝜃B (S2.4) 

where nA and nB are the total number of adsorption sites for amplex red and HO respectively; 𝜃A 

and 𝜃B are the respective fractions of surface sites occupied by amplex red and OH. For simple 

unimolecular Langmuir adsorption of amplex red, A takes the form:28 

  𝜃A =
𝐺A[A]

1+𝐺A[A]
 (S2.5) 

where GA is the adsorption equilibrium constant of amplex red and [A] is the amplex red 

concentration in solution. On the other hand, HO radical comes from the O-O bond cleavage of 

H2O2 upon adsorption, and each H2O2 molecules generates two OH; here B takes the form:28 

 
𝜃B =

𝐺B
1/2[H]1/2

1 + 𝐺B
1/2[H]1/2

 
(S2.6) 

In Equation (S2.6), GB represents the equilibrium constant for H2O2 adsorbing to directly become 

two adsorbed HO (i.e., steps i and ii in Scheme 2.2 collapse into one effective adsorption 
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equilibrium, with minimal H2O2 adsorbed as intact molecules on Au surfaces), and [H] is the H2O2 

concentration in solution. Therefore, 

 
𝑘app1 = 𝛾1𝑛A𝑛B

𝐺A[A]

1 + 𝐺A[A]

𝐺B
1/2[H]1/2

1 + 𝐺B
1/2[H]1/2

= 𝛾eff1
𝐺A[A]

1 + 𝐺A[A]

𝐺B
1/2[H]1/2

1 + 𝐺B
1/2[H]1/2

 

 

(S2.7) 

 
𝑘app2 = 𝛾2𝑛B

𝐺B
1/2[H]1/2

1 + 𝐺B
1/2[H]1/2

= 𝛾eff2
𝐺B
1/2[H]1/2

1 + 𝐺B
1/2[H]1/2

 
(S2.8) 

where 𝛾eff1 = 𝛾1𝑛A𝑛B  and 𝛾eff2 = 𝛾2𝑛B . At saturating H2O2 concentrations, 
𝐺B

1/2[H]1/2

1+𝐺B
1/2[H]1/2

→ 1, 

Equations (S2.7) and (S2.8) reduces to:  

 
𝑘app1 = 𝛾eff1

𝐺A[A]

1 + 𝐺A[A]
 

(S2.9) 

 

 𝑘app2 = 𝛾eff2 (S2.10) 

 

 The single-molecule probabilistic rate equations for Scheme 2.3 are: 

 d𝑃MA𝑚B2𝑛

d𝑡
= −𝑘app1𝑃MA𝑚B2𝑛

 
(S2.11) 

 

 d𝑃MA𝑚−1B2𝑛−1−I

d𝑡
= 𝑘app1𝑃MA𝑚B2𝑛 − 𝑘app2𝑃MA𝑚−1B2𝑛−1−I 

(S2.12) 

 

 d𝑃MA𝑚−1B2𝑛−2−P

d𝑡
= 𝑘app2𝑃MA𝑚−1B2𝑛−1−I  

(S2.13) 
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where P represents the probability of finding the nanoparticle at each state. The initial conditions 

are 𝑃MA𝑚B2𝑛
= 1, 𝑃MA𝑚−1B2𝑛−1−I = 0, and 𝑃MA𝑚−1B2𝑛−2−P = 0; and the boundary condition is 

𝑃MA𝑚B2𝑛
+ 𝑃MA𝑚−1B2𝑛−1−I + 𝑃MA𝑚−1B2𝑛−2−P = 1.  

 If f() is the probability density function of the microscopic reaction time , 𝑓(𝜏)∆𝜏 is the 

probability of finding a particular τ. This probability is equal to the probability of switching from 

𝑃MA𝑚−1B2𝑛−1−I  to  𝑃MA𝑚−1B2𝑛−2−P  between t =  and t =  + , which is ∆𝑃MA𝑚−1B2𝑛−2−P. Thus 

the probability density function f() equals to 
d

d𝑡
𝑃MA𝑚−1B2𝑛−2−P|𝑡= . Solve equations (S2.11)-

(S2.13) for 𝑃MA𝑚−1B2𝑛−2−P, we have: 

 
𝑓(𝜏) =

𝑘app1𝑘app2

𝑘app2 − 𝑘app1
(𝑒−𝑘app1𝜏 − 𝑒−𝑘app2𝜏) 

(S2.14) 

 

 Note that Equation (S2.14) has the same form as the empirical equation 𝑦 = 𝐴 ∙

(𝑒−𝑘1𝜏 − 𝑒−𝑘2𝜏) (Equation (2.1) in the main text) used in fitting Figure 2.2B-D and Figure 2.3B-

C in the main text. Therefore, kapp1 and kapp2 correspond to k1 and k2 for this mechanism.  

 Replacing kapp1 and kapp2 using equations (S2.7)-(S2.8): 

 
𝑓(𝜏) =

𝛾eff1𝐺A[A]

𝛾eff2 + (𝛾eff2 − 𝛾eff1)𝐺A[A]
∙
𝛾eff2𝐺B

1/2[H]1/2

1 + 𝐺B
1/2[H]1/2

∙ {exp(−𝛾eff1
𝐺A[A]

1 + 𝐺A[A]

𝐺B
1/2[H]1/2

1 + 𝐺B
1/2[H]1/2

𝜏)

− exp (−𝛾eff2
𝐺B
1/2[H]1/2

1 + 𝐺B
1/2[H]1/2

𝜏)} 

(S2.15) 
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Then τ1, the time-averaged product formation rate, which is the equivalent to the rate of turnovers, 

for a single catalyst particle is: 

 

〈𝜏〉−1 = 1/∫ 𝜏𝑓(𝜏)

∞

0

d𝜏 =
𝛾eff1𝐺A[A]

𝛾eff2 + (𝛾eff1 + 𝛾eff2)𝐺A[A]
∙
𝛾eff2𝐺B

1/2[H]1/2

1 + 𝐺B
1/2[H]1/2

 

(S2.16) 

 

When the H2O2 concentration is saturating (i.e., [H] → ∞), which is our experimental condition 

for Figures 2.2 and 2.3 in the main text, 
𝐺B

1/2[H]1/2

1+𝐺B
1/2[H]1/2

→ 1. Equations (S2.15) simplifies to: 

 
𝑓() =

𝛾eff1𝐺A[A]

1 + (1 −
𝛾eff1
𝛾eff2

)𝐺A[A]
∙ {exp(−𝛾eff1

𝐺A[A]

1 + 𝐺A[A]
𝜏) − exp (−𝛾eff2𝜏)} 

(S2.17) 

f() is now a bi-exponential function, with one exponent dependent on [A] (i.e., the amplex red 

concentration) and the other one independent of [A], as we observed experimentally (Figure 2.2E-

F and Figure 2.3D-E in the main text). 

 For 1, at [H] → ∞, it becomes  

 
〈𝜏〉−1 =

𝛾eff1𝐺A[A]

1 + (1 +
𝛾eff1
𝛾eff2

)𝐺𝐴[A]

𝛾eff2≫𝛾eff1
→       

𝛾eff1𝐺A[A]

1 + 𝐺𝐴[A]
 

(S2.18) 

 

1 represents simple saturation kinetics, and it equals eff1/(1+eff1/eff2) when [A] → ∞. And when 

[A] → ∞ and eff2 >> eff1, 1 = eff1. 

 When [H] → ∞ and [A] → ∞, 
𝐺A[A]

1+𝐺A[A]
→ 1 and 

𝐺B
1/2[H]1/2

1+𝐺B
1/2[H]1/2

→ 1. We have then: 

 𝑓() =
𝛾eff1𝛾eff2
γeff2 − γeff1

∙ {exp(−𝛾eff1𝜏) − exp (−𝛾eff2𝜏)} 
(S2.19) 
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−1 =

𝛾eff1𝛾eff2
𝛾eff2 + 𝛾eff1

𝛾eff2≫𝛾eff1
→       𝛾eff1 

(S2.20) 

 

 2.6.4.2 Mechanism 2: Surface-adsorbed OH being the kinetic intermediate.  In the 

last section, we presented the mechanism assuming the amplex red radical being the observed 

reaction intermediate. Here we present the alternative mechanism assuming OH radical being the 

observed reaction intermediate. Then, in Scheme S2.2, the two rate-determining steps would be 

steps ii and iii, i.e., the O-O bond cleavage of H2O2 to form two OH radicals that would be 

independent of amplex red, and the first 1-electron oxidation of amplex red by OH that would be 

dependent on the amplex red concentration on the catalyst surface, before eventually generating 

the product resorufin. Consequently, the kinetic scheme simplifies to having only two kinetic steps 

(Scheme S2.4), where MAmHn is a Au nanocatalyst (i.e., M) with surface adsorbed amplex red (i.e., 

A) and H2O2 (i.e., H) in rapid equilibrium with amplex red and H2O2 in solution. 

 

Scheme S2.4 Reduced kinetic mechanism with OH being the observed reaction 

intermediate 

 

 In this mechanism, as the O-O bond cleavage is assumed to be one of the rate-determining 

steps (i.e., relatively slow), only part of the adsorbed H2O2 (i.e., H) will convert into OH radical 

(i.e., B). In another word, the adsorption sites for H2O2 will now either be occupied by H2O2, or 

OH, or be vacant. The formation of OH would require a surface adsorbed H2O2 and a nearby 

vacant site. Therefore, the apparent rate constant kapp1 would take the following form:28 
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 𝑘app1 = 𝛾1 ∙ 𝑛H𝜃H ∙ 𝑛H(1 − 𝜃H − 𝜃B) (S2.21) 

Here nH is the total number of adsorption sites for H2O2 and OH; H and B are the fractions of 

sites occupied by H2O2 and OH radical respectively, and 1 is a rate constant. 

 The apparent rate constants kapp1, and kapp2 take the following forms: 

 𝑘app1
′ = 𝛾′(𝑛H𝜃B)

2 (S2.22) 

 𝑘app2 = 𝛾2𝑛H𝜃B𝑛A𝜃A (S2.23) 

Here  and 2 are two rate constants. nA and A are the number of adsorption sites for amplex red 

and their fractional occupation, as defined previously, and 𝜃A =
𝐺A[A]

1+𝐺A[A]
 as in Equation (S2.5). Note 

for kapp2, we assume this rate-determining step is first order to the surface concentration of the OH 

radical because the overall 2-electron oxidation of amplex red likely goes through two sequential 

1-electron processes with the 1st one being the rate-determining as described in Scheme S2.2 and 

Mechanism 1 earlier. 

 Applying steady-state approximation for the surface concentration of the intermediate OH, 

[OH]s, we have: 

 𝑑[OH]𝑠
𝑑𝑡

= 2𝛾1𝑛H
2𝜃H(1 − 𝜃H − 𝜃B) − 𝛾

′(𝑛H𝜃B)
2 − 𝛾2𝑛H𝜃B𝑛A𝜃A = 0 

 (S2.24) 

 As H2O2 is assumed to be in rapid adsorption/desorption equilibrium between in solution 

and on the catalyst surface, we have  

 𝑘𝑎𝑑𝑠[H]𝑛H(1 − 𝜃H − 𝜃B) = 𝑘𝑑𝑒𝑠𝑛H𝜃H (S2.25) 

Here kads and kdes are the adsorption and desorption rate constants for H2O2, respectively, and [H] 

is the concentration of H2O2 in solution. Combine (S2.24) and (S2.25), and let GH = kads/kdes, we 

have: 
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𝛾′𝑛H

2𝜃B
2 + 𝛾2𝑛A𝑛H𝜃A𝜃B = 2𝛾1𝑛H

2
𝐺H[H]

(1 + 𝐺H[H])
2
(1 − 𝜃B)

2 
(S2.26) 

 

Let 𝑎 = 2𝛾1𝑛H
2 𝐺H[H]

(1+𝐺H[H])
2, 𝑏 = 𝛾

′𝑛H
2 , and 𝑐 = 𝛾2𝑛A𝑛H𝜃A = 𝛾2𝑛A𝑛H

𝐺A[A]

1+𝐺A[A]
, Equation (S2.26) 

becomes: 

 (𝑎 − 𝑏)𝜃B
2 − (2𝑎 + 𝑐)𝜃B + 𝑎 = 0 (S2.27) 

Considering B represents the fraction of active sites covered by OH radical, then 0 < 𝜃𝐵 < 1. 

Solving Equation (S2.27) gives: 

 
𝜃B =

2𝑎 + 𝑐 − √4𝑎𝑐 + 4𝑎𝑏 + 𝑐2

2𝑎 − 2𝑏
 

(S2.28) 

Substitute into Equation (S2.25), we have: 

  

 

𝜃H =
𝐺H[H]

1 + 𝐺H[H]
∙
2𝑏 + 𝑐 − √4𝑎𝑐 + 4𝑎𝑏 + 𝑐2

2𝑏 − 2𝑎
 

(S2.29) 

 

Therefore, for 𝑘app1, 𝑘app1
′ , and 𝑘app2 in Scheme S2.4, they are: 

 
𝑘app1 =

𝑎(2𝑏 + 𝑐 − √4𝑎𝑐 + 4𝑎𝑏 + 𝑐2)2

8(𝑎 − 𝑏)2
 

(S2.30) 

 

 
𝑘app1
′ =

𝑏(2𝑎 + 𝑐 − √4𝑎𝑐 + 4𝑎𝑏 + 𝑐2)2

4(𝑎 − 𝑏)2
 

(S2.31) 

 

 
𝑘app2 =

𝑐(2𝑎 + 𝑐 − √4𝑎𝑐 + 4𝑎𝑏 + 𝑐2)

2𝑎 − 2𝑏
 

(S2.32) 
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 The probability density function f() for the microscopic reaction time  corresponding to 

Scheme S2.4 has been derived in our previous publication29 and earlier by others as well:30-32 

 
𝑓(𝜏) =

𝑘app1𝑘app2

2𝛼
[𝑒(𝛽+𝛼)𝜏 − 𝑒(𝛽−𝛼)𝜏] 

(S2.33) 

where 𝛼 = √
1

4
(𝑘app1 + 𝑘app1

′ + 𝑘app2)
2 − 𝑘app1𝑘app2   and  𝛽 = −(𝑘app1 + 𝑘app1

′ + 𝑘app2)/2 . 

f() here is again a bi-exponential function, and the two exponents are + and -. If mechanism 

2 is the correct mechanism for interpreting our data, + and  would corresponding to k1 and 

k2 in Equation (2.1) in the main text that was used to empirically fit Figure 2.2B-D and Figure 2.3B-

C in the main text, respectively.  

 Based on the expression of f() in Equation (S2.33), this alternative mechaism of assuming 

OH being the observed reaction intermediate is disfavored for two reasons. First, since 𝑐 =

𝛾2𝑛A𝑛H
𝐺A[A]

1+𝐺A[A]
, kapp1, k’app1 and kapp2 are all dependent on the amplex red concentration in solution. 

These dependences stem from the dependenence of the three apparent rate constants on B 

(Equation (S2.30)-(S2.32)), the site occupation fraction of OH radical; and this B is in turn 

dependent on the amplex red concentration [A] (Equation (S2.28), as the surface adsorbed amplex 

red reacts with surface OH to eventually generate the product resorufin. Therefore, the two 

exponents, + and -, of f() are both dependent on the amplex red concentration in solution. 

This prediction is in conflict with our experimental observation, because the faster-decay exponent 

in the distribution of  is independent of amplex red concentration (Figure 2.2F and 2.3E in the 

main text).  

 Second, in this alternative mechanism, the O-O bond cleavage of H2O2 to generate OH on 

Au surface is assumed to be slow enough to be rate-determining. However,  previous work by 

Lunsford et al.23 has shown that the H2O2 to hydroxl radical conversion is fast on Au surfaces. They 

measured the rate of H2O2 decomposition on Au, in which the hydroxyl radical formation was part 
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of the decomposition pathways. The overall rate was measured to be 0.1 mol cm2 s1. This rate 

would correspond to ~107 molecules per nanorod per second for Au@mSiO2 catalyzed reaction 

(assuming on average a diameter of 21  nm and a length of 350 nm for the nanorod core) or 105 

molecules per particle per second for the pseudospherical 5.3 nm Au particle. These predicted rates 

would be orders of magnitude faster than the highest reaction rates (~2 s1 particle1 for Au@mSiO2 

nanorods and ~0.04 s1 particle1 for 5.3 nm Au nanoparticles, Figure 2.2G and 2.3F in the main 

text) observed experimentally. Based on these two reasons, this alternative mechanism assuming 

surface-adsorbed OH being the observed reaction intermediate is disfavored.  
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CHAPTER THREE 

 

VISUALIZING GRAPHENE OXIDE SHEETS AND STUDYING THEIR 

ELECTROCHEMISTRY BY FLUORESCENCE MICROSCOPY 

 

3.1 Introduction 

Graphene, a single layer of sp2 hybridized carbon atoms in a honeycomb lattice, features 

extraordinary thermal, chemical, mechanical and electrical properties.1-6 Since the exfoliation of 

graphite into graphene sheets using the scotch tape method in 2004, much attention has been 

attracted onto this novel material.7-10 Researchers are actively improving the method of its synthesis, 

studying its properties and exploring its applications. Among these efforts, one branch of graphene 

research focuses on the chemical derivatives of graphene, which differ in properties from the 

pristine graphene sheet due to the existence of chemical moieties. Graphene oxide (i.e., GO), being 

one of the most well-known graphene derivatives, has many advantages.11-18 The precursor for GO 

is graphite, which is ubiquitous and inexpensive; the exfoliation of graphite oxide is efficient with 

high yield, leading to simple and scalable production. With its oxygen functionalities, GO is 

hydrophilic, which facilitates its dispersion in various solvents. For making electronic devices, the 

van der Waal force between GO and the substrate is strong, which facilitates the integration of GO 

into electronic devices. Although properties of pristine graphene such as high carrier mobility and 

linear energy dispersion are absent in GO, its abundant oxygen containing functionalities enable 

subsequent functionalization. As a result, GO has versatility in electrochemical, optoelectronic and 

mechanical related applications.   

Although being a promising material, there are still many major challenges in order to 

better utilize GO. Efforts have been made in studying the electrochemistry of GO.11-12, 18 However, 
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the inherent structure diversity among GOs requires study at the single sheet level, because each 

individual GO differs in size, shape, number of layers, and density of defect sites. In addition, the 

electrochemical process could take place at the basal plane, edges of the sheets, or the internal 

defect sites. For instance, Kern et al. reported the electronic transport properties of individual GO, 

and they found that the second layer in a bilayer GO is more conducting.14 Strano et al. discovered 

that the edges of single-layer graphene are more reactive in electron-transfer chemistry than the 

basal plane.19 These past researches all emphasize the importance of studying the graphene related 

materials in a spatially resolved fashion. Stemming from the few-layer nature, one of the common 

challenges for graphene and its related derivatives is to visualize the morphologies, for which 

scanning probe microscopies are usually employed, yet they all have certain limitations. For 

example, atomic force microscopy (AFM) requires a smooth substrate, such as freshly cut mica or 

silicon wafer, in order to obtain accurate thickness values on the nanometer scale.15 As a 

consequence, it is not suitable for large area, quick examinations. Scanning electron microscopy 

(SEM), although much faster, needs operation under vacuum and the exposed region is usually 

contaminated or partially destroyed because of the high-energy electron beam.20-21 Raman 

spectroscopy22-23 and scanning electrochemical microscopy (SECM)24-25 contain rich chemical 

information, yet suffer from relatively low throughput and lower spatial resolution. On the other 

hand, optical microscopy with the advantages of being rapid and non-destructive, becomes an easy 

access to visualize graphene based materials. For example, Jung and coworkers used high-contrast 

optical imaging to characterize the graphene-based sheets, while Kim et al. developed the 

fluorescence quenching microscopy (FQM).26-27  

GO is electrically insulating due to the abundant oxygen containing functionalities. To 

apply it in electronic or optoelectronic related areas, it must be reduced to become conductive. 

Various reduction methods have been reported in previous work, including exposing GO to 

reductive chemicals, such as hydrazine,14-15, 28 sodium borohydride,29-30 and hydroquinone;30-31 
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thermally reducing GO in inert atmosphere;32-35 and electrochemical reduction.36-39 The 

electrochemical reduction involves no hazardous chemicals and eliminates the generation of 

byproducts.35 Since it is a promising method in generating reduced graphene oxide (rGO), 

understanding the electrochemical reduction dynamics of GO is thus critical to optimizing the final 

performances in electrochemical applications. 

This chapter focuses on the electrochemical catalysis of GO at the single sheet level. By 

using fluorescence microscopy and designing an electrochemical reaction, multiple GOs were 

studied simultaneously. The in-situ generated fluorescent molecules mapped out the activity 

distribution of each individual sheet, which helps to assign the boundaries, folded regions and 

wrinkles. Therefore, we propose this approach might also have potential applications in visualizing 

the morphology of graphene based materials. By sequentially applying reduction potential on a 

piece of GO and monitoring the activity changes, the reduction dynamics was studied.   

 

 

3.2 Materials and Methods 

3.2.1 Synthesis of Graphene Oxide (GO) 

  The GO used in our study was provided by Jaemyung Kim in Huang lab in Material Science 

and Engineering Department, Northwestern University. It was prepared using a modified Hummers 

and Offeman’s methods by oxidizing the graphite powder (Bay carbon, SP-1).40-42 0.5 g graphite 

powder, 0.5 g NaNO3, and 23 mL of concentrated H2SO4 were mixed and stirred in ice bath, while 

a total of 3 g of solid KMnO4 was slowly added. Once completely mixed, the reaction solution is 

quickly transferred to 35 ºC water bath and kept stirring for 1 h, resulting a thick paste. 40 mL of 

warm water was then added, and the solution was stirred for another 30 min. After that, another 

100 mL of warm water was added, followed by slow addition of 3 mL of 30% H2O2. Upon adding 
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H2O2, the color of solution turned from dark brown to yellow. The warm solution was then filtered 

and rinsed with distilled water. The filter cake was re-dispersed in water by mechanical agitation. 

Centrifugation was carried out at low speed (1000 rpm) first and repeated 2 to 3 times to remove 

the visible particles. Followed that was high speed centrifugation at 8000 rpm for 15 min to remove 

the small GO piece and other byproducts. The final sediment was re-dispersed in water by mild 

sonication, resulting in a solution with exfoliated GO.   

 

3.2.2 Modified Fluorescence Quenching Microscopy (FQM) 

 A modified fluorescence quenching microscopy method was used to characterize the as-

received GO. It was performed on an Olympus IX71 inverted microscope with 532 nm LED 

illumination (Thorlabs, M530L2). An air 10X objective was used (Olympus UPlanFLN 10x/0.30 

NA) with two filters in the detection path (HQ550LP, HQ580m60). GO solution was first diluted 

by 10X in 5:1 methanol/water solution (v/v), and drop casted on a piece of 1 x 3 inch glass 

microscope slide. Once completely dried under room temperature, 2 mL 4.5 mM rhodamine B 

(Sigma Aldrich, R6626) aqueous solution was spin coated onto the slide at 10,000 rpm. To image 

the GOs, a piece of blank slide was place under microscope first as the blank sample. 500 frames 

were captured with 1 s exposure time for each frame, and later averaged into one as the background 

image. Another 500 frames were captured for the GOs slide, which was later averaged into one and 

subtracted by the background image. 

 

3.2.3 Ensemble Electrochemical Catalysis 

 Ensemble electrochemistry was performed using an electrochemical analyzer (CHI1200A, 

CH Instruments, Inc.) with a three-electrode configuration. A Ag/AgCl electrode was used as the 

reference electrode and a Pt foil was used as the counter electrode. The working electrode was a 2 
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mm diameter gold working electrode (CHI101). 10 L of as-received GO solution was drop-casted 

on the gold electrode and dried at room temperature. The drop casting was repeated 1 to 2 times to 

have sufficient GO on the electrode. The supporting electrolyte used was 50 mM phosphate buffer 

at pH 7.3. 

 

3.2.4 Fluorescence Enabled Electrochemical Microscopy 

 Fluorescence measurements were performed on a homebuilt prism-type total internal 

reflection (TIR) fluorescence microscope based on an Olympus IX71 inverted microscope. A 

continuous wave circularly polarized 532 nm laser beam (CrystaLaser, GCL-025-L-0.5%) of 3-6 

mW was focused onto an area of ~90  45 m2 on the sample to directly excite the fluorescence of 

product molecule resorufin. The fluorescence of resorufin was collected by a 60X NA 1.2 water-

immersion objective (Olympus UPLSAPO60XW), optically filtered (HQ550LP) to reject laser 

scattering, and projected onto a camera (Andor iXon EMCCD), which is controlled by an Andor 

IQ software and operated at 50 ms frame rate. Sometimes an additional filter (HQ580m60) was 

also used in the detection path. All optical filters are from Chroma Technology Corp. All 

experiments were done at room temperature. 

 A flow cell (height  length  width = 100 m  2 cm  5 mm), formed by double-sided 

tapes sandwiched between a glass slide and a borosilicate coverslip (Gold Seal®), was used to hold 

aqueous sample solutions for electrochemical fluorescence measurements. Part of the glass slide 

was cut to inset an ITO-coated quartz slide, which was used as the working electrode. Before 

assembled into a flow cell, as-received GO solution was diluted by 10X in 5:1 methanol/water (v/v) 

solution, and 10 L of the final solution was drop casted on ITO-coated quartz slide. On the quartz 

slide, three holes were drilled. Two of them were used to connect to polyethylene tubing and a 

syringe pump for continuous solution flow to supply the reactants. The third one was used to place 
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the Ag/AgCl reference electrode. A Pt foil was sandwiched between the coverslip and the quartz 

slide as counter electrode; care was taken to avoid contact between the Pt foil and the ITO surface 

to prevent short circuit. 

 

3.2.5 Normalization of Laser Intensity within Electrochemical Cell 

 The 532 nm laser was unevenly distributed within the excitation region, therefore 

fluorescent molecules at different locations may have variable emission intensities due to the 

different exciting laser intensities. To correct for this difference, at the end of each experiment a 

high concentration of resorufin solution (10~50 M) was flowed into the electrochemical cell. 2000 

frames of images were recorded at 50 ms resolution, which was later averaged into one single frame. 

After applying a Gaussian mask to smooth out the noisy pixels (detailed in section 3.2.6.1), this 

image was further normalized by the brightest pixel, generating an image that scales with the laser 

intensity spatial profile. All the fluorescence-intensity-related images in this work were normalized 

by dividing the laser profile image pixel by pixel.   

 

3.2.6 Algorithm of Canny Edge Detection 

The collected fluorescence images were sometime processed by edge detection. Edges are 

groups of pixels that have the most of the intensity jumps to the nearby pixels. Edge detection 

preserves the structural information of a given image, while reducing the total amount of data by 

eliminating the useless information. Therefore, it is considered as fundamentally important in 

image processing.43 There are many algorithms in edge detection, most of which are based on taking 

derivatives along the x and y direction and find out the local maxima of the derivatives, thus edges. 

Among these algorithms, the Canny method is usually considered the optimal one and used as 

default in many commercial software.43-44 A typical Canny workflow processes the grayscale 
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images. It contains the following sub-routines: (1) smoothing the entire image; (2) taking the 

derivative along both x and y axes; (3) determining the gradient; (4) non-maximum suppression; 

and (5) two threshold filtering. The procedures for these sub-routines are detailed below. 

 

3.2.6.1 Smooth the Entire Image by Applying a Gaussian Mask 

 The derivatives are usually sensitive to noises. All edge detection methods require a pre-

smoothing in preventing taking the noises as edges. Here a Gaussian conventional mask (Eq3.4) is 

applied. The kernel of this Gaussian mask has a standard deviation of σ = 1.4 pixels. 
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(Eq3.4) 

 

3.2.6.2 Sobel-Operator Determined Derivative and Gradient  

After smoothing, the next step is to find the gradient magnitude (GM) by applying the 

Sobel-operator (e.g. a first derivative mask). The Sobel-operators along the x-axis and the y-axis 

take the following forms: 

 
𝐺x = [

−1 0 +1
−2 0 +2
−1 0 +1

] 
(Eq3.5) 

  

 
𝐺y = [

+1 +2 +1
0 0 0
−1 −1 −1

] 
(Eq3.6) 
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These operators assign each pixel with a gradient magnitude (GM in Eq3.7) and a gradient direction 

( in Eq3.8). 

 
𝐺M = √𝐺x

2 + 𝐺y
2 

(Eq3.7) 

   

 
𝜃 = arctan(

|𝐺y|

|𝐺x|
) 

(Eq3.8) 

 

Because images are pixelated, the gradient direction  has to be rounded to the nearest 45º, as 

pointing to the 8 neighboring pixels. For example, if  falls into the range from 112.5º - 157.5º, it 

will be rounded to 135º, as the gradient at that pixel is pointing to the top right corner (Figure 3.1). 

 

 

Figure 3.1 Rounding the gradient direction  to the nearest 45º. Each square here represents a single 

pixel with the blue dot marking out its center position. 

 

3.2.6.3 Applying Non-Maximum Suppression 

Images composited by the gradient magnitudes have thick edges. To sharpen them, the 

non-maximum suppression is applied to select out the maximum magnitude along the gradient 

direction.  In this step, each pixel’s gradient magnitude is compared with its neighboring pixels 
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along the gradient direction. The gradient magnitude will be retained if the gradient magnitude of 

the current pixel is the largest; if otherwise, it will be set to zero. For example, one pixel has 

respectively GM = 7 and  = 135 º as the gradient magnitude and gradient direction. This pixel will 

be compared with pixels on its top right corner and bottom left corner (i.e. pixels in its 135 º 

direction). It only gets retained when 7 is the largest GM among the three. If not, its GM value is 

mandatorily set to zero. 

 

3.2.6.4 Edge Filtering by Low and High Thresholding 

The non-maximum suppression selects out pixels that have largest intensity gradients. 

However, not all of the retained pixels are qualified as true edges. In the Canny method, a simple 

two-threshold-filter method is applied to further pick out the real edge pixels. Pixels with gradient 

magnitudes above the high threshold are considered the highly reliable ones, while pixels below 

the low threshold are considered artifacts and removed from further processing. For those pixels 

that fall into the range of the two thresholds, their spatial information are taken into consideration. 

They are retained if they are adjacent to a highly reliable edge pixel; they are removed if none of 

the 8 neighboring pixels is a highly reliable one. Among all steps of the Canny detection, the 

thresholding is usually the most critical one that determines the quality and reliability of detected 

edges. In this study, the thresholds for each fluorescent image was set differently, and the criterion 

in setting thresholds is discussed in section 3.3.5. 

 

3.3 Results and Discussion 

3.3.1 Morphology of As-Received GO under Fluorescence Quenching Microscope (FQM) 
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 FQM was first introduced by Huang and his coworkers in studying GO, chemically reduced 

GO (rGO), and pristine graphene sheets.26 Three different dyes, 4-(dicyanomethylene)-2-methyl6-

(4-dimethylaminostyryl)-4H-pyran (DCM), fluorescein sodium salt and 2,5-bis(5-tert-butyl-2-

benzox-azolyl)thiophene (BBOT) were tested in their study, all of which were strongly quenched 

by GO, rGO and graphene sheet, yielding high contrast fluorescence images. Here in this study,  

rhodamine B was used for FQM, which has strong emission around 565 nm.45 Figure 3.2A shows 

a typical fluorescence image from FQM. The spin coated rhodamine B yielded uniform emission 

in the blank area (i.e. places with no GO), with an average intensity around 120 (Figure 3.2B-D). 

The emission was quenched by GO, leading to sudden intensity drops. Much as in SEM, the 

absolute intensity value in FQM does not provide information about the number of GO layers. 

However, multiplayer GO can quench rhodamine B more effectively, resulting in higher 

contrasts.26 It is obvious that the smallest step change is corresponding to the monolayer (Figure 

3.2B), so that larger intensity changes can be assigned accordingly. For example, in Figure 3.2 

monolayer GO caused an intensity change around 20 (Figure 3.2B), therefore step sizes of 40 and 

60 were assigned to double layers and triple layers, respectively (Figure 3.2C and D). Moreover, 

because fluorescence quenching is sensitive to thickness, a piece of GO with homogeneous 

intensity from edge to edge is more likely monolayer, because all layers have to be perfectly aligned 

if being multilayer, whose probability is very low. Almost all GO examined by FQM appeared to 

be monolayer, with a few sheets that contained islands of multilayers. Folded sheets and wrinkles 

were commonly seen, as shown in Figure 3.2A.  

 It is worth noting that in Huang’s work, the quenched emission was explained by energy 

transfer from the excited dye molecule to the nearby graphitic carbon. Specifically for GO, it was 

due to the residual graphitic domains in the basal plane that survived chemical oxidation.26, 46-47 

However, it might not be the case for rhodamine B, because the quenching effect was absent if 

rhodamine B was pre-dissolved in pH 7 buffer and flow on top of GO. This observation suggests 
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that quenching in this study is likely due to the protonation of rhodamine B by the hydrogen 

containing moieties on GO.48 This observation is critical here. Because if the energy transfer 

mechanism was universal to all dyes,  then the resorufin molecule (P), product of the 

electrochemical reaction, will also be quenched, which would have forbidden the in situ  

fluorescence observation of electrocatalysis. To the contrary, no obvious quenching was observed 

for resorufin,  regardless being flowed in with pH 7.3 phosphate buffer or spin coated on GO. 

 

 

Figure 3.2 Visualizing GO by fluorescence quenching microscopy (FQM). (A) Fluorescence 

image of spin coated rhodamine B on a piece of glass slide with GO immobilized. 2 mL 4.5 mM 

rhodamine B was spin coated at 10000 rpm. A piece of clean glass slide was imaged as the 

background, which has been subtracted from the original image. (B, C and D) Line profiles 

extracted from 1, 2 and 3 from (A). 
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3.3.2 Ensemble GOs Electrocatalyzed Reduction of Resazurin 

 Our fluorogenic reaction is based on the well-known two-stage electro-reduction of the 

nonfluorescent molecule resazurin in aqueous solution (Figure 3.3A).49 The first stage reduces 

resazurin (S) irreversibly to the fluorescent resorufin (P); the second stage reduces resorufin to the 

nonfluorescent dihydroresorufin (PH2) and is reversible. The intense fluorescence of resorufin 

enables its ready detection under fluorescence microscopy at the single molecule level, as shown 

previously.49-51  

 To test that GO can indeed electrochemically catalyze these transformations, cyclic 

voltammetry (CV) of S was performed on a GO coated Au electrode (Figure 3.3B). The CV of S 

shows two reduction peaks and one oxidation peak in the range of +0.3 to 0.7 V, as expected (All 

potentials in this chapter are referenced to the Ag/AgCl electrode). The first reduction peak does 

not have a corresponding oxidation peak and can be assigned as the irreversible S → P electro-

reduction. The second reduction peak has a corresponding oxidation peak, thus can be assigned as 

the reversible P ↔ PH2 redox. Their peak separation (33 mV) at low scan rate further supports 

their assignments as reversible two-electron redox processes.52  
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Figure 3.3 GO-catalyzed electrochemistry of resazurin. (A) Redox chemistry of resazurin in 

aqueous solutions. (B) Cyclic voltammogram of 50 M resazurin in 50 mM pH 7.3 phosphate 

buffer with a GO-coated Au electrode at 10 mV s-1 scan rate.   
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3.3.3 Electrochemistry of GOs by Observing the Fluorescent Product Molecules 

 To monitor the electrocatalysis by GO at the single sheet level, an electrochemical flow 

cell and a wide-field total internal reflection fluorescence microscope was used. The diluted GO 

suspensions were deposited on a piece of ITO-coated quartz slide, which acts as the working 

electrode, and reaction solution containing S was flowed on top at a constant flow rate. The GOs 

were initially emissive with 532 nm laser excitation possibly due to the local conjugation structures 

within each sheet.53-54 This emission is quickly photobleached, but it enables the localization of 

GOs within the electrochemical flow cell. A Ag/AgCl reference electrode and a Pt counter electrode 

were also placed in the flow cell. The applied potential on the ITO-working electrode can 

effectively change the chemical potential of GOs due to their small quantum capacitances.55-59 The 

triangular potential waveform applied between the working electrode and reference electrode was 

between + 0.3 V to – 0.3 V to avoid possible electrochemical reduction of GO, because previous 

work by Zhou and coworkers showed that the reduction of GO on ITO substrate start from -0.6 

V.36 The scan rate was set at 10 mV/s, at which a complete cycle takes a total of 120 s to finish. 

However, by repeating the scan cycles over a long period of time, and divided the total time by the 

number of scans, the actual cycle time was measured at 116 s (Figure 3.4B). This cycle time was 

also confirmed by the synchronized fluorescence intensity response coming from GOs (Figure 

3.4C).  The applied potential drives the S → P ↔ PH2 transformations as shown in Figure 3.3A. 

Being the only fluorescent species in this electrochemical reaction, the surface concentration of P 

is constantly changing as the potential sweeps, leading to the periodic fluctuation of fluorescence 

intensity on GO (Figure 3.4C), whose cycle time can be completely synchronized to the applied 

potential.   

To test the stability of GOs, cyclic potential was applied to GOs for a total of 5 hours. The 

pixel-averaged fluorescence time trajectories from each individual GO all had similar shape as in 

Figure 3.4C. The maximum intensity within each cycle (e.g., at 116 s in Figure 3.4C) was extracted 
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and arranged sequentially. They were later normalized by the maximum intensity of the first cycle. 

The distribution of normalized maxima intensity from 20 pieces of GOs was shown in Figure 3.4D, 

which is symmetric around 1, and can be fitted with a Gaussian function (center at 1.00, fwhm = 

0.02). This symmetric and sharp distribution indicates the maximal amount of P molecules on the 

GO in each cycle was similar and the electrochemical activity of GOs was stable for a long period 

of time. 

Because the fluorescence response in each cycle behaved similarly to each other, the 

integrated fluorescent intensity from a piece of GO was averaged over many cycles to obtain an 

average fluorescence response in one cycle to suppress the noise (Figure 3.5B). The averaging is 

necessary here because the following step of taking the time derivative to generate the 

“fluorescence current” is sensitive to noise. The resulted fluorescence intensity versus time 

trajectory features two peaks and a valley in between as shown in Figure 3.5B. In the cathodic 

branch, initially the fluorescence intensity on GO increased slightly (on the left side, before the red 

circle), possibly due to some non-faradic process such as the adsorption of fluorescent species in 

flow.60 As approaching the peak potential for S → P reduction (0.159 V, Figure 3.3B), the 

fluorescence intensity increased dramatically as a result of S → P transformation (e.g, around 35-

55 s). And eventually, the applied driving force was large enough to trigger the further reduction 

of P → PH2. The first peak at 54 s in Figure 3.5B marked out the point where the P formation (S 

→ P) equaled P consumption (P → PH2). Beyond the first maximum point, the rate for P → PH2 

surpassed the rate for S → P, leading to the decrease in fluorescence intensity. At 58 s, the potential 

sweep reverses in direction. But the potential was still quite negative, which made P → PH2 

reaction faster than the generation of P (PH2 → P and S → P).  As the potential became more 

positive, the P consumption rate (P → PH2) reached an equal rate as generation, reaching the valley 

point at 60.5 s in fluorescence intensity trajectory. As the potential increased further, eventually all 

PH2 were converted back to P. The fluorescence intensity reached another peak at 72 s as there is 
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no corresponding reversible reaction for S → P (i.e. P cannot be electrochemically oxidized to a 

nonfluorescent state within our scan range). The further decrease of fluorescent intensity was 

possibly due to desorption and photobleaching of P. 

The fluorescence intensity from a piece of GO is proportional to the total number of 

resorufin molecules generated, which is also proportional to the total charge passed through GO by 

Faraday’s law. Therefore, the time derivative of the fluorescence counts could generate a response 

that is similar to the faradic current response.60-62 This approach of generating “fluorescence current” 

has been employed by Barbara and coworkers in studying organic dye molecules,61-62 and later 

employed by Zhang et al in studying the resazurin/resorufin electrochemical transformation in a 

bipolar electrode system.60 We, again, used the same approach to generate the “fluorescence current” 

by taking the time derivative of the fluorescence intensity trajectory, and the result is shown in 

Figure 3.5C. The time derivative represents the rate of P generation on GO, which featured a valley 

with its lowest point at the switching potential (i.e., at 58 s). On both cathodic and anodic sides, 

there existed a peak, which marked out the fastest rate for S → P or PH2 → P, respectively. The 

positive part (i.e., dI/dt > 0) in Figure 3.5C stands for the period when the total amount of P on GO 

was increasing; while the negative part (i.e., dI/dt < 0) stands for the period when the total amount 

of P was decreasing. The three squares in Figure 3.5C mark out the positions where the net rate of 

P generation equals to zero. The red square aligned with the maximum in Figure 3.5B, where the 

rate for S → P equaled that for P → PH2; the green square aligned with the valley point in Figure 

3.5B, where the total rate of S → P and PH2 → P equaled the rate of P → PH2. The purple square 

was when all PH2 were converted to P, where no more electrochemical oxidation could take place. 

The validity of fluorescence current curve was further confirmed by comparing the peak positions 

to the conventional faraday current. The ensemble CV (Figure 3.3B) measured the peak potentials 

for S → P and PH2 → P respectively at 0.159 V and 0.238 V (at the scan rate 10 mV/s). In the 

fluorescence current curve (Figure 3.5C), we averaged the peak potential (e.g. potentials at the red 
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and purple circle in Figure 3.5A)under the same scan rate from 28 pieces of individual GO sheets, 

and the resulted values were 0.154 V and 0.246 V respectively, which agreed with the ensemble 

CV reasonably well. It should be noted that the reduction peak of P → PH2 does not have a 

corresponding peak in the “fluorescence current” curve, because the resulting PH2 is 

nonfluorescent and thus does not respond to the electrochemical potential changes.  
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Figure 3.4 (A) Experimental scheme for the use of total internal reflection fluorescence microscopy 

and a flow cell to image the electrocatalysis of individual GOs. GOs are immobilized on the ITO-

quartz slide with reaction solution containing S flowed on top. WE, RE, CE: working, reference, 

counter electrodes. (B) Illustration of sweeping potential versus time. The triangular potential 

waveform was between + 0.3 V to 0.3 V (vs. Ag/AgCl). (C) Fluorescence time trajectory. The 

fluorescent intensity was averaged over a 7  7 pixel area from a piece of GO. The time axes in (B) 

and (C) are synchronized with each other. (D) Histogram of maximum fluorescence intensity from 

each cycle. Data were collected from a total of 20 individual GO. For each GO, the fluorescence 

time trajectory was first extract as in (C). The maximum intensity was then extracted for each cycle 

and normalized by the first maximum. Solid red line on top is a Gaussian fit centered at 1.008. (A) 

is adapted from Xu et al.49 Copy right 2009 American Chemical Society. 
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Figure 3.5 (A) Triangular potential waveform (+0.3 V to 0.3 V vs. Ag/AgCl, 10 mV/s). (B) The 

fluorescence intensity response from a piece of GO as the potential in (A) was applied. The 

integrated intensity from the entire GO was first averaged for 22 complete scans, and then averaged 

by the number of pixels within the GO. (C) The time derivative of fluorescence intensity shown in 

(B).  
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3.3.4 Electrochemical Fluorecence Imaging of GOs and Mapping The Sub-Strucutres 

 In the previous section, fluorescence time trajectory and its time derivative were extracted 

from a piece of GO. The same approach can be applied at the single pixel level to reconstruct the 

electrochemical activity map. In brief, the fluorescence intensity versus time trajectory was 

extracted from each camera pixel. The pixel based trajectories all have similar shapes as in Figure 

3.5B, which featured two peaks; and the maximum value for the second peak was used to generate 

the reconstructed image. Figure 3.6A shows one example of the reconstructed fluorescence image, 

in which a piece of GO is clearly seen. The high contrast in the reconstructed image indicates that 

first the intensity from ITO and GO were distinctly different;  moreover, more P molecules were 

generated within wrinkles and folded-over regions than the single sheet region. In other words, the 

wrinkles and folds are electrochemically more active. The fluorescence time tracjectory contained 

two peaks and one valley (Figure 3.5B). Both peaks and valley can be used to generate the 

reconstructed fluorescence images and  they resulted in similar images. The intensity from the 

second peak was chosen mainly because it has the greatest absolute value among the three, thus 

highest contrast versus the ITO area can be achieved.  

 To map out features within the reconstructed fluorescence image, Canny edge detection 

was applied. In this method, two thresholds were set in order to differentiate the true edge from the 

artifacts. Although the absolute value for the two thresholds varied from GO to GO, a consistent 

standard was used to ensure the reproducibility in edge detection. Since the GO was immobiled on 

ITO, each GO should have a distict boundary line that differentiates the sheet from  the ITO 

substrate. The purpose of the high threshold is to select out the most reliable edges. It was set as 

large as possible, while maintaining the successful detection of boundary lines. Figure 3.6B is an 

example with inappropriate high-threshold. The value was set too high that part of the boundary 

line is missing. On the other hand, the purpose of the low threshold is to filter out the artifacts while 

maintaining enough of the details. Its value was set as small as possible until non-existing features 

from the blank ITO area are picked (Figure 3.6D). Shown in Figure 3.6C is an example of proper 
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thresholding: the high threshold displayed majority of the boundary line while the low threshold 

filtered out the noise signal from the ITO area.  

 Due to the diffraction limit, the real edge (e.g. boundary of GO, wrinkles) could be any 

where within the range of a point spread function (PSF). Therefore, the detected edge lines from 

the reconstruction fluorescence image might not be the physical edges of GOs. To account for this 

diffraction limit induced difference, each pixel within the detected edges was expanded so that the 

true physical edges are included in this range. The theortical Rayleigh criterion for our microscope 

is Resolution𝑥,𝑦 = 0.61 ×
𝜆

𝑁.𝐴.
≈ 280 nm (: 550610 nm; N.A.: 1.2), roughly equal to the pixel 

size of our camera (266.7 nm under 60X objective). However, using 6 nm Au nanoparticle as a 

point object, our measurement suggested the real optical resolution for our microscope was ~ 430 

nm.63 Under this resolution, a single pixel would have been expanded into a 3 by 3 area (Figure 

3.6E, within the inner circle). On the safe end, we expanded each pixel to 1.5x of the optical 

resolution (Figure 3.6E, outter circle), and the final expansion pattern for each pixel is shown in 

Figure 3.6F, colored in gray. By applying the pixel expansion to the entire edge, the slim edge lines 

were expanded to edge regions. The outer most part was consider as the boundary region (Figure 

3.6G); the inner part was considered as the wrinkle region (Figure 3.6H); and the remaining part 

was considered as the sheet region (Figure 3.6I). It is worth noting that the physical boundary of 

GO, once folded over, is considered part of the wrinkle in our region definition, because GOs 

usually have complex morphology on substrate and our method lacks enough resolution to further 

dissect the features within them. The sheet region might contain the monolayers, multilayers and 

folded-over GO for the same reason.   
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Figure 3.6 Electrochemical fluorescece imaging of GO. (A) Reconstructed fluorescence image of 

GO. (B-D) Illustration of double thresholding in Canny edge detection.  (B, D) Examples of 

inappropriate thresholding. Real edges were missed when the high-theshold was too high (B); and 

nosie signal picked up in the ITO region when the low-threshold was too low (D). (C) An example 

of setting both thresholds properly. (E) Illustration of diffraction limit on a pixlated image. (F) 

Pattern of pixel expansion based on the diffraction limit. Black: the real pixel; Gray: the 

surrounding pixels possibly covered because of diffraction limit. (G-J) Expanding the detected 

edges into boundary region (G), wrinkle region (H) and sheet region (I). The region-divided GO is 

shown in (J) with sheet region in pale gray and boundary/wrinkle in dark gray.    
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3.3.5 Electrochemical Reduction and Activity change 

 The as-synthesized GOs usually have carbon/oxygen ratio around 2/1, thus behave like 

insulators.11, 18 To use them in electronic related applications, the common strategy is to reduce GO 

into reduced graphene oxide (rGO), which is a conductive material.5 Here we studied the 

electrocatalytic activity changes of GO upon electrochemical reduction. As detailed in previous 

section, the electrochemical fluorecence imaging was first applied to as-received GO by applying 

trangular wave potential between +0.3 V to 0.3 V. This process is referred  as stage 1 in later 

paragrahs, which generates the reconstructed image of GOs. This image might reflect the density 

of active sites within each GO sheet, since the reconstruction is based on the peak intensity of each 

pixel, and the intensity is proportional to the number of on-site generated P molecules. In stage 2, 

a constant potential was applied for 1 h to partially reduce the GO; and followed by stage 3, where 

another trangular wave potential (+0.3 V to 0.3 V) was applied to obtain the reconstructed 

fluorescent image after the electrochemical reduction. Three reduction potential (0.7 V, 0.8 V 

and 0.9 V) were examined for stage 2 treatment, with each applied to a different set of GOs.  

 The fluorecence-intensity-represented-activity-change was analyzed region by region, 

because sub-populations, if present,  may be consealed since the intensity for an entire GO usually 

distribute over a wide range. Depending on the reduction potential, the reconstructed images for 

partially reduced GO were distinctly different. Reduction under 0.7 V for 1 h did not affect the 

intensity reconstructed image much; and as a result, pixels within boundary, wrinkle and sheet 

regions (Figure 3.7B, C and D) all fell into the diagonal line in the intensity scatter plot (i.e. 

maximum intensity after the electrochemical reduction almost remained the same). The intensity 

histograms in  stage 1 and 3 clearly show that there are subpopulations. They were separated by 

fitting the histograms with Gaussian peaks and divided at the crossing points. Each of the 

subpopulations was colored with an individual color, and surprisingly, pixels within the same 

subpopulation were continuous over space rather than intermingled with other subpopulations. 

Based on the absolute fluorescent intensity after electrochemical reduction (i.e. the absolute 
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intensity value in stage 3), subpopulations across the boundary, wrinkle and sheet regions were 

regrouped, forming domains (Figure 3.7E).  

 On the other hand, intensity reconstructed images of GOs behave drastically different when 

reduction was carried out at 0.8 V or 0.9 V. Shown in Figure 3.7(F)-(J) is a piece of GO reduced 

under 0.9 V for 1 h. The majority of the pixels showed a clear intensity drop after the reduction, 

which corresponds to the distance shifted away from the diagonal line in the scatter plot, and the 

subpopulations were divided based on the amount of intensity shifts (Figure 3.7G, H and I). Again, 

continuous domains were formed by grouping the subpopulations across different regions based on 

their absolute intensities in stage 3 (Figure 3.7J). The domain definition here for Figure 3.7J, 

however, is different from Figure 3.7E. In Figure 3.7E domians are groups of pixels that have 

similar intensities, while in Figure 3.7J domains represent pixels that have similar resistence to the 

electrochemical reduction. For example, the red-colored domain in Figure 3.7J represents the part 

of GO that can resist the electrochemical reduction the most, since they shift the least from the 

diagonal line, while the blue–colored domain represents the part of GO that has been affected the 

most, since they have the largest shift from the dianonal line. At this moment, it is still unclear to 

us how these domains were initially formed on GO and what are their chemical nature. One 

possiblity here is that the division lines between the neighboring domains are the grain boundaries. 

However, correct assignments would require correlation with structural measurements on the same 

piece of GO.   

 The fluorescence time trajectory for a single pixel was usually very noisy. Consequently, 

its time derivative, the “fluorescence current” became unreliable. However, by averaging all pixels 

that belong to the same region, the final fluorescence time trajectories were smooth which enabled 

the extraction of the “fluorescence current”. Thus we analyzed the region-based fluorescence 

current change upon electrochemical reduction, and the results are shown in Table 1. In general,  

the initial peak potential for boundary, wrinkle and sheet regions were similar to each other, except 

for the S → P reduction potential of boundary region. This is possibly because regions were defined 



100 

 

by expanding the edge lines, which lacks the spatial resolution so that the wrinkle region would 

also include large portion of sheets and result in similar peak potential for both regions. As for the 

boundary region, part of the ITO substrate was also included in averaging, which might cause the 

shift in peak potential. Moreover, the cathodic peak potential became more negative while anodic 

peak potential became more positive, indicating larger driving forces were needed after the 

electrochemical reduction. The increment in driving force was also dependent on the reduction 

potetential, where 0.7 V reduction resulted in relatively smaller shifts and 0.9 V reduction 

resulted in the largest shifts. The potential shifts here could be due to the change of chemical nature 

of active sites on GOs.  

Opposite to the decrease behavior of maximum fluorescence intensity (Figure 3.7), the 

magnitude in time derivative increased for the majority of GOs. This is probably because the 

maximum fluorescence intensity is propotional to the density of active sites, while the time 

derivation, reflecting the rate of P generation, not only dependent on the active site density, but also 

dependent on the per-site reactivity. The electrochemical reduction although decreased the active 

site density, may have increased the reactivity of each site.   
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Figure 3.7 Fluorecence intensity represented electrocatalytic activity change upon electrochemical 

reduction. (A)-(E) A piece of GO reduced under a steady 0.7 V potential for 1 h. (F)-(J) Another 

piece of GO reduced under a steady 0.9 V potential for 1 h. Dotted lines in B-D and G-I are 

diagonal lines. (A, F) The reconstructed fluorescence image of GO. Soild black lines on top are the 

expanded edge lines that separate the boundary, wrinkle and sheet regions. (B-D and G-I) 2D scatter 

plots of peak intensity before (x-axis) and after (y-axis) the electrochemical reduction respectively 

for the pixels within the boundary region (B, G), wrinkle region (C, H) and sheet region (E, J). Sub-

population in each regions are colored in blue, green and red. (E, J) Fasle color image of GO 

correspond to (A) and (F). Each color represents a different domain, which is composed by 

combining sub-population from boundary, wrinkle and sheet regions as described in the text. The 

pixel size in (A, E, F and J) is 267 nm.  
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Table 1. Peak potential changes upon electrochemical reduction from the fluorescence current 

curve as in Figure 3.5a 

Region 

Stage 1 

Peak potential 

(V) 

Stage 3 peak potential (V)  

0.7 V 0.8 V 0.9 V 

Boundary 

0.1640.004 

0.2480.002 

0.1620.007 

0.2070.009 

0.1830.004 

0.1930.007 

0.1730.005 

0.1910.002 

Wrinkles 

0.1510.005 

0.2460.002 

0.1540.009 

0.2040.010 

0.1770.006 

0.1950.006 

0.1670.008 

0.1850.006 

Sheet 

0.1540.005 

0.2470.002 

0.1530.007 

0.2050.010 

0.1800.004 

0.1970.005 

0.1680.004 

0.1890.002 

 

a Column 1 specifies each region. Column 2 shows the original peak potentials, and column 3-5 

are the peak potentials after electrochemical reduction. Peak potential for S → P are shown on top 

in each cell, while PH2 → P are shown on bottom. Errors are s.e.m. 
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3.3.6 The Electrochemical Activity Changes of GO in Multistage Reduction 

 To observe the changes of electrocatalytic activity more closely, multistage reduction 

treatments were performed on GO. The fluorescence intensity reconstructed image was first 

generated to represent the initial electrochemical activity of as-received GO (Figure 3.8B). Then, a 

constant 0.9 V potential was applied for 20 minutes every time, with each followed by another 

cyclic voltammetry to obtain the intensity reconstructed image. Four reduction stages were carried 

out on GO, which gave a total of 80 min reduction time and generated 5 reconstructed images. In 

these reconstructed images, the fluorescence intensity at each image pixel followed an exponential 

decay behavior (Figure 3.8A). An empirical equation 𝐼 =  𝐴 ∙ 𝑒−𝑘𝑡 + 𝐼0 was used to fit each pixel, 

where the A is a prefactor, k is the decay constant, t is the number of electrochemical reduction and 

I0 is the intensity offset. A decay map for entire GO was generated by reconstructing the decay 

constant k from every single pixel (Figure 3.8C).  It turned out that there exist discrete sites where 

the decay rates were much faster than the rest of the sheet. And by examining the spatial locations 

of these discrete sites, it seems that electrochemical reduction preferentially started from boundaries 

and wrinkles.  

 

3.3.7 Raman Spectrum Correlated Activity Measurement 

 Raman spectra were measured at various different locations on GOs to better understand 

the structure-activity correlation. The same pieces of sheets were later put under our optical 

microscope to correlate with electrocatalytic activity measurements. The high-intensity laser used 

in Raman destroyed the GO at focus points, leaving dark spots in intensity reconstructed images, 

which can facilitate the spatial correlation of Raman spectra with the activity measurements. The 

typical Raman spectrum of GO contains two groups of peaks. One is around 1300~1600 cm1 (G 

and D band), and the other is around 3200~3400 cm1 (2D band).  It is reported that the increase of 

oxygen functionalities causes the shift of Raman G band to lower wavenumbers. In our 
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measurements, the boundary regions redshift the most from the pristine graphene sheets, while 

wrinkles and flat sheets had almost the same Raman frequencies. These results indicate that the GO 

boundary region is most abundant in oxygen containing functionalities, as expected. 
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Figure 3.8 The electrochemical activity change of GO by stepwise reduction. (A) Maximum 

intensity change of a single pixel versus the number of reduction steps. Solid red line is a fit with 

the empirical equation 𝐼 =  𝐴 ∙ 𝑒−𝑘𝑡 + 𝐼0. (B) The fluorescent intensity reconstructed image of as-

received GO. Trace in (A) is extracted from the pixel marked out by the white arrow in (B). (C) 

The reconstructed image using the decay constant k. Solid black lines separate the boundary region 

and wrinkle region from the sheet.   
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Figure 3.9 (A) Typical Raman spectrum from GO. (B) The intensity reconstructed image of GO 

after taking micro-Raman spectra at multiple locations. Spectra were collected from the positions 

of the spherical dark spots (e.g. positions marked by white arrows). (C) Scatter plot of G band 

versus D band. The red, green and blue color represent boundary, wrinkle and sheet respectively.   
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CHAPTER FOUR 

 

SINGLE-MOLECULE ELECTROCATALYSIS ON ALIGNED ARRAYS OF SINGLE-

WALLED CARBON NANOTUBES 

 

4.1 Introduction 

Single-walled carbon nanotubes (SWNTs), since first discovered by Iijima and Bethune in 

1993,1-2 received great attention for their extraordinary structural, mechanical and electronic 

properties. The applications of SWNTs in the past two decades include nano-sized electronics, 

opto-electronics, catalysis, and sensors.3-9 Among these applications, the energy related 

electrochemistry and electrocatalysis became promising because of the one-dimensional nature of 

SWNTs leading to high specific surface area and large enhancement in the rate of mass transport 

and electron transfer.10-14 Therefore, the fundamental understanding of SWNTs in electrochemical 

processes is important for tailoring their structures for optimal performances.    

Synthesizing monodispersed SWNTs is a persistent challenge.9, 15 The current preparation 

methods always generate SWNTs with chirality dispersion. The chirality dispersion leads to 

dispersion in electronic properties, which increases the difficulties in quantitatively characterizing 

the SWNTs electrochemical and electrocatalytic properties. To circumvent this problem, Crooks, 

Dekker and coworkers have studied the electrochemical properties of carbon nanotubes at the 

single-nanotube level, by directly measuring the electrical current passing through.10-12, 16 This 

electrical current measurement, although powerful in studying the property of a particular carbon 

nanotube, suffers from certain drawbacks. First, the measurement at single-nanotube level requires 

delicate engineering, which limits the possibility for multiplexed observations. Moreover, the 

electrical current measurement lacks the spatial information, so that it does not differentiate 
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electrocatalytic reactions occurring at different locations. It is critical to know whether the sidewalls, 

tube ends, defect sites, or the remaining catalyst particles are responsible for the electrocatalytic 

properties. This question, however, cannot be answered by the electrical current measurements.  

Based on the previous study of chemical catalysis of single metal nanoparticles, our group 

has established a single-molecule fluorescence approach to interrogate the electrocatalysis of 

SWNTs in situ.26 By designing a fluorogenic electrocatalytic reaction and using wide-field 

fluorescence microscopy, multiple SWNTs during electrocatalysis were studied simultaneously at 

the single-turnover, single-reactive-site level. Super-resolution (SR) imaging techniques, such as 

Stochastic Optical Reconstruction Microscopy (STORM) and Photoactivation Localization 

Microscopy (PALM),17-20 can spatially resolve and localize the position of individual fluorescent 

molecules with sub-diffraction limit resolution. Because the fluorescent product molecules are 

generated onsite, by applying SR imaging to SWNT electrocatalysis, the reactive sites have been 

resolved down to ~20 nm spatial precision. The single-molecule kinetic analysis led to an 

electrocatalysis mechanism of SWNTs, and the reactivity heterogeneity among reactive sites was 

quantified.  

This chapter focuses on the electrocatalysis of arrays of aligned SWNTs on a quartz 

substrate. Large arrays of aligned SWNTs can be integrated into electronic devices as field effect 

transistors or biosensors; therefore many different methods have been reported to control the 

growth direction of SWNTs, such as using electric field21, gas flow22 or on patterned SiO2
23. In this 

study, the SWNTs were synthesized through chemical vapor deposition (CVD) on a piece of quartz 

slide. The van der Waals interaction between SWNTs and quartz crystalline guided the growth 

direction of SWNTs, leading to large arrays of aligned SWNTs.24-25 Electrocatalysis was performed 

on these aligned SWNTs with SR imaging. The localizations of active sites were further correlated 

to AFM and SEM images, generating the spatial distribution of active sites along SWNTs. With 

these combined imaging techniques, questions such as whether the tube ends or defect sites are 



114 

 

responsible for the electrocatalytic activity, and whether multiple reactive sites on the same 

nanotube behave similarly might be answered. In addition, the potential-dependent kinetics are 

studied at the single nanotube, single active site level, which might help to understand the electron 

transfer process at the SWNT-solution interface in future. 

 

4.2 Materials and Methods 

4.2.1 Fabrication of Aligned SWNTs 

Quartz slides with aligned SWNTs samples were designed and fabricated by Michael Segal 

in the Park group in the Department of Chemistry and Chemical Biology at Cornell. These samples 

were ~25 mm  20 mm  0.5 mm quartz chips, on which aligned SWNTs were grown and were 

further deposited gold electrodes to make electrical contacts with the SWNTs. The procedures for 

sample fabrication are summarized below. 

 

4.2.1.1 Etching Mapping Features on Quartz Wafer  

In order to precisely locate the sample area for single-molecule electrocatalysis imaging, 

~5 m  5 m markers with different shapes were etched on a piece of quartz wafer with 10 cm 

diameter using photolithography and O2 plasma etching. The quartz wafer was first placed in a 

Yield Engineering Systems (YES) LP-III for vapor priming, using hexamethyldisilazane (HMDS) 

as adhesion promoter. SPR700-1.2 photoresist was then spin coated on wafer at 3,000 RPM for 30 

s. The wafer was baked at 115 ºC for 90 s before exposed under UV light for marker mapping. 

After exposure, the quartz wafer was baked for another 90 s at 115 ºC and then transferred to a 

Hamatech processor to develop the photoresist. Later on, wafer was transferred to Oxford 82 etcher, 

where sample was treated by O2 plasma for 1 min, CHF3/O2 for 15 min and another O2 plasma for 
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1 min. Once etched, wafer was place on hot strip bath for 2 hours and then transferred to commercial 

1165 solution soaking for 2 days at room temperature.   

 

4.2.1.2 Depositing Fe Catalyst for SWNT Growth  

2 Å thick Fe catalyst strips were patterned on quartz wafer, each strip of ~ 5 m in width. 

In this step, wafer was treated through YES vapor prime, SPR700-1.2, 115 ºC baking and auto-

stepping. The detailed condition was the same as the mapping feature etching step described above. 

After that, wafer was placed in Oxford 82 for O2 plasma treatment for 1 min and then transferred 

to evaporator to deposit Fe. The ~10 cm wafer was cut into 25 mm  20 mm  0.5 mm quartz chips 

after patterning the Fe catalyst. Each wafer could generate about 12 pieces of samples.  

 

4.2.1.3 The Growth of SWNTs  

SWNTs growth was done in a tube furnace (Thermo Scientific), with CH4 as carbon source. 

Two pieces of 25 mm  20 mm  0.5 mm quartz chips were placed in furnace each time, and 

pretreated at 900 ºC in air for 2 hours to remove the remaining photoresist. The temperature was 

then lowered to 880 ºC with Ar flow for 5 min. After that, H2 was flowed in for another 5 min 

followed by the H2/CH4 feed gas for nanotube growth. The final SWNTs density on chip was 

largely controlled by the growth time. Most of the samples used for electrochemical activity 

measurements had growth time between 15 min ~ 30 min. Figure 4.1A shows the SEM image of 

the sample after the nanotube growth. After growth, sample was cooled down to room temperature 

in H2 and Ar flow. 

 

4.2.1.4 Depositing Au electrodes 
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A final step of patterning gold electrodes needs to be done before using the sample for 

electrochemical activity measurements. The gold electrodes serve two purposes: 1) to make 

electrical contact with SWNTs, and enable easy access for macro-sized working electrode; 2) to 

cover the Fe catalyst zone, where lots of carbon residues remained; these carbon residues can 

interfere with the electrochemical activity measurement on the SWNTs. In order to fulfill these 

purposes, the Au electrode was lithographed right on top of the Fe catalyst strips, so that carbon 

residues were blocked while all of the tubes are in contact (Figure 4.1B and C). In this step, quartz 

chips with nanotubes were first baked at 100 ºC for 30 min, followed by spin coating the lift-off 

resist at 5000 RPM for 45 s. The alignment was done in an ABM contact aligner, and exposed 

under UV for 5 s. Prior to depositing Au, a 7 nm Cr layer was deposit first to make the quartz 

surface adhesive, and Au deposition was done immediately after, with final thickness ~ 60 nm.  

 

 

Figure 4.1 SEM of SWNTs on quartz chip. (A) SWNTs grown out of Fe catalyst strips. The bright 

horizontal line is the Fe catalyst strip, and the vertical lines are SWNTs. (B) SWNTs with deposited 

Au electrodes. The square on top is Au, bright vertical lines are SWNTs and the “┌” shape on the 

lower left corner is the mapping feature. (C) Zoom out view that contains many blocks of SWNTs.  
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4.2.2 Sample Preparation for Single-Molecule Electrocatalysis Imaging 

4.2.2.1 Cleaning the Quartz Slide with Aligned SWNTs  

The as-synthesized samples may contain organic residues from lithography. Without 

proper cleaning, the EMCCD camera (Andor iXon, DV887DCS-BV) would be easily saturated by 

the fluorescent species remained on the quartz substrate under the light illumination conditions for 

single-molecule fluorescence imaging. Since the SWNTs were held on the quartz via van der Waals 

forces, acidic or basic solutions were not suitable for sample cleaning; SEM showed that soaking 

the quartz slide with aligned SWNTs in 1 M NaOH for 10 min resulted in the SWNTs to fall off 

from the quartz substrate. Therefore, to remove the amorphous carbon as well as other organic 

species, the sample was first annealed in H2 atmosphere at 300 ºC for 30 min. After annealing, the 

sample was sequentially soaked for 30 min in acetone, pure ethanol and water under sonication. 

Sample was then thoroughly rinsed with nanopure water, and placed under a 532 nm LED lamp 

(Thorlabs) for 1 hour to completely photobleach the remaining potentially fluorescent species. The 

final sample examined by EMCCD camera had background fluorescence intensity close to the 

camera dark counts, suggesting that the cleaning procedure was sufficient.  

 

4.2.2.2 Electrochemical Flow Cell and Probing Reaction for Single-Molecule Electrocatalysis 

 The design of the flow micro-reactor for aligned SWNTs was similar to the one used in 

GOs study (Chapter 3, section 3.2.4 and Figure 3.4A). In brief, the flow cell (50 m  2 cm  5 

mm) was formed by double-sided tapes sandwiched between a glass slide and a borosilicate 

coverslip (Gold Seal®). Part of the glass slide was cut to insert the quartz slide with aligned SWNTs. 

On the glass slide, three holes were drilled. Two of them were used as in-and-out lets through 

polyethylene tubing for continuous solution follow driven by a syringe pump at 15 L/minute. The 

third one was used to place the Ag/AgCl reference electrode. A Pt foil was sandwiched between 



118 

 

the coverslip and the quartz slide as the counter electrode. The fluorogenic probing reaction used 

for this study is once again the two-stage electro-reduction of resazurin (Figure 3.3A, Chapter 3). 

The first stage reduces resazurin irreversibly to the fluorescent resorufin; the second stage reduces 

resorufin to the nonfluorescent dihydroresorufin and is reversible. 50 mM phosphate buffer was 

used all times to maintain the pH at 7.3.    

 

4.2.3 Single-Molecule Fluorescence Microscopy 

 Single-molecule fluorescence measurements were performed on a homebuilt prism-type 

total internal reflection (TIR) fluorescence microscope based on an Olympus IX71 inverted 

microscope. A continuous wave circularly polarized 532 nm laser beam (CrystaLaser, GCL-025-

L-0.5%) of 3-6 mW was focused onto an area of ~90 45 m2 on the sample to directly excite the 

fluorescence of resorufin. The fluorescence of resorufin was collected by a 60X NA1.2 water-

immersion objective (UPLSAPO60XW, Olympus), optically filtered (HQ550LP) to reject laser 

scattering, and projected onto a camera (Andor iXon EMCCD, DV887DCS-BV), which is 

controlled by the Andor IQ software. Sometimes an additional filter (HQ580m60) was also used in 

the detection path. An additional 1.6X magnification on the microscope was also used when the 

SWNTs density was high. All optical filters are from Chroma Technology Corp. All experiments 

were done at room temperature.  

 

4.2.4 Super-Resolution Imaging of Reactive Sites 

 Fluorescence time trajectories obtained from aligned SWNTs contained the similar features 

as the Au catalyzed amplex red reaction (Chapter 2 section 2.3.2, 2.3.3 and Figure 2.2, 2.3), where 

clear two-stage on and off behaviors were observed. Procedure for super-resolution imaging was 

described in detail in our previous publication26. Briefly, the fluorescence image of a single 
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resorufin molecule at a SWNT reactive site spreads over a few pixels (Figure 4.2A) as a point 

spread function (PSF, each pixel = 267 nm). Fitting this PSF with a two-dimensional Gaussian 

function localizes its central position down to ± 4.5 nm accuracy (Figure 4.2B). The center 

localizations obtained by fitting the PSFs from many on periods in a single fluorescence trajectory 

show a spread (Figure 4.2C), typical of super-resolution imaging results.17-18, 27-28 The spatial 

distribution of these localizations follows a two-dimensional Gaussian; its fwhm gives the spatial 

resolution of ~20 nm (Figure 4.2), comparable to what was achieved in PALM and STORM 

imaging,17-20, 27-28 but much higher resolution as compared with the diffraction-limited wide-field 

fluorescence image (Figure 4.2A).  
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Figure 4.2 Super-resolution imaging of SWNT reactive sites. (A) Conventional wide-field 

fluorescence image of a single P at a reactive site during one on period. Pixel size = 267 nm. (B) A 

two-dimensional Gaussian fit to the PSF function from the image in (A). The fwhm of the fit is 

~410 nm. The center localization is determined to ±4.5 nm. (C) The center localizations determined 

from the many on periods of one fluorescence trajectory. (D) Two-dimensional histogram of the 

localization distribution. A Gaussian fit gives fwhm ~ 20 nm. To increase statistics, the localizations 

from 25 reactive sites are combined, for which the center mass of the localizations from each 

reactive site was used for alignment, as done in STORM imaging.17 Figure adapted from Xu et al.26  
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4.3 Results and Discussion 

4.3.1 Morphologies of aligned SWNTs 

Figure 4.3A shows the AFM image of as-fabricated SWNTs on quartz substrate. In this 

image, SWNTs were perpendicular to the Fe catalyst strips and parallel to each other, forming 

arrays of aligned nanotubes. The straightness of the SWNTs indicates that their being pristine and 

low-defect (Figure 4.3A).25The grown SWNTs have lengths ranging from a few tens up to a 

hundred microns. The average diameter measured by AFM for as-grown SWNTs was ~ 1.4 nm, 

which suggests them being single-walled29.  The maximum density of aligned SWNTs on quartz 

can be as high as 10~20 SWNTs / m. However, high SWNTs density prohibits the precise overlap 

of active sites from single-molecule catalysis imaging on nanotubes, therefore the SWNTs growth 

time was carefully controlled to lower the SWNT density. The growth time for the samples used in 

this study was set to 5 min and the resulted quartz substrates had less than 20 nanotubes per 100 

m.  

Figure  shows an AFM image of one block of SWNTs. During the electrochemical activity 

measurements, these SWNTs were used as working electrodes and a constant negative potential 

was applied on them. Figure 4.3B and C are the AFM and SEM images of the same array after 

applying 0.7 V (vs. Ag/AgCl reference electrode) potential for ~7 hours. The AFM measured 

averaged diameter for as-fabricated SWNTs was 1.3 ± 0.4 nm (Figure 4.3A), and 1.3 ± 0.6 nm after 

the electrocatalysis (Figure 4.3B). However in both AFM and SEM images, SWNTs after 

electrocatalysis showed more bends, which are probably due to the generation of defects in the 

hexagonal lattice by the applied potential.30-31    
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Figure 4.3 AFM phase images of one block of aligned SWNTs before (A) and after (B) applying 

a constant -0.7 V (vs. Ag/AgCl) potential for 7 hours. Red false color is used in (A) and (B) to 

better visualize SWNTs. (C) The SEM image of the same block after the electrochemical 

measurement. 
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4.3.2 Selection of Possible Active Sites in Single-Molecule Electrocatalysis 

The SWNTs are invisible under optical microscope. Fluorescent bursts were only observed 

when a constant reductive potential (e.g., 0.2 V to 1.0 V vs. Ag/AgCl) was applied on SWNTs, 

where electrochemical transformation took place forming resorufin. Because the fluorescent 

molecules were generated onsite, locations with repetitive fluorescent bursts are likely the active 

sites. Three criteria were used in our analysis in order to select out the possible active sites from 

artifacts such as random adsorption of the resorufin molecule from the solution. The procedures for 

these criteria are detailed below.  

 

4.3.2.1 Extraction of Fluorescence Time Trajectory 

A homemade IDL program was used to track the coordinates of all fluorescent bursts 

within each image frame. The intensity versus time trajectory was then extracted at the location of 

each bursts by integrating over the surrounding area of ~11 m2 (i.e., 7 × 7 pixel, Chapter 2 section 

2.4.2.1) throughout the image stacks of the entire movie. Figure 4.4A is an exemplary fluorescence 

trajectory. To register as a possible active site, this trajectory needs to contain the following features: 

(1) the fluorescent bursts are continually reoccurring; (2) the total intensity counts for individual 

bursts are similar, which is a signature of single resorufin molecule detection; (3) fluorescent bursts 

are digital where the on time (τon, the duration of each burst) and off time (τoff, the time separation 

between temporally neighboring bursts) are clear; (4) the averaged τon is significantly shorter than 

the time scale for the known photoblinking kinetics of resorufin.32  

 

4.3.2.2 Correlating the Locations of Fluorescent Bursts with SEM Image  
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Figure 4.4 Single-turnover detection of aligned SWNTs electrochemical catalysis. (A) 

Fluorescence trajectory from a local spot on the quartz substrate. (B) The enlarged view of one 

segment of A. (C) Locations of extracted fluorescence time trajectories overlaid on the SEM image. 

In the SEM image, the bright horizontal line on top is the edge of the Au electrode, vertical bright 

lines are SWNTs, and the “┌” shape in the center is the etched mapping feature on the quartz. Red 

circles point out the locations, one of which (site 1) gives the fluorescence trajectory in (A).shows 

the locations of fluorescence time trajectories overlapped on a SEM image taken after single-

molecule electrocatalysis measurements. Each black dot marks a location whose fluorescence time 

trajectory fulfills the single-molecule criteria (section 4.3.2.1). The overlapping was achieved by 

aligning the etched markers and defects on Au electrodes (Figure 4.4C, white horizontal line in 

SEM), as well as the pre-deposit 100 nm spherical Au nanoparticles (Figure 4.4C, bright dots), 

which were visible in both optical microscope and SEM. It is usually difficult to precisely assign 

the locations of fluorescence time trajectories to individual SWNTs (Figure 4.4C, bright vertical 

lines), because some SWNTs lost interaction with the quartz substrate during electrocatalysis 

measurements (~14 hours) and their shapes changed in the end. Therefore, locations that overlaid 

with or close by SWNTs were all retained as possible active sites. On the other hand, locations far 

away from SWNTs were considered artifacts and discarded for later analysis. These artifacts are 

formed possibly because of the residues of photolithography that survived from the sample cleaning 

procedure. The resorufin molecule in flow may preferentially bind to these residues, giving bursts 

similar to single-molecule catalysis events.  

 

4.3.2.3 Further Filtering of the Possible Active Sites with Super-Resolution Imaging 

 The spatial localizations of the fluorescence trajectories (Figure 4.4C, black dots) suggest 

that the electrocatalysis occurs at discrete sites rather than on the entire sidewall of the SWNTs. 

This observation agrees with our earlier study on ITO supported commercial SWNTs.26 As a 
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consequence, the center localizations for fluorescent bursts coming from a true active site should 

spread in an area with its size close to 15~40 nm (e.g., the spatial resolution of super-resolution 

imaging).19, 26, 33-44 On the other hand, the in-flow resorufin binding should be  random on the quartz 

substrate; or if they preferentially bind to residues of photolithography, their center localizations 

perhaps should scatter over a  much larger area. Therefore, super-resolution imaging technique was 

applied to all possible candidates for active sites. Trajectories with scattered center localizations 

were considered artifacts and removed from further analysis.  
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lines are SWNTs, and the “┌” shape in the center is the etched mapping feature on the quartz. Red 

circles point out the locations, one of which (site 1) gives the fluorescence trajectory in (A).  
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4.3.3 Resazurin Concentration Titration on Aligned SWNTs 

Resazurin concentration titration was carried out under a steady 0.35 V potential (vs. 

Ag/AgCl). Each localized spots that generated fluorescent bursts were systematically analyzed 

using the above procedures to select out the possible active sites. Site 2 and 3 were qualified as the 

active sites for electrocatalysis and they were on the same SWNT (Figure 4.4C, circled in red). The 

fluorescence trajectory of site 3 occasionally showed a second on-level (Figure 4.5A), which is 

likely due to the formation of an additional resorufin molecule at the same location32. However, 

having two product molecules at the same time was very rare and statistically insignificant. Figure 

4.5B shows the 2D histogram of center localizations for fluorescent bursts from site 3. These 

localizations were corrected for sample drifting by tracking the movements of pre-deposited 100 

nm Au nanoparticles throughout the entire movie (~14 hours). The 2D histogram was fitted with a 

Gaussian function with fwhm ~27 nm, which is close to the spatial resolution of super-resolution 

imaging.  Therefore site 3 is very likely a real active site for electrocatalysis. 

Our previous work of ITO supported commercial SWNTs showed that the on-time were 

independent of resazurin concentration (Figure 4.5D).26 We attributed the on-time process to be 

dominated by a simple reduction reaction from resorufin to non-fluorescent dihydroresorufin 

(Scheme 4.1), where resazurin does not participate in. 

 

Scheme 4.1 On-time kinetics for ITO supported commercial SWNTs. P stands for resorufin and 

PH2 stands for dihydroresorufin.  
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Surprisingly, the τon1 of site 2 and 3 on aligned SWNTs showed a clear increase then saturation 

behavior versus the resazurin concentration (Figure 4.5C), which suggests that the reactant 

resazurin is involved in the on-time process, for example a reactant assisted substitution (Scheme 

4.2).32, 45 32, 45 In this possible scheme, two parallel pathways exist for the on-site resorufin molecule: 

one is the direct reduction, forming the non-fluorescent dihydroresorufin. The associated rate 

constant for this pathway is k3. For the alternative pathway, a resazurin molecule coming from the 

surrounding solution first undergoes a reversible adsorption to the same site of resorufin, which 

can then lead to the desorption of resorufin with a rate constant k2. For ITO supported commercial 

SWNTs, it is likely that k2 = k3 (i.e. molecules have no preferences on these two pathways), or k1/(k-

1+k2) = 0 (i.e. alternative pathway is effectively shut down).46-47 On the other hand, the aligned 

SWNTs would have k2 > k3 (i.e. the resazurin assisted dissociation is more preferred), resulting in 

a resazurin concentration dependent behavior in τon1 (Chapter 1, section 1.3 and Figure 1.2).  

 

Scheme 4.2 Possible on-time kinetics on aligned SWNTs. S stands for resazurin.   

 

 

There are several possibilities which might cause the differences between ITO supported 

SWNTs and aligned SWNTs. The ITO supported commercial SWNTs were refluxed at 80 ºC for 
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24 hours to remove the residual metal catalysts.48 It is reported that the residual metal or the 

impurities within the residual metal catalysts were responsible for some electrochemical 

reactions.49-51 In our SWNTs catalyzed resazurin reduction to resorufin and further to 

dihydroresorufin reaction, the electrocatalytic activity of nitric acid purified SWNTs was higher 

than the unpurified ones. Whether promoting or prohibiting, it seems that the metal residue can 

affect the electrocatalytic activity. For the aligned SWNTs, the Fe catalyst strips remained during 

the electrochemical catalysis, and instead of refluxing in nitric acid, which provides a strong 

oxidation environment, the aligned SWNTs were annealed in H2 at 300 ºC, which is a strong 

reduction environment. The different purification procedure as well as the metal residue inevitably 

resulted in structural differences between commercial SWNTs and aligned SWNTs, which in turn 

may affect the reaction kinetics.  In addition, the commercial SWNTs were directly deposited on a 

piece of ITO substrate, while the aligned SWNTs have only one end in contact with the Au 

electrode. And it is obvious that the contact between the electrodes and SWNTs would vary for 

these two types of sample. It is worth noting that for this specific example, site 2 and 3 were located 

on the same SWNT. Their τon1 changes versus resazurin concentration were almost identical here 

(Figure 4.5C).  
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Figure 4.5 Resazurin concentration dependence from two individual active sites. (A) A segment 

of fluorescence trajectory from site 3 in Figure 4.4C. (B) Two-dimensional histogram of the center 

localization of bursts detected from site 3. Gaussian fit gives fwhm ~27 nm. (C) The resazurin 

concentration dependence of τon-1 at site 2 (black) and 3 (red) under 0.35 V potential (vs. 

Ag/AgCl). They were on the same SWNT.  (D)  The τon-1 dependence at two different potentials 

for ITO supported commercial SWNTs. Each data points were averaged over more than 50 reactive 

sites. (D) Adapted from Xu et al.26 
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4.3.4 Potential Titration on Aligned SWNTs 

 In scheme 4.2, k3 is the rate constant that involves the electron transfer. Previous study by 

Heller and coworkers used Gerischer-Marcus model to predict the electron transfer kinetics at the 

SWNT-solution interface.12 According to their study, the electron transfer rate is dependent on the 

applied potential and the density of states (DOS) of SWNTs. For instance, semi-conducting and 

metallic SWNTs have different DOS (Figure 4.6A) and consequently, their potential-dependent 

electron transfer rates should be different. Here in this study, the on-time process for aligned 

SWNTs is composed by two parallel pathways: the electron transfer to resorufin (k3) and the 

resazurin assisted resorufin dissociation (k2). By tuning the applied potential, thus the electron 

transfer rate, k3 is expected to be different from tube to tube depending on their structures. Although 

this electron transfer pathway is less preferred for aligned SWNTs (section 4.3.3), τon1 is likely 

to change according to the applied potential. Therefore, the potential dependence of τon1 was 

examined for multiple active sites on aligned SWNTs. Shown in Figure 4.6B are the dependences 

for site 2 and 3. Their absolute values in τon1 were close to each other under various potentials, 

and neither of them showed clear potential dependence. This independence behavior versus the 

applied potential is consistent with the resazurin concentration titration in section 4.3.3, where the 

electron transfer is less preferred for on-time process. However, no conclusions can be made at this 

moment, because of lacking enough statistics.  
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Figure 4.6 Potential dependence of τon1. (A) Simulated density of states (DOS) for metallic (9, 

9) and semi-conducting (8, 6) nanotube.52 (B) The potential dependence of τon1 at site 2 (black) 

and 3 (red). 50 nM resazurin was dispersed in 50 mM pH 7.3 phosphate buffer.  

 

 

4.3.5 Proton Concentration Titration on ITO Supported Commercial SWNTs 

The fluorescent probing reaction used in this study is the same as in Chapter 3, the 

electrocatalysis of GOs. From the chemical equation in Figure 3.3A in Chapter3, both the reduction 

of resazurin to resorufin and that of resorufin to dihydroresorufin involve two protons. This reaction 

represents a large category of chemical transformations, namely proton coupled electron transfer 

(PCET). To gain information on the proton involvement in the reaction kinetics of SWNT-

catalyzed electroreduction of resorufin to dihydroresorufin, here we performed pH titration of the 

electrocatalysis by the commercial SWNTs deposited on ITO slides. 

Our analysis focuses on the on-time process, because previous study suggests that the off-

time involves the resazurin substitution aside from PT and ET,46 thus being much more complicated. 

The proton concentration dependence of τon1 from individual reactive sites show four types of 

behaviors (Figure 4.7A-D): 12% of the active sites decrease with increasing [H+] and flattens; 7% 

increases with increasing [H+] and eventually saturates; 67% were independent and 14% increases 
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initially and then decreases.  Among these four types, the ones that are independent of pH were 

dominating.  Therefore the averaged trend for all active sites also appeared to be independent 

(Figure4.7E). 

 

 

 

Figure 4.7 (A-D) Proton concentration dependence of τon1 in 50 mM phosphate buffer. Four 

types of behaviors are observed. Resazurin concentration was maintained at 50 nM, and potential 

fixed at -0.4 V (vs. Ag/AgCl). (E) The averaged τon1 for all reactive sites versus proton 

concentration. All error bars in the the graphs are S.D.  
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