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Noble metal nanoparticles are an important class of catalysts.  However they 

are inherently heterogeneous, which makes studying them at the single-particle level 

desirable, as it then becomes possible to quantify these differences.  A high-

throughput fluorescence microscopy technique was developed in which a non-

fluorescent reactant gets catalyzed to a fluorescent product on a gold catalyst surface.  

By recording the fluorescence signals at the single-molecule level from many particles 

on a camera and fitting the emitted point spread function to a two-dimensional 

Gaussian function, sub-diffraction spatial resolution of ~25 nm was achieved.  By 

overlaying the optical imaging results onto a scanning electron microscopy (SEM) 

image of the same nanoparticles, correlation of structure and activity was achieved for 

individual nanoparticles.  Since this technique can monitor the activity of many 

particles simultaneously, it was used to resolve sub-populations of both size and 

activity within a heterogeneous sample.  This can be used to aid in future catalyst 

design. 

 Also, bimetallic catalysts made from combinations of Au, Pt, and Pd were 

produced in order to study the effects of a bimetallic junction on catalytic activity.  By 

making and studying catalysts larger than the spatial resolution of this technique, it 



 

becomes possible to resolve intraparticle activity distributions.  Bimetallic segmented 

Au/Pt nanorods were prepared so that the catalytic activity could be mapped onto each 

of the domains and the interface region between the two metal domains, enabling the 

quantification of the effect the interface has on activity.  Additionally, orthogonal, 

intersecting Au and Pt microstripe arrays were fabricated using photolithography to 

study the interface effect as well.  Finally, a series of AuPd core-shell particles were 

synthesized using colloidal growth to study the effect of the shell thickness on 

catalytic activity, thus enabling the measurement of the effect of the core metal on the 

shell. 
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CHAPTER ONE 
 
 

Scalable Parallel Screening of Catalyst Activity at the Single-Particle Level and 
Subdiffraction Resolution

1
 

 
1.1  Abstract 

High-throughput and quantitative screening of catalyst activity is crucial for 

guiding the work cycles of catalyst improvements and optimizations.  For nanoparticle 

catalysts, their inherent heterogeneity makes it desirable to screen them at the single-

particle level. Here, we report a single-molecule fluorescence microscopy approach 

that can screen the activity quantitatively of a large number of catalyst particles in 

parallel at the single-particle level and with subdiffraction spatial resolution. It can 

identify directly high activity catalyst particles and resolve subpopulations in mixtures 

of catalysts. It is readily scalable and broadly applicable to heterogeneous catalysts. 

Using ensemble measurements to establish activity correlations between different 

reactions, we further show that this approach can be extended to assess catalysts in 

reactions that do not involve fluorescent molecules. Coupled with high throughput 

catalyst preparation and high-resolution structural/compositional analysis, this 

screening approach has promise in accelerating the development and discovery of new 

or better catalysts. 

 

                                                 
1
 Reprinted with permission from Zhou, X.; Choudhary, E.; Andoy, N. M.; Zou, N.; Chen, 

P., Scalable Parallel Screening of Catalyst Activity at the Single-Particle Level and 
Subdiffraction Resolution. ACS Catalysis 2013, 3 (7), 1448-1453.  © 2014 American 
Chemical Society.  Author contributed by performing some of the experiments and analysis 
leading to the data points in Figure 1.2E and also with some of the TEM and SEM imaging. 
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1.2  Introduction 

Nanoparticles are among the most important industrial catalysts. They can be 

made of many different materials, such as metals and metal oxides, and can catalyze a 

variety of chemical transformations. Developing better and less expensive 

nanoparticle catalysts remains a major goal of catalysis research.  Many efforts have 

been directed to making nanoparticles of various morphologies and compositions. For 

example, advances in colloidal chemistry have made it possible to prepare 

nanoparticles of well-controlled size, shape, and composition, in which the shape 

control renders the control of surface facets.
1−5

 Parallel methods
6
 have also been 

developed that can produce nanoparticles
7
 or (electro)catalysts of tremendous diversity 

in composition and structure for catalyzing reactions such as hydrogen oxidation,
8
 

thiophene oxidation,
9
 fuel cell reactions,

10−15
 gasoline processing,

16
 and 

photocatalysis
17

 (see also reviews 18 and 19).   

Regardless of their preparation methods, precisely controlled or diversity-

oriented, nanoparticle catalysts always need to be screened in reaction measurements 

to confirm or test their catalytic activity in various chemical transformations of 

interest.  Here, high-throughput and quantitative methods are always desirable to 

quickly feed the activity information back to the next round of catalyst  improvements 

and optimizations. To this end, thermographic imaging,
8
 laser-induced resonance-

enhanced multiphoton ionization,
20

 fluorescence microscopy,
10,12,21,22

 scanning 

electrochemical microscopy (SECM),
11−13,15,17

 and multichannel reactor vessels
16

 have 

been used to screen the catalyst activity in parallel.   

Moreover, the activity screening of nanoparticle catalysts is preferentially done 

at the single-particle level because, above all, they are highly heterogeneous.
23−26

 Even 
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for size- and shape-controlled nanocrystals, individual particles differ from one 

another. For diversity-orientated preparations, the catalyst heterogeneity is more 

pronounced. Several approaches that are capable of studying the (electro)catalytic 

activity of nanoparticles at the single-particle level have been developed.  These 

include scanning probe microscopy (e.g., scanning tunneling microscopy and 

SECM),
27−31

 detecting collision induced current transients on microelectrodes,
32−36

 

using single particles as electrodes,
37−40

 and localized surface plasmon resonance 

(LSPR) microscopy.
41−46

 Although powerful, each has limitations: the scanning probe 

approaches have low data throughput; the electrical-current-based measurements not 

only have low data throughput but also are limited to electrocatalysts; the LSPR 

microscopy is generally limited to plasmonic metal catalysts and has diffraction-

limited spatial resolution (about 200−300 nm). 

Single-molecule fluorescence microscopy recently has emerged as an effective 

approach to study catalytic reactions on individual catalyst particles.
26,47−51

 In this 

approach, a fluorogenic reaction is used, and fluorescence microscopy is used to detect 

the fluorescence signal of a reaction product on immobilized catalyst particles at the 

single-molecule level (Figure 1.1A). Quantitative activity of single catalyst particles 

can be obtained readily. With sufficient fluorescence signals, the positions of 

individual product molecules can further be localized to nanometer precision,
52,53

 

allowing imaging beyond the diffraction-limited resolution to tens of nanometers (i.e., 

subdiffraction resolution).
50,54−64

 

Here, we demonstrate that this single-molecule subdiffraction imaging 

approach can be scaled up to screen the activity of a large number of catalyst particles 

in parallel. Quantitative activity can be obtained at the single-particle level that 
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enables identification of high activity particles. By using activity correlations between 

different reactions, we further show that this approach can assess catalyst activity 

beyond fluorogenic reactions. Coupled with high-throughput synthetic methods of 

catalysts and high-resolution structural and compositional analysis, this approach has 

the potential to accelerate catalyst development and discovery. 

 

1.3  Materials and Methods 

 Catalyst preparation/characterization, single-molecule fluorescence 

microscopy, ensemble activity assays, and data analysis are described in the 

Supporting Information (SI), sections 1.8.1− 1.8.3. All catalysis experiments were 

performed at room temperature in aqueous solution. 

 

1.4  Results and Discussion 

1.4.1  Single-Molecule Subdiffraction Imaging of Single-Particle Catalysis.  

We first demonstrate the subdiffraction spatial resolution of our approach in 

imaging catalysis on single catalyst particles. To do so, we used two types of 

pseudospherical particles as model catalysts. One type is bare Au particles of 6−14 nm 

in diameter (here “bare” means that they do not have strong capping ligands such as 

CTAB or additional shells); the other is mesoporous silica-coated Au particles (i.e., 

Au@mSiO2 particles) with variable core diameters and shell thicknesses (SI, Table 

S1). We used two fluorogenic reactions as our probe catalytic reactions: one a 

reductive N-deoxygenation of resazurin to resorufin by NH2OH and the other an 

oxidative N-deacetylation of amplex red to resorufin by H2O2. Resorufin is a highly 

fluorescent molecule (Figure 1.1B). Using wide-field total-internal-reflection single-
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molecule fluorescence microscopy, we imaged and localized the product molecules 

catalytically generated on individual particles one at a time in real time (Figure 1.1A).  

 

 

Figure 1.1  Single-molecule fluorescence microscopy of fluorogenic reactions. (A) Schematic 
of using wide-field total internal reflection fluorescence microscopy to image fluorogenic 
catalytic reactions by a large number of catalyst particles immobilized on a quartz slide. The 
reactant solution is supplied in a continuous flow in a microfluidic reactor, resulting in steady-
state reaction kinetics. (B) The two fluorogenic probe reactions for catalysis: a reductive N-
deoxygenation of resazurin to resorufin by NH2OH, and an oxidative N-deacetylation of 
amplex red to resorufin by H2O2. 
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Figure 1.2  Single-molecule subdiffraction imaging of single-particle catalysis. (A) Locations 
of 141 product molecules from a 6-nm bare Au particle catalyzing the N-deoxygenation 
reaction of resazurin. (B) Image plot of the 2-D histogram of A with 10 × 10 nm

2
 bin. (C, D) 

Same as A and B, but for a 102@33 nm (core-diameter@shellthickness) Au@mSiO2 particle 

with ∼4900 product molecules in catalyzing the N-deacetylation reaction of amplex red. Inset 
in C is the particle’s SEM image. (E) Correlation between the TEM (outer) 
diameter and the apparent size from subdiffraction catalysis imaging over a series of catalyst 
samples. The apparent sizes from the subdiffraction catalysis imaging are extracted using three 
different methods, as described in the SI, section S4. These methods are referred to as model 
fit, Gaussian fit, and log Gaussian fit, respectively.  Each data point is an average of many 
particles in one catalyst sample.  The catalyst samples here include pseudospherical bare Au 
particles 6, 9, and 14 nm in diameter, and Au@mSiO2 particles 42@28, 42@38, 60@25, 
60@42, 60@97, and 102@33 nm in size. The four dashed lines are simulations assuming that 
reactions occur evenly on a spherical surface of a certain diameter; the resulting product 
distributions on the spheres are then projected into 2-D or 1-D and further convoluted with a 
Gaussian broadening function that has a standard deviation of 10, 15, 20, or 25 nm, 
respectively. The FWHMs of the convoluted distribution functions are then plotted here. See 
simulation details in the SI, section S4.1. Error bars are all standard deviations. 
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Figure 1.2A shows the locations of the catalytic products from a single 6-nm 

bare Au particle catalyzing the N-deoxygenation reaction. The fwhm of the 2-D 

histogram of these locations is ∼30 nm (Figure 1.2B, and Figure 1.14C), which is 10 

times smaller than the diffraction-limited resolution (∼300 nm).  Because this 2-D 

histogram can be plotted in an image format (i.e., Figure 1.2B), we refer to this type of 

plot as “subdiffraction catalysis images”. Nevertheless, the object in Figure 1.2B is 

still larger than the physical size of the 6-nm particle, which reflects the resolution 

limit of our approach. Depending on the number of the detected fluorescence photons 

of individual catalytic products, our effective spatial resolution is ∼15 nm at best, but 

is typically 30−40 nm when all product molecules that differ in photon counts are 

included in the analysis (SI, section S4).  Consistent with this spatial resolution, for a 

pseudospherical Au@mSiO2 particle that is significantly larger than our spatial 

resolution, the FWHM of the 2-D histogram of its product locations is about the same 

as its physical size (Figure 1.2C, D).    

Knowing the effective spatial resolution of our approach, we used three 

analysis methods to extract the apparent sizes of individual catalyst particles from 

their subdiffraction catalysis images over a series of Au and Au@mSiO2 particles. 

One method involves fitting the data with a model; the other two use empirical fittings 

(details in the SI, section 1.8.4). Figure 1.2E plots the apparent sizes of these particles 

from the subdiffraction catalysis imaging against their diameters determined from 

TEM. For larger particles, their apparent sizes are about the same as their true physical 

sizes. With decreasing particle size to smaller than 30−40 nm, the apparent sizes from 

subdiffraction catalysis imaging deviate toward the larger side of the true sizes and 
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eventually flatten out to a limiting value, which reflects our approach’s resolution 

limit.  Overall, these results demonstrate that we can image the catalysis of individual 

catalyst particles at tens of nanometer resolution, that is, subdiffraction resolution. 

 

1.4.2  Screening Mixtures of Pseudo-spherical Au@mSiO2 Particles 

To demonstrate that our approach is capable of screening and differentiating 

the activities of a large number of catalyst particles in parallel, we applied it to a 

mixture of 21@ 42 nm and 102@32 nm pseudospherical Au@mSiO2 particles (Table 

1.1).  Figure 1.3A presents the subdiffraction catalysis image of ∼1000 particles on a 

slide in catalyzing the N-deoxygenation reaction, alongside the SEM image of the 

same sample (Figure 1.3B).  Individual particles are clearly resolved in the 

subdiffraction catalysis image, including those within aggregates (Figure 1.3A, inset). 

More important, this subdiffraction catalysis image immediately reports the activities 

of individual particles, quantified by the number of product molecules detected on 

them. For example, particle 1 is clearly more active than particle 2 because it 

generated more product molecules during the same reaction time (Figure 1.3A inset), 

even though the two particles are similar in size (Figure 1.3B, inset). Overall, large 

heterogeneity in activity is clear among individual particles, which corroborates the 

need for single particle level screening.   

Pooling the results from many particles together, we obtained the distributions 

of their sizes and activities (Figure 1.3C, D and the SI, section S5). Here, the activities 

are represented by v, the rate of turnovers per particle. We also excluded the 

aggregates in these distributions for convenience in automated data analysis. Two 

subpopulations are clear in the 2-D histogram of size and activity, corresponding to 
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the 21@42 nm and 102@32 nm Au@mSiO2 particles (Figure 1.3D). The larger 

102@32 nm particles have higher activity, likely due to their larger Au surface areas 

per particle.   

 

Figure 1.3  Parallel activity screening of a mixture of pseudospherical 21@42 nm and 

102@32 nm Au@mSiO2 particles. (A) Subdiffraction catalysis image of ∼1000 particles in 
catalyzing the reductive N-deoxygenation of resazurin to resorufin. This image is generated 
with 20 × 20 nm

2
 bins. Inset: a zoom-in. Reaction conditions in the SI, section S5. (B) SEM 

image of the same set of particles as in A with a zoom-in inset. (C) Scatter plot of 
individual catalyst particles against their respective SEM diameters and rates of turnovers (v, 
in s

−1
 particle

−1
 in log scale) from A and B. Each point represents one particle. Insets: SEM 

images of selected particles. (D) Contour plot of the 2-D histogram of C. Bin size: 20 nm 
×0.25. The solid black lines are fits with two 2-D Gaussian functions. (E, F) Same as C and D 
, but for a different batch of samples in catalyzing the oxidative Ndeacetylation of amplex red 
to resorufin. Reaction conditions are in the SI, section S6. 

 

Among all particles in this mixture, the general trend is, unsurprisingly, that 

larger particles are more active on a perparticle basis, with a Pearson’s correlation 

coefficient of ∼0.68 between size and activity (Figure 1.3C). However, some smaller 

particles show significantly higher activities (e.g., particle 3, Figure 1.3C), whereas 

some larger ones show lower activities (e.g., particle 7, Figure 1.3C), compared with 

those of similar sizes. This direct identification of catalyst activity at the singleparticle 

level is exciting because one can now pinpoint the particle of desired activity for 
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subsequent structural characterizations, although our structural characterization is 

currently just at the SEM level, which is insufficient to identify the structural basis of 

activity differences (Figure 1.3C insets).   

We also examined this mixture of the two types of Au@mSiO2 particles in 

catalyzing the N-deacetylation reaction. We again were able to screen and quantify the 

activity of a large number of particles in parallel at the single-particle level and 

subdiffraction resolution, as well as resolve their subpopulations (Figure 1.3E, F, and 

the SI, section S6).  

 

1.4.3  Screening Mixtures of Different-Shaped Catalyst Particles 

 Here, we demonstrate that our approach can screen and differentiate the 

activity of not only mixtures of different sized catalyst particles, but also mixtures of 

different-shaped ones. We used a mixture of Au@mSiO2 particles with 

pseudospherical, triangular, and rod-shaped Au cores as our model catalysts (Figure 

1.8) in catalyzing the Ndeacetylation reaction of amplex red. Because of the mSiO2 

shell, those with small triangular cores are difficult to distinguish by shape in SEM 

from those with pseudospherical cores. We thus grouped them together as “pseudo-

spherical” particles that have two subpopulations differing in size (outer diameter: 

158.3 ± 47.0 nm and 243.3 ± 44.5 nm; the larger ones are those with triangular cores; 

Figure 1.30B). The Au@mSiO2 rods are ∼160 nm in outer diameter and have outer 

lengths ranging from ∼260 to ∼860 nm, as we previously reported
62

 (Figure 1.30A).   

Figure 1.4A shows the subdiffraction catalysis image of ∼900 of these 

differently shaped catalyst particles, alongside the SEM image of the same sample 

(Figure 1.4B). Individual catalyst particles, as well as their pseudosphere or rod 
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shapes, are clearly resolved in the subdiffraction catalysis image, even within 

aggregates. Again, the most important information from the subdiffraction catalysis 

image is the catalytic activities of individual particles, reflected by the number of 

reaction products detected on them. A large heterogeneity of activity is clear among 

particles: even for those of similar sizes, some are more active and some less (e.g., 

particle 12 vs particle 13 in Figure 1.4A inset). This large activity heterogeneity again 

corroborates the need for single-particle level activity screening.   

We further analyzed the pseudospherical and rod-shaped particles separately. 

Figure 1.4C shows the distribution of size and activity of the pseudospherical catalyst 

particles (we again excluded those in aggregates for convenience in data analysis; see 

also section 1.8.7). Two subpopulations are clearly resolved in the distribution, with 

the larger particles having higher activities on a per-particle basis. Figure 1.4D shows 

the correlation between activity and aspect ratio of individual rods.  Here, no clear 

subpopulations are visible, although large activity heterogeneity is apparent. This 

direct identification of catalyst activity at the single-particle level again allows us to 

pinpoint specific particles of high or low activity, for example, those in the Figure 

1.4D insets. 
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Figure 1.4  Parallel activity screening of a mixture of pseudospherical and rod-shaped 
Au@mSiO2 particles in catalyzing the oxidative Ndeacetylation of amplex red to resorufin. 

Reaction conditions are in the SI, section 1.8.7. (A) Subdiffraction catalysis image of ∼900 
particles with a zoom-in inset. Image generated with 20 × 20 nm

2
 bins. (B) SEM image of the 

same set of particles as in A with a zoom-in inset.  (C) Contour plot of the 2-D histogram of 

∼220 pseudospherical particles against their respective SEM diameters and rates of turnovers 
(v, in s

−1
 particle

−1
 in log scale) from A and B. Bin size: 20 nm ×0.25.  The solid black lines 

are fits with two 2-D Gaussian functions (also Figure 1.31 and section 1.8.7). (D) Scatter plot 

of ∼80 rods from A and B against their respective aspect ratios (from SEM image) and log(v).  
Insets: SEM images of selected rods. 
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1.4.4  Activity Correlation between Fluorogenic Probe Reactions and Common 

Model Redox Reactions 

For our imaging approach, one of the catalytic products needs to be 

fluorescent. Therefore, catalytic reactions that do not generate fluorescent molecules 

cannot be studied directly. However, the types of chemical transformations to be 

studied are not limited because one can design reactant molecules that undergo the 

desired chemical transformation to generate a fluorescent molecule. For example, the 

two fluorogenic probe reactions we use here represent distinct chemical 

transformations: one an N-deacetylation reaction and the other an N-deoxygenation 

reaction (Figure 1.1B).   

On the other hand, one may not even need to design new fluorogenic reactions 

for screening catalysts for a particular chemical transformation. Our hypothesis is the 

following: If a catalyst’s activity in a reaction of interest is well correlated with its 

activity in either of the two fluorogenic probe reactions we study here, then our 

fluorescence microscopy-based screening results can be used to predict the (relative) 

activity of catalyst particles in the reaction of interest. Here, we demonstrate such 

activity correlations between the two fluorogenic probe reactions and two common 

model reactions for studying catalysts.   

The two model reactions we chose are the reduction of 4-nitrophenol to 4-

aminophenol and the oxidation of hydroquinone to quinone ( Figure 1.34 and section 

1.8.8). Both are commonly used to test the activity of catalysts.
65

  We tested two series 

of catalysts: one bare pseudospherical Au particles and the other pseudospherical 

Au@mSiO2 particles, both of varying sizes (Table 1.1). Figure 1.5A shows the 
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correlation between the activities of these catalysts in 4-nitrophenol reduction and in 

resazurin N-deoxygenation. Figure 1.5B shows the correlation between their activities 

in hydroquinone oxidation and in amplex red N-deacetylation. In both cases, linear 

positive correlation is observed: when a catalyst is high in activity in the reductive N-

deoxygenation reaction of resazurin, it is also high in activity in the 4-nitrophenol 

reduction reaction, and when a catalyst is high in activity in the oxidative N-

deacetylation reaction of amplex red, it is also high in activity in the hydroquinone 

oxidation reaction. The correlation coefficients are all ∼1.0, even though the activities 

of the catalyst particles vary over many orders of magnitude. These correlations 

demonstrate that for the 4-nitrophenol reduction and hydroquinone oxidation 

reactions, even though we cannot directly screen the catalyst activities using our 

single-molecule imaging approach, we can still screen them at the single-particle level 

using our fluorogenic probe reactions to obtain equivalent information. This 

correlation approach can be broadly applied to many other catalytic reactions; one just 

needs to establish their correlations with a fluorogenic reaction using conventional 

ensemble measurements before applying the single-molecule fluorescence microscopy 

approach for activity screening at the single-particle level. 
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Figure 1.5  Activity correlation for the same sets of catalyst particles between different 
reactions. (A) Correlation between the reductive Ndeoxygenation reaction of resazurin (i.e., 
RZ-rdx) and the reduction of 4-nitrophenol (i.e., NIP-rdx). For bare Au particles, the 

correlation coefficient is ρ ∼ 1.00; for Au@mSiO2 particles, ρ ∼ 0.99. (B) Correlation 
between the oxidative N-deacetylation reaction of amplex red (i.e., AR-ox) and the oxidation 

of hydroquinone (i.e., HQ-ox). For bare Au particles, ρ ∼ 0.98; for Au@mSiO2 particles, ρ ∼ 
1.00. All error bars are standard deviations. Solid lines are linear fits. The activities were 
measured at the ensemble level and quantified by the rate of turnovers, v, in s−1 particle−1. 
Two series of catalyst particles were tested (SI, Table S1): one (●), bare pseudospherical Au 
particles 6, 9, 21, 102, and 226 nm in diameter, denoted as 1′, 2′, 3′, 4′, and 5′; 
the other (○), pseudospherical Au@mSiO2 particles of 6@38, 21@81, 42@65, 42@70, 
60@83, 102@59 nm in size, denoted as 1, 2, 3, 4, 5, and 6, in the plots. 

 
 

1.5  Conclusion 

 We have shown here that the single-molecule fluorescence microscopy 

approach offers a quantitative way to screen the activity of a large number of catalyst 

particles in parallel at the single-particle level and subdiffraction resolution. This 

approach is applicable to many types of (nano)catalysts, and the results can be 

extrapolated using activity correlations to evaluate catalyst activity beyond fluorogenic 

reactions. With motorized fluorescence microscopes and larger camera formats, this 
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approach can be scaled up significantly to identify highly active ones among many 

thousands of catalyst particles, which can then be selected for subsequent high-

resolution structural and compositional analysis, for example, using high-resolution 

electron microscopy.
66

 Coupled with combinatorial or parallel synthesis of 

catalysts,
6−12,16,17

 one can envision that this approach will be powerful for assessing 

catalyst synthesis protocols and the performance of resulting catalysts. The 

information can then be fed back quickly to the next round of catalyst synthesis and 

optimization, which would accelerate the discovery and development of new or better 

catalysts. 
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1.8  Supporting Information 

1.8.1  Materials and General Methods 

1.8.1.1  General Materials 

 All commercial materials were used as received unless specified otherwise. All 

experiments were done at room temperature under ambient conditions, unless 

specified otherwise. TEM (FEI Tecnai 12) and SEM (LEO 1550) were performed at 

the Cornell Center for Materials Research (CCMR) or the Cornell NanoScale Facility 
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(CNF). Image analyses were done using home-written MATLAB codes.  The SEM 

images of larger areas, for example in Figure 2B in the main text, were taken piece 

wise in small areas. These smaller SEM images were then merged together using 

overlapping regions. 

 
1.8.l.2  Catalyst Particles: Bare Pseudo-spherical Au Particles 

The unconjugated (i.e., “bare”) pseudo-spherical gold colloidal particles with 

diameters of 6.0 ± 1.7, 9.1 ± 1.5, 13.7 ± 2.4, 21.0 ± 4.0, 42.0 ± 8.1, 60.4 ± 8.4, 101.7 ± 

13.4, 225.7 ± 35.3 nm were purchased from British Biocell International/Ted Pella and 

characterized by TEM. TEM images. Size distributions of these Au particles are 

shown in Figure 1.6, except for the 6.0 ± 1.7, 9.1 ± 1.5, 13.7 ± 2.4 nm ones, which 

were published previously in ref
1
. 
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Figure 1.6  (A-E) TEM images of bare pseudo-spherical gold particles. (F-J) Corresponding 
diameter distributions from (A-E). The determined diameters are 21.0 ± 4.0 nm (from 145 
particles), 42.0 ± 8.1 nm (from 362 particles), 60.4 ± 8.4 nm (from 156 particles), 101.7 ± 13.4 
nm (from 150 particles), and 225.7 ± 35.3 nm (from 59 particles), respectively. The diameter 
is the center of the Gaussian fitting (red lines), and the error bar is the standard deviation. 
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1.8.1.3  Catalyst Particles: Mixture of Au@mSiO2 Nanorods and Small 
Triangular, and Pseudo-spherical Particles 
  

The mixture that contains gold nanorods, and triangular and pseudo-spherical 

particles were synthesized by three-step seeded growth protocol2 and was described in 

detail in our previous publication3. Briefly, first, Au particle seeds were synthesized by 

reduction of HAuCl4 (Aldrich) with NaBH4. Then, the Au nanorods were grown 

stepwise from the Au seeds. The resulting sample was a mixture of particles: Au 

nanorods, triangular particles and pseudo-spherical particles (Figure 1.7A), which 

were collected from the bottom of the growth container, and dispersed in water for 

further use. The Au nanorods have ~100 nm to 700 nm lengths and 21.4 ± 3.2 nm 

diameters shown in Figure 1.7A, whose detailed size and shape analysis was reported 

in a previous study by us3. The sizes of triangular and pseudo-spherical particles are 

113.5 ± 42.8 nm and 47.0 ± 15.4 nm shown in Figure 1.7B and C, respectively. 
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Figure 1.7  TEM characterization of the as-synthesized mixture of Au nanorods, and 
triangular and pseudo-spherical particles. (A) TEM image of the as-synthesized mixture. (B) 
Size distribution of triangular particles. The diameter of a particle was determined by boxing it 
in a rectangle in image analysis, and the average of the long and short edge lengths of the 
rectangular box was taken as approximation of its diameter. A Gaussian fit gives a diameter of 
113.5 ± 42.8 nm. (C) Size distribution of pseudo-spherical Au nanoparticles. A Gaussian fit 
gives a diameter of 47.0 ± 15.4 nm. 

 

The mesoporous silica coating was added onto the Au nanorods, triangular 

particles and pseudo-spherical particles (Au@mSiO2) according to published 

procedures
4-6

 and was described in detail in our previous publication3. Briefly, first, 

the as-synthesized Au particle mixtures were functionalized by 3-

mercaptopropyltrimethoxysilane (MPTMS) (Aldrich) and sodium silicate solution. 

Second, a thick silica shell was grown by the hydrolysis of tetraethyl orthosilicate 

(TEOS) (Aldrich) in basic condition. Third, the silica shell was etched by NaOH with 

CTAB as a templating reagent to make mesoporous silica shell. The resulted mSiO2 

shell is ~80 nm thick (Figure 1.8)
3
. All mSiO2-coated particles in this study were 

calcinated at 773 K for 1 hour, following literature procedures
6,7

, before being used for 

catalysis. This calcination was to remove the organic surfactants and activate them for 
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catalysis, as we demonstrated previously
3
; and the morphology of the nanorods stay 

unchanged after calcination.  

Due to the mSiO2 coating, the small triangular particles are difficult to 

differentiate by shape from the pseudo-spherical particles using SEM, which only sees 

the outer structural contour, other than their differences in sizes. Therefore, when we 

used SEM to analyze the samples whose catalysis was imaged by single-molecule 

fluorescence microscopy, we did not differentiate the triangular and pseudospherical 

ones and grouped them as “pseudo-spherical particles”, apart from the nanorods.  

 

Figure 1.8  TEM of mesoporous-silica-coated Au nanorods, triangular and pseudo-spherical 
particles. 

 

1.8.1.4  Catalyst Particles: Pseudo-spherical Au@mSiO2 Particles of Different 
Core Diameters and mSiO2 Shell Thicknesses. 
 

Starting from the unconjugated pseudo-spherical Au colloidal particles 

described in Section 1.8.1.2, we also coated them with the mSiO2 shell to make the 

pseudo-spherical Au@mSiO2 particles of variable core diameters and shell thicknesses 

using the same protocol as in Section 1.8.1.3.  Figure 1.9 shows the TEM images of 
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the pseudo-spherical Au@mSiO2 particles that were used to demonstrate the sub-

diffraction resolution of our single-molecule catalysis imaging approach, as presented 

in Figure 1.2E in the main text. Their corresponding core diameters and outer 

diameters are presented in Figure 1.6 and Figure 1.10, respectively.  

 

Figure 1.9  TEM images of pseudo-spherical Au@mSiO2 particles that were used for 
acquiring the results presented in Figure 1.2E in the main text. Their measured size 
distributions are presented in Figure 1.10 below.  
(A) 42.0@28.4 nm (core-diameter@shell-thickness) particles, with inner diameter of 42.0 ± 4.1 nm 
and outer diameter (OD) of 98.8 ± 7.3 nm.  
(B) 42.0@38.6 nm particles, with inner diameter of 42.0 ± 4.1 nm and OD of 119.2 ± 8.5 nm.  
(C) 60.4@24.5 nm particles, with inner diameter of 60.4 ± 4.2 nm and OD of 109.4 ± 7.0 nm.  
(D) 60.4@42.8 nm particles, with inner diameter of 60.4 ± 4.2 nm and OD of 146.0 ± 12.7 nm.  
(E) 101.7@33.4 nm particles, with inner diameter of 101.7 ± 6.7 nm and OD of 168.4± 12.5 nm.  
(F) 60.4@96.8 nm particles, with inner diameter of 60.4 ± 4.2 nm and OD of 254.0± 21.9 nm. 
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Figure 1.10  The outer diameter distributions of the pseudo-spherical Au@mSiO2 particles 
from Figure 1.9A-F, respectively. The average outer diameters are (A) 98.7 ± 7.3 nm; (B) 
119.2 ± 8.5 nm; (C) 109.4 ± 7.0 nm; (D) 146.0 ± 12.7 nm; (E) 168.4± 12.5 nm; and (F) 254.0± 
21.9 nm. 
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1.8.1.5  Table 1.1.  List of Catalyst Particle Sizes and Their Abbreviated Names 

The following table lists the sizes of the catalyst particles for which we used 

abbreviated names for referring to them in the main text.  
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1.8.1.6  Ensemble Catalytic Activity Measurements 

All ensemble catalytic activity measurements were done at room temperature 

in 3.4 mM pH 7.3 phosphate buffer solution. The reactants were premixed before 

injecting an aliquot of 5 to 100 μL solution of catalyst particles to initiate the 

reactions. The catalysts include bare Au particles of 6, 9, 21, 102, and 226 nm in 

diameter (Table 1.1), and the other pseudo-spherical Au@mSiO2 particles of 6@38, 

21@81, 42@65, 42@70, 60@83, 102@59 nm in size (Table 1.1). The concentrations 

of core-shell Au particles were calibrated by their UV-Vis extinction band from their 

surface plasmon resonance.  

The oxidative N-deacetylation reaction of amplex red (Invitrogen) to resorufin 

by H2O2 was monitored using the fluorescence signal of the product resorufin at 586 

nm excited at 532 nm. Amplex red was at 0.69 μM and H2O2 was at 60 mM. The 

reductive N-deoxygenation reaction of resazurin (Invitrogen) by NH2OH was 

monitored using the absorption of the reactant resazurin at 604 nm for bare Au particle 

catalyzed reactions or the fluorescence signal of the product resorufin at 586 nm 

excited at 532 nm for Au@mSiO2 catalyzed reactions. Resazurin was at 2.2 μM and 

NH2OH was at 1.0 mM. The hydroquinone (Allied Chemical) oxidation by H2O2 was 

monitored using the absorption of hydroquinone at 280 nm for bare Au particles 

catalyzed reactions or the fluorescence signal of hydroquinone at 330 nm excited at 

250 nm for Au@mSiO2 particles catalyzed reactions. Hydroquinone was at 69 μM and 

H2O2 was at 0.6 mM. The 4-nitrophenol (Sigma-Aldrich) reduction by NaBH4 was 

monitored using the absorption of 4-nitrophenol at 400 nm. 4-nitrophenol and NaBH4 

were at 51.7 μM and 1.0 mM, respectively, for bare Au particle catalyzed reactions, or 

at 34.5 μM and 3.4 mM, respectively, for Au@mSiO2 particles catalyzed reactions.  
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1.8.2  Single-molecule Fluorescence Microscopy of Catalysis 

The single-molecule fluorescence experiments were done on a home-made 

prism-type total internal reflection fluorescence (TIRF) microscopy based on an 

Olympus IX71 microscope
1,8

. A continuous circularly-polarized 532 nm laser beam 

(CrystaLaser) of 2-20 mW was directed onto the sample to directly excite the 

fluorescence of the catalytic product resorufin via a TIRF geometry. The fluorescence 

was collected by a 60× NA1.2 water-immersion objective (UPLSAPO60XW, 

Olympus), filtered (HQ580m60, Chroma), and detected by a back-illuminated 

ANDOR iXon EMCCD camera (DU897D-CS0-#BV) operated at 25 ms frame rate.  

The reactants were continuously fed into a flow cell (about 100 μm (height) × 5 cm 

(length) × 5 mm (width)) shown in Figure 1.11A with a syringe pump at 10 μL/min, 

and were catalytically converted to fluorescent products, which were detected by the 

EMCCD camera.  

We used two fluorogenic probe reactions to test the catalyst activities using our 

fluorescence microscopy approach. One was the oxidative N-deacetylation reaction of 

amplex red to resorufin by H2O2, and the other was the reductive N-deoxygenation of 

resazurin to resorufin by NH2OH, both in aqueous solutions (Figure 1.11B).  
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Figure 1.11  Wide-field, single-molecule fluorescence imaging of catalysis on a large number 
of catalyst particles. (A) Schematic of the flow cell showing many catalyst particles 
immobilized on the quartz slide, the fluorogenic catalytic reaction, the continuous flow 
supplying the reactant solution, and the total internal reflection laser excitation that illuminates 
an area of ≥100 × 50 μm

2
. (B) Reaction schemes: the fluorogenic oxidative N-deacetylation of 

the nonfluorescent amplex red molecule (denoted as S) to the fluorescent resorufin (denoted as 
P) by H2O2, catalyzed by Au particles; and the fluorogenic reductive N-deoxygenation of the 
nonfluorescent resazurin molecule (denoted as S) to the fluorescent resorufin (denoted as P) 
by NH2OH, catalyzed by Au particles. 

 

1.8.3  Nanometer Localization of Individual Catalytic Products in Fluorescence 

Images 

The images in the movies recorded from the single-molecule fluorescence 

microscopy experiments were usually 400 × 200 pixels, covering about 100 × 50 μm
2
 

area on the quartz slide where a large number of catalyst particles were immobilized.  

To decrease the computational demand, we first separated the entire image into 

grids of 7 × 7 pixels except for the 3-pixel wide area along the four edges of the image 

(Figure 1.12A). Excluding this 3 pixel-width around the edge was to avoid analyzing 

fractions of fluorescence signals of single catalytic product molecules that reside in 

this area - the fluorescence signal of a single molecule in the image appears as a point 

spread function (PSF), whose FWHM is about ~470 nm (i.e., ~2 pixels) for our 

microscope.  
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For each 7 × 7 pixel area, the EMCCD counts were integrated to get the 

fluorescence intensity and extracted versus time (i.e., frame index) from the entire 

movie (Figure 1.12B). If a catalytic product molecule was detected within the 7 × 7 

pixel at any time, a fluorescence intensity burst would be observed in the extracted 

fluorescence intensity trajectory and would be selected by an automated intensity 

thresholding algorithm (Figure 1.12B), which was detailed in our previous 

publication
3
. For each detected catalytic product, a 13 × 13 pixel (~3.5 × 3.5 μm

2
) area 

around it was redefined (Figure1.12A) and the frames during which the product stayed 

visible were added together to get a combined 13 × 13 pixel small image, from which 

the intrinsic emission signal of the catalyst particle, if present, was subtracted out 

(Figure 1.12C), as we detailed previously
3
. Then the combined frame was fitted by a 

modified two-dimensional Gaussian function that contained a sloping plane to account 

for the background (Figure 1.12D)
3
:  

 

The center (x0, y0) of the fitted Gaussian function was the location of the product 

molecule. And A + Bx + Cy was a sloping plane for accounting for the background in 

the image. The position error Ei from the fitting was calculated according to 

Thompson et al
9
:  

 

where i = x or y, σi is the standard deviation from the fitted Gaussian function above, a 

is the pixel size (266.67 nm) in the fluorescence image, and b is the standard deviation 
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of the background. N is the total number of detected photons that could be determined 

from the EMCCD counts
3
. All determined positions were further corrected for sample 

drifting using position marks (Au particles themselves) on the sample, as we detailed 

previously, to generate the final positions of all detected product molecules (Figure 

1.12E)
3
. If the fitted locations fell outside of the center 7 × 7 pixel area of the 13 × 13 

pixel area; they were discarded because they would be more reliably obtained in 

analyzing the neighboring 7 × 7 pixels.  

The entire grids of 7 × 7 pixel areas were analyzed one at a time and the results 

from them eventually patched together (Figure 1.12F), from which a 2-D histogram 

could be taken to generate the sub-diffraction catalysis image (Figure 1.12G). From 

the large, sub-diffraction-resolution catalysis image, we could identify every 

catalytically active particle in correlation with the corresponding SEM image of the 

same sample area (Figure 1.12H). Because the analysis of the entire image was done 

piece-wise and involves the final merging, the particles that happened to reside at the 

edges of the 7 × 7 pixel areas were problematic. In order to solve this problem, the 

isolated particles were selected again individually based on the SEM image, and their 

catalytic events were re-analyzed in the corresponding locations in the fluorescence 

image.  

Our current home-made software in automating the above analysis of the 

fluorescence movies is not ideal; it underestimates events at the 7 × 7 grid dividing 

lines. But this does not change our results in histogramming the well-isolated particles, 

which were re-analyzed selectively as described above. We are working on a new 

computer code to analyze the large fluorescence image in parallel without dissecting it 

into small grids.  
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Figure 1.12  (A) Image dissection scheme for analyzing the single-molecule fluorescence 
images for sub-diffraction resolution imaging analysis of the catalytic reactions of many 
catalyst particles. (B) An exemplary fluorescence intensity trajectory here, showing the 
fluorescence intensity bursts due to catalytic product formation and thresholding to select the 
bursts. (C) An exemplary 13 × 13 pixel image of a reaction product. (D) The fitted PSF of a 
single catalytic product molecule plotted in 3-D. (E) An exemplary scatter plot of all product 
positions from a catalyst particle. (F) A global scatter plot of all product molecule positions 
with a zoom in. The crowded looking is due more to visual effects of plotting too many dots 
on the figure; the zoom in is a better representation. (G) Sub-diffraction catalysis image, 
which is a 2-D histogram of the product positions in F. The figure is the same as Figure 1.3A 
in the main text. (H) SEM image corresponding to the same area in F. This figure is the same 
as Figure 1.3B in the main text. 
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1.8.4  Extracting the Size Information from the Locations of Individual Catalytic 
Product Molecules on Single Catalyst Particles 
 

The single-molecule imaging and nanometer localization of individual 

catalytic products produces a large number of locations from many catalyst particles, 

with these product locations clustered around individual particles (e.g., Figure 1.2A 

and 1.2C in the main text and Figure 1.12E and F). To extract the size information 

about a catalyst particle from its product locations, we used three different analysis 

methods for both the bare and the mSiO2 coated catalyst particles: the model-fitting 

method for both types of the catalyst particles is most reliable in extracting the size 

information, but also computationally most costly; the other two methods, which are 

empirical in nature, are less reliable but fast computationally. The results from all 

three analysis methods are included in Figure 1.2E in the main text across a series of 

bare Au and Au@mSiO2 catalyst particles.  

 

1.8.4.1  For Bare Pseudo-spherical Catalyst Particles 

(1) One-dimensional (1-D) model fitting. The catalyst particles are 3-D 

objects, but our imaging is in 2-D, onto which the locations of the fluorescent catalytic 

reaction product resorufin are projected. To extract the size information about the 

catalyst particle, here we use a model to fit the distributions of the product locations 

that are further projected onto 1-D (i.e., along x or y direction; e.g., Figure 1.13C-E). 

This model assumes that the pseudo-spherical catalyst particles are perfect spheres and 

the catalytic reactions occur evenly on the surface so that over a period of time, the 

detected product molecules sample all surface sites on the sphere evenly. Then the 

distribution of the product locations follow the spherical surface, which are projected 
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onto 2-D and further to 1-D (Figure 1.13A). The projected 1-D distribution of a sphere 

is a constant value within the dimension of the sphere:  

 

where R is the radius of the sphere, h is the height of a spherical cap, and ρ is the 

density of catalytic events on the spherical surface.  

Because our nanometer localization of molecular positions has a finite spatial 

resolution, N(x) needs to be convoluted with a broadening function, g(x′), which we 

approximate as a Gaussian function with a FWHM = 2.355σ, where σ is the standard 

deviation of the Gaussian function:  

 

N′(x) is plotted in Figure 1.13B and was used to fit the 1-D histogram of 

product molecule locations of bare Au NPs of 6, 9, and 14 nm in diameter in both x 

and y directions shown in Figure 1.13C-E. In these fittings, the radius R was fixed to 

the values determined from TEM (i.e., half of the diameter of 6.0, 9.1, and 13.7 nm, 

respectively) and the FWHM (and thus σ) of the Gaussian convolution function g(x′) 

was floated. The resulting FWHMs of the fitted N′(x) were 15.3 ± 0.6, 24.5 ± 0.9 and 

15.5 ± 1.1 nm, respectively, for the 6, 9, 14 nm Au particles. These FWHMs are all 

larger than the actual size of the respective catalyst particles; therefore, the size of any 

catalyst particles that are smaller than these FWHMs cannot be measured reliably 

using the single-molecule catalysis imaging approach, and these values represent the 

effective spatial resolution of our approach. We have used these three values as the 
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“apparent size” for the 6, 9, 14 nm particles, and plotted them in Figure 1.2E in the 

main text.  

Using this model, we also simulated N′(x) as a function of R, using σ = 10, 15, 

20, or 25 nm for the Gaussian broadening function g(x′). We then determined the 

FWHMs of the simulated N′(x) and plotted against 2R (i.e., the diameter of the 

particle) in Figure 1.2E (the four dashed lines).  

Figure 1.14 shows the measurement of a single 6 nm particle using this 1-D 

model fitting method and the other two analyses methods; the latter two are described 

below.  

 

Figure 1.13  1-D model fitting of the product location histograms from bare pseudo-spherical 
Au particles. (A) Schematic of projecting the spherical surface of radius R onto one dimension 
and the resulted distribution function N(x). (B) Schematic of the 1-D distribution function 
N′(x) after convolution with a Gaussian broadening function. (C, D, E) Fitting of the 1-D 
histograms in x and y directions of the product locations by N′(x) for 6, 9, and 14 nm bare Au 
particles. The fitted N′(x)’s have FWHMs of (C) in x, 14.9 ± 0.9 nm; in y, 15.7 ± 0.2 nm; 
average is 15.3 ± 0.6 nm; (D) in x, 24.4 ± 0.8 nm; in y, 24.6 ± 1.0 nm; average is 24.5 ± 0.9 
nm; (E) in x, 17.8 ± 1.4 nm; in y, 13.2 ± 0.7 nm; average is 15.5 ± 1.1 nm. 
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Figure 1.14  (A) Scatter plot of the catalytic product locations from a single 6 nm bare Au 
nanoparticle in catalyzing the reductive N-deoxygenation reaction of resazurin. (B) 2-D 
histogram of A with 10 × 10 nm

2
 bins. A and B are the same as Figure 1.2A and B in the main 

text. (C) 1-D histogram of A along x direction. The red line is 1-D model fitting with the fitted 
FWHM of 27.4 ± 2.3 nm; the blue line is Gaussian fitting with the fitted FWHM of 28.7 ± 1.7 
nm. (D) 1-D histogram of A along x direction; the y-axis is converted to log scale. The red line 
is Gaussian fitting with FWHM = 43.4 ± 2.7 nm. 

 

(2) Empirical 1-D Gaussian fitting of the location histograms. This is a 

simple empirical method. First, the 1-D histograms of product molecule locations in x 

and y directions were obtained. Second, the histograms were fitted with a 1-D 

Gaussian function (Figure 1.14C). The average FWHM of the two fitted 1-D Gaussian 

functions were used as a measure of the apparent size of the particle. Figure 1.15 

shows the histograms and corresponding fitting curves of 6, 9, and 14 nm bare Au 

particles, whose average FWHM of x and y directions are 17.1 ± 1.0, 24.4 ± 0.9 and 
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21.4 ± 1.2 nm, respectively, which are plotted in Figure 1.2E in the main text.  

 

Figure 1.15  Empirical 1-D Gaussian fitting to determine the apparent size of the catalyst 
particle from its histograms of product locations. (A) 1-D histograms of product locations in x 
and y direction for 6 nm bare Au catalyst particles and the corresponding Gaussian fits (red 
lines). Data from 5 particles are overlaid using the mass center of locations to increase 
statistics. The fitted Gaussian FWHM in x is 16.7 ± 0.9 nm, in y is 17.5 ± 1.1 nm, and the 
average FWHM is 17.1 ± 1.0 nm. (B) Same as A, but for 9 nm bare Au particles. Data from 7 
particles are overlaid. FWHM in x is 24.3 ± 0.8 nm, in y is 24.4 ± 0.9 nm, and the average is 
24.4 ± 0.9 nm. (C) Same as A, but for 14 nm Au particles. Data from 32 particles are overlaid. 
FWHM in x is 18.8 ± 0.8 nm, in y is 23.9 ± 1.5 nm, and the average is 21.4 ± 1.2 nm. 

 

(3) Empirical 1-D Gaussian fitting of the location histograms in log-scale. 

This method is similar to (2) above. The difference is that the 1-D histograms of the 

product locations were first converted to log scale in the y-axis before the Gaussian 

fitting (Figure 1.14D). We decided to use this empirical fitting as well, because we 

noticed that the linear 1-D histograms often have long tails on both sides that could not 

be fitted well by Gaussian functions. These side tails become less problematic in the 

log-scale. Figure 1.16 shows the log-scale histograms and corresponding fitting curves 

of 6, 9, 14 nm bare Au particles, whose average FWHM of x and y directions are 37.6 

± 2.2, 40.1 ± 1.7 and 44.9 ± 2.4 nm, respectively. These average FWHMs are used as a 

measure of apparent sizes of the catalyst particles from the catalysis imaging and 

plotted in Figure 1.2E in the main text.  
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Figure 1.16  Empirical 1-D Gaussian fitting to determine the apparent size of the catalyst 
particle from its log-scale histograms of product locations. (A) 1-D histogram in log scale of 
the product locations in x and y directions for 6 nm bare Au particles and the corresponding 
Gaussian fits (red lines). The fitted Gaussian FWHM in x is 39.6 ± 2.3 nm, in y is 35.6 ± 2.1 
nm, and the average FWHM is 37.6 ± 2.2 nm. (B) Same as A, but for 9 nm bare Au particles. 
FWHM in x is 40.2 ± 1.6 nm, in y is 39.0 ± 1.8 nm, and the average is 40.1 ± 1.7 nm. (C) 
Same as A, but for 14 nm Au particles. FWHM in x is 45.5 ± 2.2 nm, in y is 44.3 ± 2.5 nm, 
and the average is 44.9 ± 2.4 nm. 

 

1.8.4.2  For Pseudo-spherical Au@mSiO2 Catalyst Particles 

(1) Two-dimensional (2-D) core-shell model fitting. For the pseudo-spherical 

Au@mSiO2 particles, the catalytic product molecules are generated on the Au particle 

surface and detected while they are temporarily trapped in the mSiO2 shell. Assuming 

that the product molecules will sample the entire mSiO2 shell evenly over a large 

number of catalytic reactions on the same particle, the distribution of the product 

locations will follow the distribution of the shell volume. Mathematically, the volume 

of this shell (N) is equivalent to the difference between the spherical volume (N1) of 

the outer shell (radius, R) and the spherical volume (N2) of the core (radius r). Using 

this model, we project the distribution of this shell volume into 2-D (N(x,y)), in which 

our imaging was done (Figure 1.17A). This 2-D projection of shell volume N(x,y) is 

(Figure 1.17B):  
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Where 

 

And ρ is the density of product molecules in the shell.  
 

Again, because our nanometer localization of product positions has a finite 

spatial resolution, N(x,y) needs to be convoluted with a broadening function, g(xʹ,yʹ), 

which we approximate as a Gaussian function with a FWHM = 38.2 nm (i.e., its 

standard deviation being 16.2 nm) to give N′(x,y) (Figure 1.17C):  

 

Note this FWHM value of 38.2 nm for g(x′,y′) is larger than the FWHMs (~15 

nm) of g(x′) determined from analyzing the 6, 9, 13 nm bare particles above; this is 

because the FWHM of the convolution function depends on the localization errors of 

the individual molecules and it broadens when the average location error is larger (i.e., 

less accurate) as we showed previously
3
. For these Au@mSiO2 particles, their 

catalytic product molecules desorb faster than those 6, 9, 14 nm bare particles, leading 

to their less fluorescence photon counts overall and thus less localization accuracy. We 

found that with including more and more localizations of less accuracy, this FWHM, 

thus the effective spatial resolution, broadens but eventually saturates to ~38.2 nm,
3
 

which is used here.  

N′(x,y) was used to fit the 2-D histogram of the catalytic product positions 

(Figure 1.18B), where we fixed r, the core radius, to the value from TEM, and the 
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FWHM of the convolution function g(x′,y′), and floated R, the outer radius of the shell 

(Figure 1.18C). Using this 2-D model fitting method, we analyzed individual particles 

of different sets of Au@mSiO2 particles, and obtained their apparent size distribution 

(Figure 1.19). We then obtained the average apparent size for each set of particles and 

plotted the average values in Figure 1.2E in the main text.  

 

Figure 1.17  2-D model of the product location histograms from pseudo-spherical Au@mSiO2 
particles. (A) Schematic of projecting the spherical shell volume with outer radius R and inner 
radius r onto a 2-D plane and the resulted distribution function N(x,y). (B) Replot of N(x,y) 
from A; here r = 30 nm and R = 80 nm in the simulation. (C) Schematic of the 2-D distribution 
function N′(x,y) after convolution with a Gaussian broadening function. 
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Figure 1.18  (A) Scatter plot of catalytic product positions from a single pseudo-spherical 
101.7@33.4 nm Au@mSiO2 particle (outer diameter = 168.5 nm; this value is the average of 
many particles of this batch of 101.7@33.4 sample; see Figure 1.9E). Inset: SEM image of the 
corresponding particle. The diameter of this individual particle is 236.4 nm; this particular 
particle is larger than the average value. (B) 2-D histogram of the positions in (A) in 20 × 20 
nm

2
 bins. (C) 2-D model fitting results of (B). Fitted R is = 127.9 nm, i.e., outer diameter = 

255.8 nm. (D) 1-D histogram of the positions in (A) along the x direction, and its empirical 1-
D Gaussian fitting with FWHM = 140.8 ± 2.4 nm (E) Log scale 1-D histogram of the 
positions in (A) along the x direction, and its empirical 1-D Gaussian fitting with FWHM = 
293.7 ± 5.3 nm. 
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Figure 1.19  Distribution of sizes (=2R, where R is the fitted outer radius) from 2-D model 
fitting of the product location histograms for different sets of Au@mSiO2 particles.  
(A) 42.0@28.4 nm particles; average apparent size = 51.6 ± 23.1 nm  
(B) 42.0@38.6 nm particles; average apparent size = 107. 9 ± 51.5 nm  
(C) 60.4@24.5 nm particles; fitted average apparent size = 117.1 ± 58.7 nm  
(D) 60.4@42.8 nm particles; fitted average apparent size = 134.4 ± 17.3 nm  
(E) 101.7@33.4 nm particles; fitted average apparent size = 163.7±20.2 nm 
 (F) 60.4@96.8 nm particles; fitted average apparent size = 253.2 ± 91.5 nm.  
The average apparent sizes and s.d. were either directly calculated from the individual values 
of the distributions, as for A and B, or obtained by fitting the distributions with a Gaussian 
distribution function when the statistics are large, as for C-F (red lines). Similar ways of 
obtaining the average apparent sizes were used below for Figure 1.20 and Figure 1.21. 

 

(2) Empirical 1-D Gaussian fitting of the location histograms. This is the 

same as method (2) in Section 1.8.4.1. First, the 1-D histograms of catalytic events in 

x and y directions were obtained. Second, the histograms were fitted with a 1-D 

Gaussian function. The average of the two FWHMs of the fitted 1-D Gaussian 

functions was taken as the apparent size of the Au@mSiO2 particle. Figure 1.18D 

shows the histogram and corresponding fitting curve of a pseudo-spherical 102@33 
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Au@mSiO2 particle, whose average FWHM of x and y directions is 140.4 ± 1.9 nm. 

The distribution of the apparent size determined this way for all 102@33 nm 

Au@mSiO2 particles is shown in Figure 1.20E; the average is 94.8 ± 22.5 nm. The 

distributions for other particle samples are shown in Figure 1.20 as well, and the 

average value for each set of particles is plotted in Figure 1.2E in the main text.  

 

Figure 1.20  Distribution of apparent sizes from empirical 1-D Gaussian fitting of the product 
location histograms for different sets of Au@mSiO2 particles.  
(A) 42.0@28.4 nm particles; average apparent size = 54.4 ± 38.3 nm  
(B) 42.0@38.6 nm particles; average apparent size = 101.4 ± 106.7 nm  
(C) 60.4@24.5 nm particles; average apparent size = 146.7 ± 92.2 nm  
(D) 60.4@42.8 nm particles; average apparent size = 115.3 ± 56.8 nm  
(E) 101.7@33.4 nm particles; average apparent size = 94.8 ± 22.5 nm  
(F) 60.4@96.8 nm particles; average apparent size = 227.4 ± 127.5 nm. 

 

(3) Empirical 1-D Gaussian fitting of the location histograms in log-scale. 

This is the same as method (3) in Section 1.8.4.1. First, the 1-D histograms of catalytic 

product locations in x and y directions were obtained. Second, the intensity of 

histograms was converted into log scale. Third, the log scale histograms were fitted 
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with a 1-D Gaussian function. The average of the FWHM of the 1-D Gaussian 

functions in x and y directions was taken as apparent size of the catalyst particle. 

Figure 1.18E shows the log-sale histogram and corresponding fitting curve of a 

102@33nm Au@mSiO2 particle, whose average FWHM of x and y directions is 302.4 

± 7.7 nm. The distribution of the apparent size determined this way for all 102@33 nm 

Au@mSiO2 particles is shown in Figure 1.21E; the average apparent size is 225.3 ± 

40.4 nm. The distributions for other Au@mSiO2 particles are shown in Figure 1.21 as 

well, and the average value for each type of particles is plotted in Figure 1.2E in the 

main text.  

 

Figure 1.21  Distribution of apparent sizes from empirical 1-D Gaussian fitting of the location 
histograms in log-scale for different sets of Au@mSiO2 particles.  
(A) 42.0@28.4 nm particles; average apparent size = 130.2 ± 63.6 nm  
(B) 42.0@38.6 nm particles; average apparent size = 286.7 ± 155.8 nm  
(C) 60.4@24.5 nm particles; average apparent size = 233.2 ± 47.1 nm  
(D) 60.4@42.8 nm particles; average apparent size = 164.1 ± 28.1 nm  
(E) 101.7@33.4 nm particles; average apparent size = 225.3 ± 40.4 nm  
(F) 60.4@96.8 nm particles; average apparent size = 247.2 ± 43.2 nm 
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1.8.4.3  For Au@mSiO2 Nanorods 

 With the sub-diffraction catalysis image and the corresponding SEM image, 

we identified the individual Au@mSiO2 nanorods and obtained their catalytic 

activities. We used the SEM images to obtain the size information for these nanorods, 

by fitting their SEM structural counters with a model that approximates the nanorod as 

a cylinder of length l capped with two hemispheres of radius R. This model, its 

validation, and the fitting procedure were detailed in our previous publication
3
. The 

overall length of a nanorod is then L = l + 2R. The aspect ratio of a Au@mSiO2 

nanorod was taken as L/2R, which was presented in Figure 1.4D in the main text. 

 

1.8.5  Additional Results for the Activity Screening of a Mixture of Pseudo-
spherical Au@mSiO2 Catalyst Particles in Catalyzing the Reductive N-
deoxygenation of Resazurin to Resorufin 

 

The mixture of pseudo-spherical Au@mSiO2 particles of 21@42 and 102@32 

nm in size were made by synthesizing them separately and mixing them together 

afterwards. The TEM image of each sample is shown in Figure 1.22; their size 

measurements are shown in Figure 1.23. This section also presents more statistical 

analyses of the activity of individual particles in catalyzing the reductive N-

deoxygenation reaction of resazurin presented in Figure 1.3A in the main text. These 

additional statistical analyses include analyzing the distributions of individual catalyst 

particles along the dimension of their apparent sizes from the sub-diffraction catalysis 

imaging, SEM diameter, and activity (Figure 1.24 - Figure 1.26). The catalytic activity 

screening in Figure 1.3A was done with the following reaction conditions: [Resazurin] 

= 50 nM, [NH2OH] = 1 mM, and pH = 7.3. 
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Figure 1.22  TEM images of 21@42 and 102@32 nm (core-diameter@shell-thickness) 
pseudo-spherical Au@mSiO2 particles 

 

 

Figure 1.23  Outside diameter distribution from TEM (Figure 1.22) for the Au@mSiO2 
pseudo-spherical particles with core sizes of 21.0 ± 2.0 and 101.7 ± 6.7 nm. The outside 
diameter is 104.0 ± 19.9 and 166.5 ± 141.5 nm, respectively, determined from Gaussian fitting 
the distributions (red and blue lines). The error bar is s.d. of the fitted Gaussian distribution. 
There are 153 and 257 particles for the core sizes of 21.0 ± 2.0 and 101.7 ± 6.7 nm, 
respectively. These two types are denoted as 21@42 nm and 102@32 nm (Table 1.1), as in the 
text and in Figure 1.22. 
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Figure 1.24  Correlation between the SEM diameter and log(v) from the parallel activity 
screening of a mixture of pseudo-spherical 21.0@41.5 nm, 101.7@32.4 nm Au@mSiO2 
particles in the reductive N-deoxygenation reaction of resazurin. v is the rate of turnover in s

-1
 

particle
-1

. Reaction condition: [Resazurin] = 50 nM. [NH2OH] = 1 mM. pH = 7.30. (A) 
Contour plot of the 2-D histogram (bins size: 20 nm × 0.25) of the catalyst particles along the 
dimension of log(v) and the diameter determined from SEM. The color contour plot is the 
experiment data; the black lines are the fitting result using two 2-D Gaussian functions 
centered at (157.6 nm, -1.19) and (208.7 nm, -0.78). (B,C) Corresponding 1-D histograms for 
A along the dimension of SEM diameter (B) and log(v) (C), respectively. The blue solid lines 
are global fits with two Gaussian functions. The red lines are the sums of fitted Gaussian 
functions. The distributions reveal two subpopulations, corresponding to the mixture of two 
types of particles, with population ratio of about 2.89 : 1. 
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Figure 1.25  Correlation between the SEM diameter and the apparent size from the sub-
diffraction catalysis imaging (via 1-D Gaussian fitting of log-scale location histogram) from 
the parallel activity screening of a mixture of pseudo-spherical 21.0@41.5 nm, 101.7@32.4 
nm Au@mSiO2 particles in the reductive N-deoxygenation reaction of resazurin.(A) Contour 
plot between catalysis size and SEM diameter. Bin size: 20 × 20 nm

2
. The solid black lines are 

fits with two 2-D Gaussian functions centered at (157.6 nm, 202.9 nm) and (208.7 nm, 230.5 
nm), respectively. (B) Histogram of apparent catalysis size and Gaussian resolutions. (C) 
Histogram of SEM diameter and Gaussian fittings. (D) Scatter plot of individual catalyst 
particles against their respective SEM diameter and apparent catalysis size. Each point 
represents one particle. Total number of particles = 275. 
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Figure 1.26  Correlation between the apparent size from the sub-diffraction catalysis imaging 
(via 1-D Gaussian fitting of log-scale location histogram) and log(v) from the parallel activity 
screening of a mixture of pseudo-spherical 21.0@41.5 nm, 101.7@32.4 nm Au@mSiO2 
particles in the reductive N-deoxygenation reaction of resazurin. (A) Contour plot of 2-D 
histograms of individual particles along catalysis size and rate of turnovers (i.e., v, in s

-1
 

particle
-1

 in log scale). Bin size: 20 nm × 0.25. (B) 1-D histogram of log(v) among individual 
particles. (C) 1-D histogram of catalysis size of individual particles. (D) Scatter plot of 
catalysis size and rate of turnovers (i.e., v, in s

-1
 particle

-1
 in log scale) for individual catalyst 

particles. Each point represents one particle. Total number of particles = 275. 

 

1.8.6  Additional Results on the Parallel Screening of a Mixture of Pseudo-
spherical Au@mSiO2 Particles in Catalyzing the Oxidative N-deacetylation 
Reaction of Amplex Red to Resorufin 

 

This section presents more statistical analyses of the activity of individual 

particles in catalyzing the oxidative N-deacetylation reaction of amplex red, using a 

mixture of pseudo-spherical Au@mSiO2 particles of 21@42 and 102@32 nm in size 
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(Figure 1.22). The global sub-diffraction catalysis image is shown in Figure 1.27A 

along with the corresponding SEM image of the same area of the sample (Figure 

1.27B). The statistical analysis of individual particles regarding their activities and 

SEM diameters is presented in Figure 1.3E and F in the main text. Below are 

additional statistical analyses that include analyzing the distributions of individual 

catalyst particles along the dimensions of their apparent sizes from the sub-diffraction 

catalysis imaging, SEM diameter, and activity (Figure 1.27 - Figure 1.29). The 

reaction conditions for the activity screening are: [Amplex red] = 200 nM, [H2O2] = 

60 mM, pH = 7.3. 
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Figure 1.27  Parallel activity screening of a mixture of pseudo-spherical 21@42 nm and 
102@32 nm Au@mSiO2 particles in catalyzing the oxidative N-deacetylation of amplex red 
(AR) to resorufin. Reaction condition: [AR] = 200 nM, [H2O2] = 60 mM, pH = 7.3. (A) Sub-
diffraction catalysis image of ~700 particles with 20 × 20 nm

2
 bins in forming the histogram. 

Inset is a zoom in of a region. (B) SEM image of the same set particles as in A. (C) Contour 
plot of the 2-D histogram of individual particles along their SEM diameter and log(v) in F. (v 
is in s

-1
 particle

-1
). Bin size: 20 nm × 0.25. The solid black lines are fits with two 2-D Gaussian 

functions centered at (157.0 nm, -1.48) and (203.3 nm, -0.99), respectively. (D) 1-D histogram 
of log(v) of individual particles and Gaussian resolutions. The blue lines are the 1-D Gaussian 
fitting for two species. The red line is the combination of these two blue lines. (E) 1-D 
histogram of SEM diameter of individual particles and Gaussian resolution. The blue lines are 
the 1-D Gaussian fitting for two species. The red line is the combination of these two blue 
lines. (F) Scatter plot of individual catalyst particles against their respective SEM diameter 
and rate of turnovers (i.e., v, in s

-1
 particle

-1
 in log scale) from A. Each point represents one 

particle. Only isolated particles are included in the histogram, excluding those in aggregates. 
Total number of particles = 382. 
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Figure 1.28  Correlation between SEM diameter and apparent catalysis size (via 1-D Gaussian 
fitting of log-scale location histogram) for the mixture of pseudo-spherical Au@mSiO2 
particles in Figure 1.27A and B. Again, only isolated particles were included. (A) Contour plot 
of the 2-D histogram of individual particles along their apparent catalysis size and SEM 
diameter. Bin size: 20 nm × 20 nm. The solid black lines are fits with two 2-D Gaussian 
functions centered at (157.0 nm, 177.7 nm) and (203.3 nm, 214.6 nm), respectively. (B) 1-D 
histogram of apparent catalysis size of individual particles and Gaussian resolutions. The blue 
lines are the 1-D Gaussian resolutions for two sub-populations. The red line is the 
combination of these two blue lines. (C) 1-D histogram of SEM diameter of individual 
particles and Gaussian resolutions. The blue lines are the 1-D Gaussian resolutions for two 
subpopulations. The red line is the combination of these two blue lines. (D) Scatter plot of 
individual catalyst particles against their respective SEM diameter and apparent catalysis size. 
Each point represents one particle. Total number of particles = 382. 
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Figure 1.29  Correlation between apparent catalysis size (via 1-D Gaussian fitting of log-scale 
location histogram) and catalytic activity in log(v) for the mixture of pseudo-spherical 
Au@mSiO2 particles in Figure 1.27A and B. (A) Contour plot of the 2-D histogram of 
individual particles along the apparent catalysis size and log(v). Bin size: 20 nm × 0.25. (B) 1-
D histogram of log(v). (C) 1-D histogram of apparent catalysis size. (D) Scatter plot of 
individual catalyst particles against their respective apparent catalysis size and rate of 
turnovers (i.e., v, in s

-1
 particle

-1
 in log scale). Each point represents one particle. Total number 

of particles = 382. 

 
 
1.8.7  Additional Results on the Parallel Screening of a Mixture of Pseudo-
spherical, Triangular, and Rod-shaped Au@mSiO2 Particles in Catalyzing the 
Oxidative N-deacetylation Reaction of Amplex Red to Resorufin 
 

Figure 1.30 presents the TEM images of the mixture containing pseudo-

spherical, triangular, and rod-shaped Au@mSiO2 particles and the structural 

measurements of the outer diameter of particles. The global sub-diffraction catalysis 

image is shown in Figure 1.31A along with the corresponding SEM image of the same 

area of the sample (Figure 1.31B) for catalyzing the oxidative N-deacetylation 
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reaction of amplex red to resorufin. This section also presents the additional statistical 

analyses of individual particles including the distributions of individual catalyst 

particles along the dimensions of their apparent sizes from the sub-diffraction catalysis 

imaging, SEM diameter, and activity (Figure 1.31 - Figure 1.33). The reaction 

conditions for the activity screening are: [Amplex red] = 200 nM, [H2O2] = 60 mM, 

and pH = 7.3.  

 

Figure 1.30  (A) TEM image of a mixture of pseudo-spherical, small triangular, and rod-
shaped Au@mSiO2 particles. (B) Size (diameter) distribution of pseudo-spherical and 
triangular particles. The Gaussian fitted centers of them are 158.3 ± 47.0 nm and 243.3 ± 44.5 
nm, respectively, for the pseudo-spherical and triangular particles. The red lines are 1-D 
Gaussian fittings. 
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Figure 1.31  Parallel activity screening of a mixture of pseudo-spherical, small triangular, and 
rod-shaped Au@mSiO2 particles in catalyzing the oxidative N-deacetylation of amplex red 
(AR) to resorufin. [AR] = 200 nM, [H2O2] = 60 mM, pH = 7.3. (A) Sub-diffraction catalysis 
image of ~900 particles, with 20 × 20 nm

2
 bins in forming the histogram. Inset is a zoom in of 

a region. (B) SEM image of the same set particles as in A. The triangular and pseudo-spherical 
Au@mSiO2 particles are largely differentiable. (C, D, E, F) Correlation between the SEM 
diameter and log(v) for the pseudo-spherical and triangular particles (the shapes of these two 
types cannot be differentiated well in the SEM image): (C) Contour plot of the 2-D histogram 
of 221 particles along the dimensions of the SEM diameter and log(v) in F. Bin size: 20 nm × 
0.25. The solid black lines are fits with two 2-D Gaussian functions centered at (187.6 nm, -
2.05) and (252.0 nm, -1.58), respectively. The two populations likely correspond to the 
triangular and pseudospherical particles, which are difficult to distinguish by shape but differ 
in size (see also Figure 1.30B). (D) Histogram of log(v) and Gaussian resolutions. The blue 
lines are the fittings of two Gaussians. The red line is the sum of these two blue lines. (E) 
Histogram of the diameter from SEM and Gaussian resolutions. (F) Scatter plot of individual 
catalyst particles against their respective SEM diameter and rate of turnovers (i.e., v, in s

-1
 

particle
-1

 in log scale). Each point represents one particle. Only isolated particles are included 
here. Total number of particles = 221. 
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Figure 1.32  Correlation between SEM diameter and the apparent catalysis size from the sub-
diffraction catalysis imaging (via 1-D Gaussian fitting of log-scale location histogram) for the 
mixture of pseudo-spherical and triangular Au@mSiO2 particles from Figure 1.31A and B. 
(A) Contour plot between catalysis size and SEM diameter. Bin size: 20 × 20 nm

2
. The solid 

black lines are fits with two 2-D Gaussian functions centered at (186.9 nm, 162.2 nm) and 
(250.8 nm, 237.8 nm), respectively. (B) 1-D histogram of apparent catalysis size (via 1-D 
Gaussian fitting of log-scale location histograms) of individual particles. (C) 1-D histogram of 
SEM diameter of individual particles; same as Figure 1.31E. The peak positions and widths of 
Gaussian resolution in A-C are consistently fitted with one another. (D) Scatter plot of 
individual catalyst particles against their respective SEM diameter and catalysis size. Each 
point represents one particle. Total number of particles = 221. 
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Figure 1.33  Correlation between the apparent catalysis size (via 1-D Gaussian fitting of log-
scale location histogram) and reaction rate in log-scale for the mixture of pseudo-spherical and 
triangular particles from Figure 1.31A and B. (A) Contour plot of the 2-D histogram of D. Bin 
size: 20 nm × 0.25. (B) Same as Figure 1.31D. (C) Same as Figure 1.32B. (D) Scatter plot of 
individual catalyst particles against their respective apparent catalysis size and rate of 
turnovers (i.e., v, in s

-1
 particle

-1
 in log scale). Each point represents one particle. Total number 

of particles = 221. 
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1.8.8  Additional Results on the Catalytic Activity Correlation Between Different 
Reactions at the Ensemble Level 
 

 
 

Figure 1.34  Schemes of the Au particle catalyzed: (A) reduction of 4-nitrophenol by NaBH4 
and (B) oxidation of hydroquinone by H2O2. 
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Figure 1.35  TEM images of pseudo-spherical Au@mSiO2 particles for ensemble activity 
correlation experiments. See also Table 1.1 for their abbreviated names referred to in the text.  
(A) 6.0@37.5 nm (core-diameter@shell-thickness)  
(B) 21.0@80.6 nm  
(C) 42.0@65.4 nm  
(D) 42.0@70.3 nm  
(E) 60.4@82.8 nm  
(F) 101.7@58.6 nm  
Note some silica particles do not contain a Au particle core. These do not affect our ensemble 
measurements, as the Au particle concentrations were calibrated experimentally by measuring 
the UV-Vis extinction spectra at the surface plasmon resonance peak of the Au particles. 
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Figure 1.36  TEM outer diameter distributions for particles in Figure 1.35. See also Table 1.1 
for their abbreviated names referred to in the text.  
(A) 6.0@37.5 nm. Average outer diameter = 81.0 ± 25.9 nm out of 240 particles.  
(B) 21.0@80.6 nm. Average outer diameter = 181.0 ± 29.5 nm out of 237 particles.  
(C) 42.0@65.4 nm. Average outer diameter = 172.8 ± 14.7 nm out of 217 particles.  
(D) 42.0@70.3 nm. Average outer diameter = 182.6 ± 12.7 nm out of 263 particles.  
(E) 60.4@82.8 nm. Average outer diameter = 225.9 ± 17.2 nm out of 264 particles.  
(F) 101.7@58.6 nm. Average outer diameter = 218.9 ± 25.6 nm out of 226 particles. 
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Figure 1.37  Activity correlation between different reactions for bare Au and Au@mSiO2 
catalyst particles. (A) Activity in the oxidative N-deacetylation reaction of amplex red (AR-
ox) versus in the reductive N-oxygenation reaction of resazurin (RZ-rdx). (B) Activity in the 
hydroquinone oxidation reaction (HQ-ox) versus in the reductive N-oxygenation of resazurin 
(RZ-rdx). (C) Activity in the hydroquinone oxidation reaction (HQ-ox) versus in the 
nitrophenol reduction reaction (NIP-rdx). The black circles are Au@mSiO2 catalyst particles, 
while the red dots are bare Au ones. The same series of catalyst particles are presented here as 
those in Figure 1.5 in the main text. 
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CHAPTER TWO 

 
 
Synthesis and Characterization of Bimetallic Au/Pt and Au/Pd Nanocatalysts for 

Measuring Interfacial Catalytic Activity 
 

2.1  Abstract 

 Bimetallic nanocatalysts can show increased catalytic activity over their 

monometallic counterparts.  However, the introduction of a second metal into the 

nanoparticle introduces another degree of heterogeneity into an already diverse 

system, thus making their study desirable at the single particle level.  Furthermore, it is 

natural to assume that the bimetallic enhancement will be greatest at the interface 

between the two metals.  In an effort to understand the origin of this enhanced 

performance, bimetallic catalyst systems were synthesized with various interface 

structures between the two metals.  Templated electrodeposition was used to 

synthesize AuPt segmented nanorods.  Photolithography and thin film deposition were 

used to make intersecting arrays of Au and Pt stripes, and colloidal synthesis was used 

to create AuPd core-shell nanorods.  The progress of the synthesis and characterization 

of these model bimetallic nanostructures is detailed in this chapter.  The goal of the 

study was to use single-molecule fluorescence microscopy to spatially resolve the 

catalytic activity within the bimetallic nanostructures, enabling a comparison of the 

interface versus the non-interface regions.  This work could eventually lead to a better 

understanding of microscopic bimetallic structure/activity correlations and enable the 

design of next generation catalysts. 
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2.2  Introduction 

 Nanoparticles are important catalysts.  In an effort to achieve better resource 

economy, longer stability, resistance to poisons, higher selectivity, and tunable and 

increased performance, bimetallic particles offer advantages over their single 

component counterparts.  By mixing two components together new properties are 

accessible because the introduction of a new metal will affect the electronic properties 

of neighboring atoms, which can affect the properties of adsorbates.  Furthermore, the 

degree to which these properties are changed is tunable based on the composition of 

the two metals.
1-5

  Additionally, bimetallic particles can have improved performance 

from synergistic effects as part of a bifunctional mechanism, in which each metal 

preferentially adsorbs different reactants and brings them in to close proximity or one 

metal is responsible for adsorption and catalytic transformation and the other allows 

for desorption.
6-9

   

Alloys are commonly used bimetallic structures since they are simple to make 

with a variety of compositions.  However, they are difficult to study at the reactive site 

level since there are a tremendous number of different microscopic arrangements of 

the two metal atoms and varying degrees of segregation are possible depending on the 

conditions, which could yield core-shell type structures.
5,10

  In order to study the effect 

the two metals have on each other in terms of catalytic activity, it is important to study 

the interface region as this is where the synergistic and electronic effects have their 

influence.  Studying the interface directly in a mixed alloy would require atomic 

characterization of the particle surface combined with subnanometer catalytic activity 

resolution.  To get around this challenge, my research uses two approaches to make 

model metal-metal interfaces to be studied.  In one approach, by making a segmented 
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nanorod with one half made entirely of one metal and the second half made entirely of 

another metal, a well-defined interface between the two is established.  Alternatively, 

photolithography combined with metal evaporation can be used to make intersecting 

stripes of the two metals.  The single molecule fluorescence imaging technique can be 

used to measure catalytic activity at tens of nanometers spatial resolution.  This means 

that the non-interface region in the entire particle needs to be many times larger than 

the spatial resolution to be differentiated from the interface region.  By using 

templated electrodeposition to synthesize the segmented nanorods, the lengths of the 

two segments can easily be tuned by controlling the charge passed and thus the 

amount of metal deposited. For lithographically produced stripes, sizes down to a few 

hundred nanometers can easily be made. 

Although the bimetallic effect is greatest at the metal-metal interface region, it 

can also be measured indirectly by measuring core-shell nanoparticle behavior as a 

function of shell thickness for a fixed core sample.  In this case, since only one metal 

is exposed to the surface, a bifunctional mechanism is not possible, but the electronic 

effects from the core metal on the shell still can affect its catalytic behavior.  At 

monolayer coverage this effect is most pronounced and with thick shell coverage, the 

effect of the core is lost.  By studying the catalytic activity as a function of shell 

thickness, the length scale of the effect of the interface, although buried, can be probed 

which can still lead to new insight for future catalyst design.  This is another aspect of 

my research which will be described below. 
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2.3  Electrodeposition to Generate Segmented Au/Pt Nanorods 

 The first system I use to study catalysis at bimetallic interfaces is segmented 

nanorods produced by templated electrodeposition.  This templated electrodeposition 

method is widely reported in the literature using anodic aluminum oxide (AAO) as the 

template structure.  AAO is well suited for this use due to its parallel cylindrical 

nanopore structure and since it can be easily removed by dissolving in basic 

solution.
8,11,12

  In order to measure the catalytic activity using the single molecule 

fluorescence microscopy technique, it is necessary to have catalytic reactions yielding 

fluorescent product molecules.  Previous work in the Chen lab has shown that 

resorufin, a fluorescent molecule, can be catalytically generated on Au and Pt with the 

appropriate reactants.
13,14

  For these reasons, segmented Au/Pt rods are the target 

system of my research.  These rods have previously been synthesized and reported in 

the literature for use as bifunctional nanoscale building blocks and for catalytic self-

propelled nanomotors in hydrogen peroxide solution.
15-17

   

 

2.3.1  Overview of Templated Electrodeposition in AAO Templates for Making 

Segmented Nanorods 

 The first step in making the nanorods is to add a conducting electrode onto one 

side of the template.  This is achieved by evaporating silver onto the AAOs.  This 

conducting layer is blocked from the back so that only the solution in the nanopores 

can interact with the electrode.  Then the template is placed in a bath with silver nitrate 

and silver is electrodeposited into the pores by applying an appropriate potential.  This 

step is to partially fill the pores and provide a smooth electrode for the subsequent 

steps.  Then the template is thoroughly rinsed and placed into a bath with the desired 
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metal salt present and more metal is deposited.  This step can be repeated with 

different metals as desired.  After the deposition of the rods is complete, the silver 

electrode and template are removed.  The silver is removed by dissolution in nitric 

acid, and the AAO template is removed by dissolution in a basic aqueous solution.  

The rods can then be collected by centrifugation and further purified.  This process is 

shown in Figure 2.1. 

 

 

Figure 2.1  Process of making segmented nanorods using templated electrodeposition in 
anodic aluminum oxide templates 
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Another benefit of using templated electrodeposition is that the width of the 

nanorods can be chosen by using a template with the appropriate pore diameter, and 

the length of the nanorods can easily be tuned by controlling the amount of charge 

passed and thus metal deposited.  Additionally, the interface is easy to make by 

changing the template to a different metal precursor bath, and any number of 

interfaces can be introduced by repeating this process.  A simple metal-metal interface 

can be made by completely changing from one metal precursor bath to another, and 

more complicated interfaces such as a metal-alloy interface can also be synthesized by 

switching to a new bath with a mixture of metal precursors.  The rods need to be made 

such that they are significantly longer than the spatial resolution of the sub-diffraction 

fluorescence microscopy method and so that they are narrow enough to fit within the 

penetration depth of the total internal reflectance excitation beam.   With these 

constraints, I aimed to synthesize Au/Pt rods with segment lengths of several hundred 

nanometers and with a diameter of less than 100 nanometers. 

 

2.3.2 Anodic Aluminum Oxide Template 

 One of the advantages in using AAO templates is that they are already 

commercially available as their nanoporous structure is used in filtering applications.  

These AAOs nominally come in various sizes which allows for the nanorod diameter 

selection as the deposited metal is confined to the space within the pores.  However, in 

reality the nominal pore sizes and the actual pore sizes do not agree.  This stems from 

their application in filtration in which the pore diameter at the narrowest point is cited 

compared to the diameter for the majority of the length of the pore.  As the AAO is 

grown, a barrier layer of alumina remains present at the bottom of the pores as shown 
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in Figure 2.2.   

 

 

Figure 2.2  Schematic of cross sectional pore structure during AAO growth 

 

After the template is grown to its desired thickness the barrier layer can be 

modified by further electrochemical treatment or chemical etching to penetrate the 

barrier layer and allow the pores to be continuous from one face to the other.  These 

barrier layer modifications can yield smaller openings through the barrier layer than 

the size of the major pores.  The pathway from the major pore through the barrier layer 

is highly branched.  Figure 2.3A-C shows the top down SEM images of 200, 100, and 

20 nm commercial AAO templates from Wattman respectively.  As can be seen, the 
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major pore sizes do not all match with their nominal values.  For the sample with 

nominal pore size of 20 nm, the top down image (C) shows the pores are much larger 

with a mean diameter of 165 nm.  However the bottom up image (D) shows the side 

with the etched barrier layer, which has smaller openings averaging on 28 nm, which 

is much closer to the reported value. 

 

 

 
Figure 2.3  SEM images of commercial AAO templates with nominal pore sizes of 200 nm 
(A), 100 nm (B), 20 nm (C), and bottom face of 20 nm (D).  Scale bars are 1 µm in A-C and 
100 nm in D. 
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2.3.3  Electrodeposition of Au Rods into 20 nm Commercial AAO Templates 

Following the synthetic scheme described in Figure 2.1, 20 nm Anodisc 25 

membranes from Whatman were used as the template.  Silver evaporation was 

performed on a CVC SC 4500 electron beam evaporator at the Cornell CNF facility.  

Silver was evaporated at a rate of 1.7 to 2.8 Angstroms/sec with a slower rate (~0.1 

Angstrom/sec) for the first 30 nm to ensure good, uniform film quality at the interface 

that becomes the working electrode.  Also the AAOs are mounted at a 45 degree angle 

to the direction of evaporation to ensure that only the back face and not the pore walls 

get covered with silver.  Next, silver print was used to adhere the silver backing to 

copper tape.  Then the template was laid flat against a glass slide and rubber cement 

was used to cover the copper tape and the edges of the template.  This ensured that 

neither the copper tape nor the back of the silver film would come in contact with the 

solution, and that current could only be passed to the electrode at the bottom of the 

pores. 

 After the template/electrode assembly is prepared, silver is deposited into the 

bottom of the pores to fill in the barrier layer and part of the major pore so that the 

rods of the desired metal are deposited in the smooth portion of the pore.  For this step 

10 mM silver nitrate was used as the precursor solution.  A two-electrode setup was 

used in which the silver film was the working electrode and a Pt wire was the counter 

electrode.  A Ag/AgCl reference electrode was not used in this setup since the 

reference electrode frit allows chloride to escape into the bulk solution where it 

precipitates as AgCl and consumes the Ag
+
 ions in solution.  Ag was deposited by 

applying a -1.0 V bias on the working electrode using a CHI 1200 electrochemical 
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analyzer.  One of the problems with using silver nitrate as the precursor solution is that 

the silver deposits resulting from it are known to cause dendritic tree-like deposits.
18

  

As can be seen in Figure 2.4, once the deposited silver structure reaches the surface of 

the template, it branches out and does not form a uniform film.  Further, the silver 

structures are not coming out of all of the pores either, which means that once one 

silver branch reaches the surface, the Ag
+
 ions in that vicinity will deposit on the 

surface structure and will not make it into the nearby pores.  Silver cyanide is known 

to create smooth deposits of up to 50 micrometers when used as the precursor solution 

for electrodeposition but was not pursued for safety reasons.
18

  Because of this 

challenge, the initial silver deposition step was skipped. 

 

 
Figure 2.4  SEM image showing silver dendrites growing out of AAO pore structure.  The 
scale bar is 100 µm. 
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As a trial before making Au/Pt nanorods, one-segment, Au only nanorods were 

formed in a variety of conditions in “20 nm” commercial templates.  On my first 

several attempts, I performed a small, additional silver deposition for 5 minutes, by 

applying a -1.0 V bias on the working electrode in 10 mM AgNO3 solution, which 

resulted in 1 C of charge being passed.  From Wang et al, this amount should have 

deposited ~667 nm of silver into the pores.
16

  Initially I was aiming to fill up the pores 

to 10 µm, which is still much less than the total height of the template, but often the 

silver deposits would reach the top surface in some locations as seen above.  Next Au 

was deposited from a 10 mM HAuCl4 and 0.5 M phosphoric acid solution, by passing 

8 C of charge at -1.0 V bias in 50 minutes.  Since the HAuCl4 can be deposited by 

galvanic replacement with the silver, it is important that the voltage is already applied 

to the electrodes before the addition of the HAuCl4 so that the Au grows on top of the 

silver and does not replace it.  After completion of the deposition, the template and the 

silver film were dissolved.  The resulting rods formed do not occupy the full diameter 

of the pore as can be seen in Figure 2.5.  The supporting electrolyte plays a role in the 

deposition process and can control the morphology of the deposits, so other conditions 

were attempted. 
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Figure 2.5  TEM image of a Au nanorod resulting from electrodeposition in the presence of 
phosphoric acid.  The scale bar is 1 µm. 

 

 A new set of conditions were attempted in which the bath contained 0.5 M 

sodium thiosulfate, 0.5 M sodium sulfate, and 20 mM HAuCl4.  In this and subsequent 

attempts, the silver deposition step was skipped for the reasons explained above.  A 

three electrode setup was used and the working electrode was held at -0.3 V vs 

Ag/AgCl which is 0.5 V more negative of where the gold reduction onset occurs.  1.12 

C total charge was passed in 24 minutes.  After the deposition, the template was 

removed by dissolution in base, but the Ag film was kept so that the rods on the film 

could be imaged as seen in Figure 2.6A.  Since there was no sacrificial silver 

deposited into the bottom of the pores, the Au filled in the highly branched structure 

through the barrier layer resulting in a broom-like structure at the end to the silver 

electrode side.  Even though in these conditions the gold deposited goes across the full 

width of the pore, the structure is still polycrystalline, consisting of many domains of 

about 15-20 nm each (Figure 2.6C).  Another set of conditions was used, which yields 
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similar results; the bath consisted of only 10 mM HAuCl4 without any supporting 

electrolyte.  Instead of using a reference electrode a straight bias of -1.5 V was applied 

to the silver electrode.  H
+
 reduction did not onset until -1.6 V.  1.2 C was passed in 25 

minutes.  The resulting rods are shown in Figure 2.6.  

 

 
Figure 2.6  (A) SEM image of Au nanorods formed by electrodeposition after removal of the 
template only. (B)  TEM image of the Au nanorods after removal of silver electrode. (C)  
Close-up of rod tips in B showing polycrystalline nature of the electrodeposits.  Scale bars are 
1 µm in A & B, and 100 nm in C. 
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Figure 2.7  (A) TEM bright field micrograph of electrodeposited Au rods in 20 nm 
commercial AAO template without supporting electrolyte.  (B) Line profile across blue line 
in (A). 

 

 

By using different conditions to electrodeposit Au into 20 nm commercial 

templates, I find that using phosphate as a supporting electrolyte leads to incomplete 
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filling of the pores, producing seaweed-like structures, while using a mixture of 

sodium sulfate and sodium thiosulfate or no supporting electrolyte at all leads to 

complete filling of the pores with polycrystalline Au.  Additionally there does not 

seem to be a difference in rod structure between using a two or three-electrode setup.  

Both are able to hold the silver film at a potential appropriate for reducing Au ions, 

and both lead to currents of a couple mA/cm
2
.  However, one problem remains in that 

the rods resulting from the “20 nm” commercial templates are ~165 nm in diameter 

which is in agreement with the size of the pores for the majority of the template 

(Figure 2.7 & Figure 2.3 (C) respectively).  This diameter could be problematic when 

the rods are used as catalysts in the single-molecule fluorescence microscopy 

measurements because the fluorescence excitation comes from a TIR scheme where 

the light intensity exponentially decays from the interface with a length scale of a few 

hundred nanometers.  This would lead to great inhomogeneity between the light 

intensity at the top and bottom of the rod as it lies flat across the slide.  To avoid this, I 

would like to have rods with a diameter of less than 100 nm, which involves using a 

template with smaller major pores.  Homemade AAO templates can be synthesized 

with pore sizes from 5 to 200 nm by using the appropriate conditions.
12

   

 

2.4  Procedure and Theory for Homemade AAO Templates 

 AAO templates can be made by electrochemically oxidizing a high purity 

aluminum sheet in an appropriate electrolyte solution.  By using a sheet of Al as the 

anode in an electrochemical cell, an oxide layer is grown by the following reaction 

while hydrogen is evolved at the cathode.
11,19

 

2 Al(S)  +  3 H2O(l)  Al2O3(s)  +  3 H2(g) 
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This process is shown in Figure 2.8.   

 

 
Figure 2.8  Diagram of chemical processes during AAO formation.  The Al sheet is the anode 
on the left and the Pt coil is the cathode on the right. 

 

The characteristics of the oxide structure are dependent upon the voltage 

applied, the temperature, the electrolyte solution used, and the time the process is run.  

In an electrolyte where the alumina is inert, an oxide layer starts to grow on the 

aluminum surface as a voltage is applied.  As it grows it provides a barrier to further 

growth, thus decreasing the amount of current being passed until no further oxide can 



 

85 

 

be produced.  This final oxide barrier layer thickness is dependent on the voltage 

applied.  By changing the electrolyte solution, a competing process of oxide layer 

dissolution can be introduced.  In the extreme case where the oxide layer is dissolved 

quickly compared to the rate at which it is electrochemically formed, no oxide layer 

build-up is maintained.  These conditions are also used for electropolishing to produce 

a clean metal surface.  By using an appropriate electrolyte solution, voltage, and 

temperature combination, the rate of oxide layer dissolution can be slow and 

comparable to the rate of electrochemical oxide layer formation.  These are the 

conditions that lead to the formation of the porous oxide structure.  There are many 

theories as to how the pore formation process actually occurs.  However the reason for 

the hexagonal pattern is known to be due to the volume expansion of the oxide film 

relative to the underlying substrate.  Experimental results show that after the barrier 

layer oxide is grown and the pore process has been initiated, the barrier layer thickness 

remains constant for the remainder of the process.  This means that steady-state 

kinetics are achieved in which the rate of oxide formation and dissolution in the pore 

are equal.  It is known that an electric field can play a role in the oxide dissolution 

process, and the enhanced electric field at the bottom of the pore could be responsible 

for the oxide layer’s selective dissolution there.  Regardless of the theory used to 

describe pore formation, the voltage applied affects the barrier layer thickness, the cell 

size, and the pore diameter.  The temperature controls the current density (rate of 

oxide formation) and dissolution rate, and the electrolyte ions affect the oxide 

morphology and also the dissolution rate.  Finally, the anodization time affects the 

oxide structure thickness. 
11,19-21
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2.5  Experimental Conditions and Results for Homemade AAO Templates 

Aluminum and Electrolyte Preparation 

 1 mm x 15 cm x 30 cm, 99.999% high-purity aluminum sheet was purchased 

from Laurand Associates.  It was cut into strips approximately 30 mm wide by 75 mm 

long using aviation shears, which distorted the edges.  The strips were then pressed 

flat using a 2-ton hydraulic press.  A fresh Al surface was prepared by electopolishing 

the Al strips individually in a 4:1 ethanol to perchloric acid solution at 4 
o
C, using a Pt 

wire coil as the counter electrode and applying a +40 V bias while stirring the solution 

for several seconds.  During this process bubbles are evolved at the Pt electrode and 

the surface oxide layer on the aluminum can be seen peeling away and leaving behind 

a shiny, polished surface.   This process passes two amps of current and will cause the 

solution to warm up quickly if left going for too long.  The Al was mounted in the 

solution so that only the alligator clip contact was above the solution, ensuring that 

most of the surface was cleaned.  Next, the Al strip was rinsed with 18.2 MΩ water.   

For the electrolyte solution, 2 liters of 0.3 M oxalic acid was prepared using 

99.9% pure oxalic acid dihydrate from J.T. Baker and 18.2 MΩ water.  The reason 

such a large batch was produced is that during the aluminum anodization some of the 

Al is released to the solution as Al
+

(aq), which causes the electrolyte solution to change.  

By working with a large, 2-liter solution, the Al
+

(aq) is diluted so that its concentration 

stays low for the whole anodization process.   

Anodization Setup and Experimental Conditions 

 The anodization was performed in an apparatus set up similar to that in Figure 

2.8.  A 4 liter beaker was filled with the 2 liters of the oxalic acid electrolyte solution 

and placed in a tub that was connected to a circulating water bath.  This tub and the 
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beaker were placed on top of a stir plate and a magnetic stir bar was used to gently stir 

the electrolyte.  The water bath was set to 10 
o
C and left to equilibrate.  4 alligator 

clips were held together in a plane by connecting them with copper wire.  4 Al sheets 

were connected to this device and then held hanging in the electrolyte solution by a 

ring stand and clamp.  The positive lead on an HP 6255A DC power supply was 

connected to the wire holding together all 4 alligator clips, so that all of the Al strips 

could be anodized simultaneously.  A Pt wire coil was also held in place with a clamp 

and connected to the negative lead on the power supply.  The power supply was set to 

40 V and turned on to start the anodization.  At first a large current of over an amp 

was present as the barrier layer formed on the fresh Al surface.  Within 10 – 20 

seconds the current quickly decays to its stead-state value around 4 mA/cm
2
.  The first 

anodization was run for about an hour.  After that the Al pieces were removed and 

placed in a bath containing a few weight percent chromium oxide in 85% phosphoric 

acid at 70 
o
C for an hour to selectively dissolve the oxide layer.  The first oxide film is 

grown off of a flat Al surface, but as the pore structure develops, the metal/oxide 

interface takes on a repeating cellular structure with a honeycomb pattern.  This first 

oxide growth and removal serves to prepatterns the metal surface which allows the 

next oxide layer to have better defined pore.  This is shown in the top down SEM 

images of the oxides resulting from the first and fourth anodizations in Figure 2.9B 

and C respectively.    After removal of the first oxide film, the remaining anodizations 

were run overnight so that the resulting oxide layer would be over 100 µm thick.  This 

made them easier to handle as they would not break easily like the samples that were 

only anodized for a few hours. 

Anodic Aluminum Oxide Removal 
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 After the second anodization had run overnight, the oxide film needs to be 

separated from the underlying metal.  The Al strips with the oxide still attached were 

removed from the oxalic acid bath and rinsed with 18.2 MΩ water.  One Al strip was 

then suspended to the same level in a 50 mM hydrochloric acid solution and connected 

to the negative lead of the power supply.  A stir plate and magnetic bar were used to 

stir the solution.  A Pt wire coil was also suspended in the solution and connected to 

the positive lead of the power supply.  The power supply was set to 10 V and turned 

on.  A current of around 4-20 mA/cm2 results, and oxygen and chlorine bubbles are 

formed at the Pt anode.  The oxide is permeable to ions, and H
+
 is reduced to H2(g) at 

the metal-oxide interface.  This creates a bubble of hydrogen that propagates along the 

interface until the oxide layer delaminates from the metallic substrate.  Sometimes, the 

voltage needed to be increased to get this to happen.  Usually the entire face will come 

off in once piece, with the breaks occurring at the corners.  Once this happens, the 

solution can now reach the aluminum metal unencumbered and the current saturates 

the power supply at which point it is turned off.  The Al strip with the oxide loosely 

hanging on was removed from the solution and rinsed with 18.2 MΩ water again.  It is 

then dried in an oven at 120 
o
C.  The oxide then easily popped off the metal either by 

hand or with gentle leverage applied by razor blade.  Since the Al strip has two large 

faces, sometimes one face would pop off before the bubble fully formed under the 

oxide on the other side.  This is the case that would require a little help from a razor 

blade to remove.  At this point the oxide was fully independent and was marked to 

indicate which side is up.  A brief chemical etching step was employed to slightly 

widen the pores and make them more uniform.  The AAOs were placed in a 5% 

phosphoric acid solution at 45 
o
C, briefly sonicated to help wet the pores, and left to 
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sit for 10 minutes.  Then they were removed, rinsed with 18.2 MΩ water, and dried.  

SEM imaging was performed on the oxide at this point and the side-on, top-down, and 

bottom up images are depicted in Figure 2.10A, B, and C respectively.  The Al strips 

were then placed in the same chromium oxide and phosphoric acid bath mentioned 

above to remove any last fragments of oxide still bound to the metal.  Once the metal 

is free of oxide, it was removed, rinsed with with 18.2 MΩ water, and reanodized in 

the oxalic acid bath.  This process can be repeated until the Al strip becomes too thin 

and weak for further use.  The 1 mm thick Al sheet used as the starting material can 

produce 4-6 good oxide layers.   

I invented the process of removing the oxide layer from the metal using 

cathodic hydrogen evolution so that the metal can be reused; usually the Al layer is 

either amalgamated or selectively dissolved leaving behind only the oxide layer.
19,22,23

  

Using the cathodic hydrogen evolution reaction to remove the oxide layer is beneficial 

because many oxide films can be grown and recovered from a single sheet of 

aluminum.  Additionally, by successively anodizing the same sheet, the initial 

anodization that gets discarded only needs to be performed once to provide a few 

useful oxide films.  Figure 2.9A shows how the pore diameters from resulting oxide 

films change with successive anodizations.  The initial oxide has smaller, ill-defined 

pores, but after this layer is discarded, the remaining oxides have well defined pores 

and near-constant pore diameters. 

For some of the samples produced, the pore-widening step was omitted.  The 

pore diameter distribution in Figure 2.9A for the second anodization is 40 +/- 5 nm.  

For a different oxide film produced in the same conditions but that was subjected to 

the pore-widening process described above, the pore diameter distribution becomes 53 
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+/- 4 nm, which is shown in Figure 2.10B. 

 

 

 
Figure 2.9  Pore diameter versus anodization iteration (A).  The red, green, and blue markers 
represent three independent trials of different sheets of aluminum.  Anodizations were 
performed at 4 

o
C in 0.3 M oxalic acid.  SEM top down image of pores after first anodization 

(B), and fourth anodization (C).  Scale bars are both 100 nm. 
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Figure 2.10  SEM images of pore structure of AAO film from the side on (A), top down (B), 
and bottom up (C) views.  All scale bars are 200 nm. 

 

 

Barrier-layer Thinning and Through-barrier Electrodeposition Theory 

 After the homemade templates have been synthesized, removed from the 

metallic substrate, and possibly pore-widened, they still have the barrier layer present 

at the bottom.  This is a challenge because the pores are only open on one side making 
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it impossible for the silver electrode and solution to come into contact.  It is possible to 

reduce the thickness of the barrier layer at the end of the anodization by tapering the 

voltage down.  Since the barrier layer thickness is dependent on voltage, this has the 

effect of reducing the barrier layer thickness.  Since the voltage also controls the pore 

spacing, pore branching also accompanies this process.  Choi has shown that by 

tapering the voltage down to 0.01 V, the barrier layer becomes thin enough that silver 

ions can be deposited through the barrier with a 2.5 V applied potential since this is 

significantly larger than the breakdown potential of the barrier layer.
24

  Similarly, 

Gerein showed that AC deposition could successfully be used on AAO templates still 

containing a barrier layer to electrodeposit copper in the pores through the barrier 

layer after thinning to only 10 V.  The reason as to why the AC deposition works 

whereas the DC fails is that the barrier layer has a large resistance to DC current but 

for AC current it conducts preferentially in the cathodic direction.  However, the AC 

deposition method only yielded rods in a relatively small fraction of the total pores.
21

  

These studies show that the barrier layer challenge is still surmountable. 

 

Barrier-layer Thinning and Through-barrier Au Electrodeposition 

 

 A piece of Al that had already been anodized twice at 40 V was used to make 

another oxide film.  After 19 hours of oxide growth the voltage was tapered from 40 to 

0, linearly in small increments over 6 minutes to decrease the thickness of the barrier 

layer.  Then the pore widening procedure was performed for 20 minutes to help further 

reduce the barrier layer thickness.  At this point the Al piece with the oxide layer still 

attached was placed in the HAuCl4 solution for gold deposition. The Al was the 
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cathode and the Pt coil was the anode.  The bias was slowly ramped up to 10 V at 

which point some current (around 1 mA/cm
2
) started to pass, and within 15 minutes 

the purple color of the gold could be seen in the oxide film.  An SEM image of the 

bottom up view of a removed piece of oxide template after voltage taper is shown in 

Figure 2.11A, and a close up TEM image of the resulting Au rod is shown in Figure 

2.11B.  The effects of the voltage tapering on the barrier layer can be seen by 

comparing Figure 2.10C, which shows what the barrier layer looks like in the absence 

of a voltage taper, with Figure 2.11A.  Although the bottom up view of the voltage 

tapered barrier layer looks porous, these pores are not continuous with the major pore 

grown before the voltage taper.  The presence of a barrier layer between the top and 

bottom pore is demonstrated since a relatively large bias needed to be applied before 

any current could pass which would not be the case for continuous pores.  This 

through barrier layer deposition method was also tried on another sample from the 

same batch that only had 10 minutes of pore widening.  For this sample, the AAO 

popped off of the metal, which is I how I discovered the oxide removal technique 

mentioned earlier.  This method works but is very sensitive to the applied voltage; if 

the voltage is too low, no deposition occurs, but as a higher voltage is applied, the risk 

of forming a bubble between the metal and oxide layer increases which will separate 

the porous structure from the circuit.  This method was not used further because of this 

challenge. 
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Figure 2.11  Bottom up SEM image of voltage-tapered AAO (A).  TEM image of a Au rod 
deposited in a 40 V anodized homemade AAO template, with 20 minutes of pore widening, 
without barrier layer removal (B).  Both scale bars are 100 nm. 

 

 

Barrier Layer Removal 

 In order to bypass the challenges of through-barrier deposition, the barrier 

layer needs to be removed.  This is done by a chemical etching process in basic 

conditions.  Since the etching process occurs quickly in aqueous solution, it is difficult 

to stop the process after only the barrier layer has been removed without also 

dissolving some of the template as well.  Using potassium hydroxide in ethylene 

glycol as the solution slows down the etching process since the potassium hydroxide 

has a lower solubility in ethylene glycol than water.  Additionally, the increased 

viscosity of the ethylene glycol prevents the pores from wetting after the barrier layer 

has been removed which helps prevent the etching of the whole template.  A saturated 

potassium hydroxide in ethylene glycol solution was prepared.  When it is first mixed 

the solution is clear, but will darken over time.  However, the age and color of the 

solution does not affect the rate at which it etches the alumina.  Some of the solution 
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was poured into a watch glass, and then the alumina templates were placed on top of 

the meniscus with the barrier layer side facing down, making sure that there were not 

any air bubbles between the alumina and the solution.  The pieces were left to etch and 

were removed after a set time, upon which they were rinsed with 18.2 MΩ water.  

Several pieces were used to construct a time series of the etching process which is 

shown in Figure 2.12.  As can be seen, the barrier layer removal process does not 

occur uniformly within each unit cell.  The etching continues until it breaks through in 

one spot, which occurs around 4 hrs and then the hole widens until the barrier layer is 

completely removed around 12 hrs 45 mins. 
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Figure 2.12  Bottom up SEM of barrier layer removal time series, after chemical etching in 
saturated KOH/ethylene glycol solution for 4 hrs 10 mins (A), 6 hrs (B), 7 hrs (C), 8 hrs (D), 9 
hrs (E), 10 hrs (F), 12 hrs 45 mins (G), 15 hrs 35 mins (I).  All images are shown in the same 
magnification.  The scale bar is 200 nm. 

 

 After some time, the first saturated potassium hydroxide in ethylene glycol 

solution had been consumed, and a new batch was prepared using 17.5 g of KOH and 

50 mL of ethylene glycol.  Even though both solutions were saturated in that there was 

still solid KOH at the bottom of the solution, the etching rate for the new solution was 

faster.  Using this solution, the barrier layer was completely removed in 90 mins as 

shown in Figure 2.13.  This solution could be remade using the same conditions and 

achieve similar etching results. 
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Figure 2.13  Bottom up SEM of barrier layer removal in solution containing 50 mL ethylene 
glycol and 17.5 g KOH after 90 mins.  Scale bar is 100 nm. 

 

 

Use of Homemade Nanoporous Alumina as a Template 

 Once the homemade nanoporous alumina films were made with sub 100 nm 

pores and had their barrier layer removed, they were ready to be used as templates.  

Silver was evaporated onto the top face as described before.  Since the pore templates 

were around 100 µm long and the deposited rods were only a couple of µm long, the 

rods only formed near one end.  The top face was chosen since the pores were more 

regularly aligned and more uniform in size at this face as compared to the bottom one.  

Also, sometimes the silver was evaporated onto the top face before barrier layer 

removal.  This is not necessary but it helps to mark which side is the top.  Another 

benefit of using the homemade templates is that the step in Figure 2.1 where Ag is 

electrodeposited into the template to fill up the bottom of the pore is not necessary 

since there is no branched portion present.  This means Au and Pt can immediately be 
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deposited without forming the broom-like structures in Figure 2.6. 

 

Electrodeposition of Pt 

Pt was electrodeposited into the homemade templates with pore widths of 

around 80 nm using a three-electrode setup with Ag/AgCl as the reference electrode.  

The evaporated silver film was the working electrode and a Pt wire coil was the 

counter.  The working electrode was held at -1 V and lowered into a solution of 50 

mM HCl, 50 mM glycylglycine, and 5 mM H2PtCl6.  This was done to prevent 

galvanic replacement of the Ag by the Pt ions.  After 0.1 C had passed in 160 secs, 

some Pt had deposited into the pores, covering the underlying Ag, and the system was 

returned to open circuit.  After waiting a minute for the system to equilibrate, the open 

circuit voltage was measured at 0.36 V vs Ag/AgCl.  1.9 C of additional Pt were 

deposited at 0 V in 42 mins; the resulting Pt rods are shown in Figure 2.14.  This 

potential was chosen since it was far enough negative of the OCV that Pt deposition 

should be diffusion limited but not any further to avoid introducing other reduction 

processes.  In some cases a pulsed deposition was used in which the working electrode 

was held at OCV for 10 secs and then held 300 mV negative of OCV for 10 secs.  The 

reason behind the pulsed deposition is that during the negative pulses, the 

concentration of Pt ions near the working electrode decreases as they are reduced, and 

the time held at OCV allows for this concentration gradient to dissipate before the next 

reduction step.  The structure of the rods looks similar either with or without pulsing. 
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Figure 2.14  TEM image of Pt rods.  Scale bar is 200 nm. 

 

 

2.6  Challenges Remaining for Electrodeposited Nanorods 

 

2.6.1  Making Bimetallic, Segmented Au/Pt Nanorods 

 With the experimental conditions for both Au and Pt deposition tested, the next 

step was to make bimetallic, segmented Au/Pt rods.  A few of these samples have been 

produced by first depositing Au into the template and then rinsing the template 

thoroughly before placing in the bath for Pt deposition.  Multiple rinses were 

performed between switching baths and sonication was used to aid in increasing 

diffusion into and out of the pores to ensure that all of the residual ions from the Au 

bath had been removed.  Equal amounts of Au and Pt were deposited so the rods 

should be all Au on one half and all Pt on the other.  A TEM image of these rods is 

shown in Figure 2.15.  As can be seen in the image, the Z-contrast between the Au and 

Pt domains is not enough to differentiate the two segments from each other using 
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bright field TEM imaging, which is not surprising as their atomic numbers are merely 

one apart.  STEM-EDX has also been used on this sample in an attempt to find the two 

domains within one rod, but the emission energies of Au and Pt are close, requiring 

long integration times in order to resolve the signal distributions from one another.  

Although the STEM-EDX was not able to measure 100% Au composition on one end 

and 100% Pt composition on the other, it was able to identify some of the fragments as 

either Au or Pt.  This means it is possible that the rods can break at the interface 

yielding smaller particles that are dominantly one material.  Additionally some rods 

were identified as having more Au than Pt on one end and more Pt than Au on the 

other. The preliminary results of this are promising, but more work is needed in order 

to identify each end segment and more importantly, the interface.  
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Figure 2.15  TEM image of electrodeposited nanorods using sequential electrodeposition of 
Au and Pt.  The scale bar is 500 nm. 
 

2.6.2  Single-molecule Catalysis Measurements of Au, Pt and AuPt Nanorods – 
Detection Issue 
 

 For the single domain Au or Pt rods, ensemble catalysis measurements 

confirmed their activity in catalyzing resazurin to resorufin.  These samples were 

studied using single-particle, single-molecule catalysis measurements using 

fluorescence microscopy as described in the previous chapter.  Despite being active at 

the ensemble level, no fluorescent signal resulting from catalysis was measured using 

the single-molecule technique on the microscope.  This result is not completely 

unexpected.  Plasmonic particles have the ability to quench the emission from excited 
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fluorophores close to their surface.  This quenching behavior decays as the particle-

fluorophore separation increases and depending on the system, the quenching behavior 

stops once the separation is increased to 20 to 40 nm.
25,26

  This is one explanation as to 

why a fluorescence signal cannot be detected on the particle surface.  Another possible 

reason is that the desorption time of resorufin from the particle surface is faster than 

the time resolution of the imaging system.  Either way this is a challenge since a 

measurable fluorescence signal is required in order to spatially resolve the catalytic 

activity.  The same problem occurred for the spherical gold nanoparticles 20 nm and 

larger.   As was done before for those particles, a strategy to overcome this challenge 

is to add a mesoporous silica shell, which allows fluorescence detection of resorufin 

while adsorbed in the shell away from the particle surface. 

 

2.6.3  Silica Shell Coating on Au and Pt Nanorods 

 The same procedure for adding a mesoporous silica shell onto the spherical Au 

particles was also used for the electrodeposited rods.  The first step was surface 

functionalization of the particles’ surface with dilute 3-

mercaptopropyltrimethoxysilane (MPTMS).  The sulfur group binds to the Au or Pt 

surface and the silane group on the other end serves as a nucleation point for further 

silica growth using first sodium silicate and then tetraethylorthosilane as precursors.  

At this stage a solid silica shell of ~100-150 nm thickness was present.  The silica 

shell was etched in the presence of cetyltrimethylammonium bromide (CTAB), a 

surfactant, in order to direct the etching to form a porous structure.  The growth of the 

solid silica shell is fairly robust and easy to reproduce.  TEM images of 

electrodeposited Au rods with solid silica shells are shown in Figure 2.16A & B.  
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However, the etching step is highly sensitive to the starting shell thickness and the 

concentrations of particles, surfactant and hydroxide ion.  Because of this sensitivity, it 

was necessary to synthesize several batches of particles with thick silica shell so that 

slightly different etching conditions could be performed on each batch.  Another 

possibility was to take one batch of particles with a solid silica shell and divide it into 

many smaller aliquots, and perform variations of the etching on these.  However, this 

was not possible since the amount of rods per batch was already fairly low.  Dividing 

it into smaller aliquots would not yield a sufficient amount of material to work with in 

further steps.  Since the amount of rods per batch is determined by the template size, a 

much larger template would be required in order to significantly increase rod yield.  

Use of a larger template could be pursued in the future, but ~6 cm
2
 were the largest 

ones used thus far.  After many trials a sample with a porous silica shell was obtained.  

A TEM image of AuPt rods with a porous silica shell is shown in Figure 2.16C. The 

lower transmission contrast in the image and the rough edges of the shell helps 

confirm the porous nature of the silica.   

 After the etching procedure is done, the sample is calcinated in a glazed 

ceramic dish in a two stage process.  First the sample is left to dry in the dish under 

mild heating conditions.  Then the sample is raised to 120 
o
C for 30 minutes, which 

enables the shell to cure and lock in its morphology.  Then the temperature is raised to 

500 
o
C for one hour to burn off any remaining organic ligands so that there is a 

continuous void path from the outside of the shell, through the pores, to the metal 

particle surface.  At this point the core-shell particles are tested for catalytic activity at 

the ensemble level to confirm the continuous nature of the pores in the silica shell.  At 

this point the sample can be dispersed onto a microscope slide for single-molecule 
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characterization.  If the etching does not reach the core surface, or if the ensemble 

activity is tested before the etching has occurred, then there will not be any ensemble 

activity observed. 

These etched and calcined core-shell particles were retested for catalytic 

activity using the fluorescence microscopy technique, but again, not enough 

fluorescence signal was detected.  The characterization of the porous silica shell by 

TEM is insufficient to determine if the shell is porous enough or the pores have 

reached the surface of the metal.  Further characterization on the porous shell could 

include nitrogen adsorption/desorption and/or X-ray diffraction.  These techniques 

would give more information on the pore sizes and distribution.  However, these 

techniques also require about 10 milligrams of sample as a minimum, and the scale of 

the templated electrodeposition used yields only a few milligrams of sample per batch. 

 

 

Figure 2.16  TEM images of Au rods with solid silica shell (A & B) and AuPt rods after 
etching to make mesoporous silica (C).  Scale bars are 500 nm in A &B, but 200 nm in C. 
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2.6.4  Making Single Crystal Domains of Au and Pt 

 One of the challenges with the electrodeposition method is that the metallic 

deposits form in a polycrystalline manner, with domain sizes smaller than the 

resolution of the fluorescence sub-diffraction imaging technique.  Experimentally, this 

should not be a problem as the polycrystalline rods are still catalytically active.  

However, the overall goal of the project is to get structure-activity correlations, 

specifically with the goal of comparing activity at the interface versus non-interface 

regions.  Without a clearly defined interface, high resolution characterization would 

need to be performed, and ideally it would be performed at the single-particle level.  

Physical characterization on the same particles as used for the single-molecule 

measurements has only been demonstrated thus far at the SEM level, which is not 

capable of resolving a complex interface made of many small domains.  To get around 

this problem, single crystalline particles can be used that will have a simpler interface, 

ideally epitaxial, that is easier to understand and does not require high resolution 

correlation at the single particle level. 

 The morphology of the metal deposits during electrodeposition is dependent 

upon the overpotential used, temperature, and any interacting additives in the bath 

used.
18

  Tian et al, found that when a 2 wt % of gelatin was added to a commercial Au 

electroplating bath, that at high overpotentials (more than -1 V) a polycrystalline Au 

deposit forms, whereas when a lower overpotential is used (-0.7 V), the Au deposits 

are single crystalline.
27

  I attempted to reproduce this result by adding 2 wt % gelatin 

to the Au bath I described previously, but the resulting rods were still polycrystalline.   

 Another strategy I attempted was to take the polycrystalline rods and anneal 

them so that the domains merge together.  The first way I attempted to do this was by 
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electrodepositing Au into the AAO templates, then removing the bottom silver layer 

only so that the Au rods were still inside the AAO pores.  Then I heated the template 

to anneal the Au inside.  What I found is that at temperatures less than 300 
o
C, the Au 

morphology looks the same, and at higher temperatures, the alumina undergoes some 

transition and can no longer be dissolved in aqueous base, thus making extraction of 

the rods impossible.  The other method I tried was to get the polycrystalline Au rods in 

solution, and grow a protective silica shell on them as described earlier.  Then I 

annealed these rods for an hour at 500 
o
C, and removed the silica shell by heating to 

90 
o
C in aqueous base.  These rods are shown in Figure 2.17.  As can be seen the 

domain sizes look larger compared to the unannealed Au rods in Figure 2.11B, but 

clearly a single crystal is not present.  Additionally in this figure, it looks as if there 

could still be some shell material present that was not removed.  Since harsh 

conditions were used to dissolve the silica all of it should be removed.  It is possible 

that Au silicides could have formed between the Au and some Si-containing material.  

Young et al. showed that Au can form silicides with Si at temperatures as low as 200 

o
C.

28
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Figure 2. 17  TEM images of polycrystalline Au rods that were encapsulated in a silica shell 
and annealed at 500 

o
C before shell removal and imaging.  Scale Bars are 200 nm. 

 

A challenge still remains in that for the polycrystalline, bimetallic rods, some 

alloying could still occur as the voids between the domains collapse.  However, it is 

known that for a pure Au-Pt interface some diffusion across the interface will occur at 

high enough temperatures.  Bolk et al showed that this can happen at temperatures 

greater than 900 
o
C.  By using his high temperature data and extrapolating down to 

500 
o
C the effect of Au and Pt diffusion across the interface will be negligible.

29
 

In the future, the fluorescence experiments could be attempted using a TEM 

grid as the particle support, thus allowing a higher degree of physical characterization 

to correlate to the catalysis results.  This could enable more complex interface 

structures to be explored, such as those between polycrystalline materials, and enable 

new scientific conclusions. 

 

2.7  Au and Pt Microstripe Arrays on Quartz 
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Another strategy I pursued for creating a nanoscale bimetallic interface was to 

use fabrication techniques since these techniques are already well developed due to 

their use in the semiconductor industry.  My goal for this project was to use metal 

evaporation combined with lift-off photolithography to generate microscopic, 

intersecting stripes of Au and Pt on a quartz substrate.  The quartz substrate was 

chosen so that catalysis on the fabricated metal features could be monitored on the 

microscope using the single-molecule fluorescence technique.  Photolithography was 

chosen since it is relatively fast and inexpensive to implement, once a mask has been 

made, compared to electron beam lithography.  One drawback to using 

photolithography is that the minimum feature size is limited by the optical resolution 

for the wavelength of light used in addition to some limitations from the photoresist 

used, yielding in this case a minimum feature size of ~200 nm.  Nonetheless, the 

method is still useful in creating bimetallic interfaces that can be studied on the 

microscope since the height of the metal features is determined during an evaporation 

step and can be set to heights compatible with total internal reflection excitation.  Au 

and Pt were chosen as the two metals to create the interface for the same reason as in 

the previous section. 

 

2.7.1  Design of Au and Pt Microstripe Arrays 

First, the design of the intersecting array was created using the L-Edit Auto-

CAD software at Cornell’s CNF.  The first layer was used to denote where the 

position markers and the Au features would be deposited and the second layer was 

used to indicate where the Pt features would be placed.  An orthogonal, intersecting 

array of nine stripes each of Au and Pt was chosen.  Each metal had three stripes each 
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of widths of 250 nm, 500 nm, and 1000 nm that were spaced 7.5 µm apart.  This array 

was repeated in a 3 x 3 grid with spacing of 400 µm between arrays.  Also since 4 inch 

quartz wafers were used, this whole array was replicated in another 3 x 3 grid each 

spaced 1 inch apart so that 9 samples could be produced per wafer.  The schematic 

diagram of this design is shown in Figure 2.18.  Later the wafer would be diced so 

each 1 square inch piece would have 9 intersecting arrays in the center that could be 

studied on the optical microscope.   

 

 

 
Figure 2.18  Schematic diagram of Au and Pt stripes on a quartz wafer.  In the far right box 
the Au stripes are represented in yellow and the Pt stripes in grey. 
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2.7.2  Experimental Implementation of Microstripe Arrays 

Each layer of the Auto-CAD template was appropriately scaled for use with a 

4x reduction stepper and written into separate regions of a blank reticle using the 

Heidelberg DWL2000 Mask Writer.  1 mm thick quartz wafers were used after an 

initial attempt using 0.5 mm thick wafers revealed that they were too brittle and broke 

easily.  Additionally, the 1 mm thick quartz wafers were the same thickness as the 

microscope slides used for making microfluidic reactors for use on the microscope.  

This common thickness made it easier to align and incorporate the nanofabricated 

arrays into a flow cell for use on the microscope.   

Since robotic systems were used to coat, expose, and develop the wafers, it 

was necessary to mark the edges and the outermost part of the back of the wafers with 

a black sharpie since the robotic systems make their alignments based on optical 

detection and the unmarked quartz alone does not have enough contrast.  The Gamma 

Automatic Coat-Develop tool was used to coat 85 nm of an antireflection coating onto 

the quartz wafers, followed by 600 nm of UV 210 photoresist.  A soft bake was 

performed for 60 seconds at 130 
o
C in close proximity mode.  The reticle and coated 

wafers were aligned to the first layer and exposed using 248 nm light on the ASML 

300C DUV 4x reduction stepper.  A post exposure bake for 90 seconds at 130 
o
C in 

close proximity mode was performed on the wafers before being developed in the 

Gamma tool.  The developing step used 0.26 N developer using 4 puddles at 120 

seconds each.  This many iterations of developing ensured that there was sufficient 

undercut in the antireflection layer, especially since the feature sizes were small.  This 

enabled the liftoff procedure to work smoothly.   

A CVC SC4500 electron-gun evaporator was used to deposit Au through the 
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photoresist onto the wafer.  First a 5 nm thick film of Ti was deposited at 0.3 Å/s to 

serve as an adhesion layer to prevent the Au film from delaminating from the quartz 

surface.  Ti was chosen over Cr as the adhesion layer because Cr more easily forms 

alloys with Au, and the goal was to study catalysis on a pure gold surface.  Next, 26 

nm of Au was deposited at 0.3 Å/s.  The photoresist was removed by soaking in 

AZ300T solvent overnight.  The wafers were rinsed and dried, and the whole process 

was repeated for the second layer.  25 nm of Pt was nominally deposited at 0.1 – 0.5 

Å/s.  Pt is a more difficult material to evaporate and the rate is hard to keep constant.  

The final photoresist was removed as before.  The wafers were coated with a 

protective layer of photoresist before being cut into 1 inch squares using a dicing saw. 

 

2.7.3  Fabrication Results 

An optical dark field image and an SEM image of two of these arrays can be 

seen in Figure 2.19.  As can be seen in the images, the alignment of the two layers are 

not exact in each case, but there are still intersections between all combinations of the 

Au and Pt stripes of each size.  Also one of the layers shows up much more clearly in 

both images.  This could be due to their actually being a greater or lesser thickness of 

Pt deposited despite both layers nominally being 25 nm thick.  At this point, one piece 

was incorporated into a flow cell by using epoxy to connect additional pieces of 1 mm 

thick quartz on either end to make it long enough to span the hole in the microscope 

stage.  As was done before, double sided tape and a coverslip were used to complete 

the flow channel.   
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Figure 2.19 Optical dark field image (A) and SEM image (B) of Au and Pt microstripe array.  
Scale bars are both 20 µm. 
 

2.7.4  Single-molecule Catalysis Measurements on Au and Pt Microstripe Arrays 

A Au and Pt microstripe array quartz piece was constructed into a flow 

channel.  It was then mounted on the optical microscope to conduct fluorescence 

microscopy experiments.  Figure 2.20A shows a fluorescence image of the arrays 

under TIR excitation at 532 nm and emission collected at 580 +/- 30 nm.  As can be 

seen in the images, the Pt stripes also emit light in the same spectral region as the 

resorufin for which the optical filters were set.  As was the case with the 

electrodeposited rods, there is the possibility of fluorescence quenching on the surface 

of the metal features.  To test for this, 5 nM of resorufin was flowed in and the 

fluorescence image was retaken as can be seen in Figure 2.20B.  The line profiles 

highlight the differences in fluorescence intensity on and off of the metal stripes.  If 

the fluorescence of the resorufin was quenched there should be a lower relative 

fluorescence on the metal than off of it.  Since the emission from the metal features 

over the background is the same with and without resorufin present, fluorescence 

quenching does not seem to be an issue.  It is still possible that despite there being 5 
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nM resorufin in bulk solution, that very little is actually bound to the surface of the 

metal.  Because of experimental limitations the concentration of resorufin cannot be 

raised much higher.  Also without any method to measure surface coverage of the dye, 

an adsorption isotherm and binding constant cannot be obtained. 

 

 

Figure 2.20  Optical fluorescence image of Au and Pt microstripe arrays with only buffer in 
flow channel (A) and with 5 nM resorufin in flow channel (B). 
 

Next the arrays were used to catalyze amplex red oxidation in the presence of 

hydrogen peroxide.  Since the total amount of catalyst on each quartz square was 

small, it was not possible to detect catalytic activity at the ensemble scale, thus the 

single-molecule catalysis measurements were attempted without even knowing if the 

material was active.  First a control fluorescence movie was recorded in which only 60 
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mM hydrogen peroxide and 10 mM pH 7.3 phosphate buffer were flowed through the 

channel.  Fluorescence movies were then recorded with 5, 20 and 100 nM amplex red 

in addition.  

Since the metal features were large and occupied most of the window, the 

mainsharpshooter analysis previously used on the nanoparticles was not appropriate 

since it only looks for fluorescent bursts from small, localized areas of a few pixels in 

size.  This analysis method was used in the previous chapter for the Au nanoparticles.  

The mainsharpshooter algorithm searches for fluorescent bursts within a small area by 

monitoring the integrated intensity of that area over time.  If too large of an area is 

chosen, the signal from the fluorescent bursts will be lost in the noise of the 

surrounding area.  To overcome this challenge, iQPALM analysis was used which 

searches the entire frame for fluorescence signal.  However, one drawback to the 

iQPALM analysis is that it requires the fluorescent spots to be against a dark 

background.  Since the Pt stripes showed up bright in the fluorescence imaging mode, 

the background was not completely dark.  To correct for this, an average image was 

taken every 2.5 minutes and subtracted from each individual frame.  These 

background subtracted images much more closely resemble a uniform dark 

background.  iQPALM analysis was then performed on these background subtracted 

movies and the results are shown in Figure 2.21 with the analysis from the control 

frames plotted in A and from the 5 nM AR catalysis frames in B.  As can be seen, 

there are many more fittings localized on the metal features, however, there was no 

appreciable difference in the frequency of events coming from the control versus the 

three catalysis conditions.  Additional analysis on the control frames showed that the 

bright pixels where the metal features were had greater noise than the background 
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pixels.  This means it is more likely to have a higher intensity pixel on the metal than 

off of it, even in the absence of blinking from fluorescent molecules.  This could be 

the reason for the majority of the localizations landing on the stripes.  Regardless of 

the threshold used, the frequency of events are similar in both control and catalysis 

conditions.  Additionally, several points along the bright metal stripes were taken and 

analyzed using the localized mainsharpshooter analysis described earlier.  However 

the fluorescence intensity versus time trajectories from these points only show noise, 

meaning that the events picked up in iQPALM were noise and the threshold was too 

low.  This means that either the metal stripes are not catalytically active or that the 

fluorescence signal from the surface adsorbed product molecules cannot be detected. 

 

 

 
Figure 2.21 Fluorescence image of Au and Pt microstipe array with control fittings overlaid in 
red (A) and with fittings resulting from catalysis conditions in green(B). 

 

2.7.5  Challenges Remaining for Microstripe Arrays 

One of the challenges remaining for this project is that ensemble activity still 

needs to be measured.  Previously the ensemble activity was measured by placing the 
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one square inch quartz piece with the metal stripes into a beaker with the reaction 

solution.  Over a period of many hours and after one night, the solution was removed 

to have its visible spectrum recorded, which did not change during this time period.  

Another more sensitive way to measure the ensemble activity would be to use the flow 

cell, introduce the reaction solution, then stop the flow and use fluorescence 

microscopy to look for an increase in the background due to fluorescent product 

accumulation.  Since this uses a much smaller volume, it should be easier to detect 

activity. 

Another challenge is the detection of single fluorescent product molecules.  

Previously for the larger Au nanoparticles and the electrodeposited rods, a mesoporous 

silica shell was added to aid in fluorescence detection.  That growth process was 

monitored and characterized by TEM.  Since these metal stripes are connected to the 

quartz substrate, they cannot be imaged in TEM.  The sample could be carbon coated 

and imaged using SEM, but the resolution is not high enough to see if there is a porous 

structure, and the carbon coating would have to be burned off after imaging, before 

proceeding to the next step.  Another possibility was to spin cast a thin film of 

mesoporous silica over the whole structure.   

Over 20 years ago Kresge et al. found that mesoporous silica could be formed 

by mixing silica precursors with different surfactants to control the final structure after 

baking.
30,31

  Since then the method has been modified and adapted to make 

mesoporous silica thin films by making a sol-gel precursor solution and spin casting it 

onto a substrate.  I reproduced one such procedure in which the sol-gel precursor was 

made from deionized water, ethanol, hydrochloric acid, cetyltrimethylammonium 

bromide (CTAB), and tetraethylorthosilane (TEOS) in place of tetramethylorthosilane 
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(TMOS).
32

  The ethanol is a better solvent for the CTAB and is also more volatile.  As 

the solution is spun, the ethanol evaporates faster causing the CTAB to exceed its 

critical micelle concentration in water, which leads to the ordered structure formation. 

I prepared the sol-gel and spin cast it onto chips of a silicon wafer with a native 

oxide present at 6,000 RPM.  Then it was baked to solidify the structure and remove 

the surfactant.  The silicon substrate was used to test the synthetic procedure instead of 

quartz or glass so that the film thicknesses could be characterized by ellipsometry 

which requires a change in refractive index between the layers to work.  The resulting 

thickness was just over 200 nm.  Using the initial precursor solution and increasing the 

rotational casting rate to 10,000 RPM did not achieve a significant change in film 

thickness.  Since ~100 nm thick film would be ideal, I diluted the precursor solution 

by a factor of two in ethanol and recast it at 6,000 RPM, which resulted in a thickness 

of 120 nm.  An important point is that by changing the precursor solution the resulting 

pore structure could be affected.   

I also made and cast a slightly different sol using the same precursors but in 

different ratios according to another published procedure.
33

  Both of these sols used 

CTAB as the surfactant to direct the porous structure.  The nature of that structure was 

still unclear without further characterization.  The ratio of reagents in the precursor 

solution can affect the final morphology.  In order for the films to be useful, they must 

allow molecules to diffuse from one face to the other.  A test was conducted in which 

these two films were cast on indium-doped tin oxide (ITO) coated quartz slides.  They 

were connected as the cathode in an electrochemical cell containing the Au bath for 

electrochemical deposition.  A negative voltage was applied but no current was 

passed, whereas on an uncoated ITO slide 64 µA/cm
2
 was passed, indicating that these 
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silica films were insulating the ITO from the solution.   

Following a third procedure, I made another precursor sol in which the 

surfactant used was a triblock copolymer, F127, that consists of end blocks of ethylene 

oxide with a center block of propylene oxide.
34

  The ratio of the reactants was chosen 

to give a rhombohedral structure which will have contintuous pores from one face of 

the film to the other.  Another different feature about this procedure compared to the 

other ones was that the spin casting was performed under ~60-70% humidity to slow 

the evaporation rate.  Using our equipment this condition was best replicated by 

pouring boiling water into the bottom of the spin coater bowl before use and coving 

the top lid vent with a wet paper towel.  The sol was cast onto an ITO coated quartz 

slide at 4,500 RPM.  After a long annealing procedure followed by calcination, the 

slide was test for cathodic current in the Au deposition bath.  A current resulted in 

which 16 µA/cm
2
 was passed, thus confirming the continuous structure of the pores 

from substrate to the top face.  Although the thickness of this film was not measured 

by ellipsometry, a flow cell of 40 nm spherical Au covered by this continuously 

porous silica film was prepared and used to record a fluorescence movie under 

catalytic conditions.  After analysis, some of the 40 nm Au particles could be imaged 

by their catalytic activity, however there were other localized spots that showed 

catalytic-like behavior where no Au particles were present.  This result shows that 

using spin cast porous silica thin films is promising for use in aiding fluorescence 

detection, although more work needs to be done to understand where the false signals 

originate from.  In the future this thin film method could be applied to the Au and Pt 

microstripe arrays to enable detection of the catalytic activity. 

Additionally, I also tried using a PMMA thin film to aid in fluorescence 
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detection.  A thin film was cast at 2,000 RPM from 5 g/L of Mw = 15,000 PMMA in 

chloroform.   After casting it was annealed for 3 hours at 145 
o
C, and the resulting film 

thickness was 64 nm as measured by ellipsometry.  A new microscope slide flow cell 

was constructed in which 40 nm spherical Au particles were dispersed and then 

covered with the PMMA film described above.  A fluorescence movie was recorded 

under catalytic conditions.  However, upon analysis, the underlying Au particles 

cannot be imaged based on their catalytic activity, thus the PMMA film is unlikely to 

aid in fluorescence detection. 

 

2.8  Au/Pd Core-shell Nanoparticles 

Using colloidal nanoparticle synthesis, I also made Au/Pd core-shell nanorods 

to investigate the effect on catalytic activity due to the presence of a second metal on 

the core particle.  Unlike the other catalyst schemes where an exposed bimetallic 

junction was the region of interest to study, for this set of experiments the interface 

between the two metals was buried.  Except for cases of incomplete, sub-monolayer 

coverage of a Pd shell, this means that any direct measurement of activity at the 

interface is impossible.  However, the effect of the interface, although buried, can still 

be probed by repeating catalytic activity measurements as a function of Pd shell 

thickness for a fixed sample of Au cores.  This experimental design also has the 

benefit of being able to examine the effect of the interface at a fixed distance away 

since the core metal will still affect the properties of the shell by modifying it 

electronic structure and introducing strain.  At low shell thickness the effect of the 

interface will be most pronounced, and at very high shell thicknesses, the particle 

should just behave as if it were completely Pd since the Au interface will be too far 
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removed from the surface to have an effect.  Another benefit of this experimental 

design is that the spatial resolution for examining the interfacial effect is determined 

by the sample preparation and characterization by TEM which has a couple of nm 

resolution compared to using single-molecule fluorescence microscopy which has ~30 

nm spatial resolution.   

Au nanorods were chosen as the core particles because they have already been 

studied as shown in the last chapter and also by Zhou et al.
35

  The rods are good as 

cores since they have a narrow diameter distribution which means that the Pd growth 

can be measured by comparing the diameter before and after it has been added.  

Another advantage of using rods as cores instead of spherical particles is that the rods 

show an activity gradient along its length with higher activity in the center and 

dropping off towards the ends.
35

  This activity gradient is proposed to originate from 

an underlying defect density gradient arising from the rods’ initial growth kinetics.  

The experiment of imaging catalytic activity of core-shell bimetallic rods also allows 

for the measurement of the activity gradient as a function of Pd shell thickness.  This 

can lead to an understanding of how the Pd overgrowth occurs and what effect it has 

on catalytic activity.  For example, if the shell growth is epitaxial, then at low shell 

coverage, the surface structure of the Au can be transferred to the Pd and a similar 

gradient might be observed. 

 

 

2.8.1  Colloidal Growth and Purification of Au Nanorods 

The Au nanorods were produced using seed mediated growth following a 

modified procedure from Murphy et al.
36

  I produced Au seeds by taking 20 mL of 
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aqueous solution containing 0.25 mM in both chloroauric acid and trisodium citrate 

and adding 0.6 mL of freshly prepared 0.1 M sodium borohydride.  This addition of 

excess reducing agent quickly results in the formation of small, sub-5 nm Au particles.  

The Au seed solution was left to sit for several hours so that the excess borohydride 

could decompose.  After this time the seed solution could be used for up to a couple of 

months without affecting the final rod morphology.   

2 L of Au growth solution was prepared by making a 40 
o
C solution containing 

0.1 M CTAB and 0.25 mM chloroauric acid.  Aggregation can occur if the chloroauric 

acid is added to the CTAB solution at too high of a concentration so this mixture was 

made by combining 1 L of 0.2 M CTAB with 1 L of 0.5 mM chloroauric acid, both at 

40 
o
C.  This mixture has a dark orange color due to the Au-CTAB complex.  To this 

solution 1.12 mL of 1 M ascorbic acid was added and stirred in, which causes the gold 

to go from the +3 to the +1 oxidation state, and the solution becomes clear.  90 mL of 

this solution was removed and put in one bottle, and 180 mL was removed and put in 

another.  10 mL of the Au seeds were added to the bottle with 90 mL of Au growth 

solution and stirred.  After around 10-30 seconds 20 mL of this mixture was added to 

the bottle with 180 mL of Au growth solution and stirred in.  After ~30 seconds all of 

this solution was added to the large batch of Au growth solution and stirred in.  This 

solution was divided into two 1 L glass bottles and held at 40 
o
C overnight which 

produces a mixture of mostly faceted pseudo-spherical particles but also some rods 

and a lesser amount of platelets.   

After the particles were produced, the rods needed to be separated from the 

majority of the spherical particles.  After sitting overnight, the solution was slowly 

poured out of the glass bottles and into a beaker for storage.  10 mL of water was 



 

122 

 

added to the empty bottle and swirled to extract the Au rods that had adsorbed onto the 

bottom of the glass bottle.  This solution is brown in color as compared to the solution 

that had been poured off that is reddish-purple in color.  The Au particle mixture 

solution can be poured back into the glass bottles and left to sit overnight so that more 

rods can be extracted the next day.  At and after day 4 of repeating this, the rod yield 

significantly decreases.  The main differences between this and the previously 

published procedure are that the method I used is greatly scaled up to produce higher 

rod yields and the purification method by glass adsorption results in much higher rod 

purity.  This purification method is an extension of the previously reported method in 

which the rods are obtained by taking the bottommost fraction of the growth solution.  

The rods produced using this method are shown in Figure 2.22A. 

Although the procedure described above is reliable, the rods resulting from it 

average just under 400 nm in length.  Longer rods were more desirable since in order 

to be able to measure the activity gradient along the rod, they need to be much longer 

than the spatial resolution of the measurement.  I tried two additional procedures to 

increase the Au rods’ length.  In the first method, a 10% aliquot of the previously 

produced Au rods were used as seeds for an additional seeded growth in 200 mL of 

Au growth solution.  The resulting rods are indeed longer than the initial ones but 

there is also a significant increase in diameter from 21 to ~80 nm.  Also the ends of the 

new rods are more faceted.  These rods can be seen in Figure 2.22B.   

For the second method the ratio of the final dilution into the Au growth 

solution was changed.  Three trials were conducted in which the final dilution ratio 

was increased to 3, 5, and 10 times what the original procedure called for.  The rods 

resulting from the 3x increased dilution averaged 512 nm in length, while those from 
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the 5x batch averaged 567 nm in length.  Both had similar diameters to the original.  

The rods resulting from the 10x batch resembled those resulting from undergoing an 

additional growth step in that they were longer but also much wider.  The procedure 

used to make the 5x batch was used in all following Au rod syntheses, and the rods 

can be seen in Figure 2.22C.  However much of the following work on the AuPd core 

shell synthesis was performed on the original Au rods, which happened before this 

method was developed. 

 

 

 
Figure 2.22  TEM micrographs of the original Au nanorods resulting from (A) the original 
procedure,  (B) from undergoing and additional growth step, and (C) from having the last 
dilution ratio increased by a factor of five.  The scale bar in A is 200 nm and in B and C they 
are 500 nm. 
 

2.8.2 Growth of Pd Shell on Au Nanorods as Cores 

In order to add a Pd shell onto the Au rods shown above, a Pd growth solution 

was prepared based of the method of Li.
37

  This method was chosen because it also 

relies on CTAB as the stabilizing ligand, which means that ligand exchange on the Au 

rods would not be required.  The Pd growth solution consisted of 0.5 mM PdCl2, 50 

mM HCl, 2.3 mM ascorbic acid, and 0.1 M CTAB.  This solution was made fresh 

right before it was used because if left overnight, Pd particles will form even without 

seeds present.  Also it was made and kept at 40 
o
C to keep the CTAB soluble.  
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Varying amounts of this solution were mixed with a fixed amount of Au rods.  The 

amount of Au rods was defined by the concentration of the Au rod solution as 

measured by its absorption peak near 500 nm through a 1 cm path length cell and an 

appropriate volume in mL so that the product of the two equaled 3.625.  This way of 

defining one batch was done so that the same amount of Au rods could be used 

resulting from a different synthesis with a slightly different concentration.  The Au rod 

solution and the Pd growth solution were mixed and kept at 40 
o
C for several hours 

before the AuPd, core-shell rods were collected by centrifugation, and characterized 

by TEM.  The sample resulting from addition of 10 mL of Pd growth solution to one 

batch of Au rods is shown in Figure 2.23.  As can be seen, the outer Pd shell shows up 

with a lower contrast as compared with the Au cores.  A calibration curve was created 

by measuring the amount of shell added versus the amount of Pd growth solution 

used.  The results are shown in Figure 2.24.  For the larger shell samples, the Pd 

growth is measured by an increase in the cross sectional area to give a linear 

calibration, but for the thin shell range it is simply measured by the particle diameter.  

For the cross sectional area gained versus Pd growth solution plot, the thin shell values 

deviate from the trend of the thicker shell values.  A possible reason for these points 

lying lower could be due to the Pd having preferential growth on the ends of the rods.  

By changing the kinetics of the Pd shell growth this effect could be mitigated since Li 

showed that the morphology of the Pd shell on spherical Au particles could be 

manipulated by changing the growth kinetics.
37

  However, this project proceeded with 

the conditions described above. 
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Figure 2.23  TEM micrograph of AuPd, core-shell nanoparticles resulting from addition of 10 
mL of Pd growth solution to one batch of Au rods.  The scale bar is 100 nm. 
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Figure 2.24  Calibration plot for Pd shell overgrowth versus amount of Pd growth solution 
used for a fixed batch of Au rods as cores.  In the lower plot the horizontal dashed lines 
represent the rod diameters expected for the incremental values for Pd monolayers.  The 
different colors represent syntheses that were performed on the same Au rod core samples. 
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Another interesting observation in the thin Pd shell range was the formation of 

bent AuPd core shell rods as can be seen in Figure 2.25.  The reason for this behavior 

is most likely due to a combination of lattice mismatch and preferential growth of the 

Pd on one side of the Au rod.  Since Pd has smaller lattice spacing than Au, 

compression strain will be introduced on the Au as the Pd is added.  If the growth is 

unbalanced, the rod bends towards the side with more Pd.  The concentration of the 

ligand, CTAB, was changed between 0 and 0.1 M, and the growth was repeated to test 

if the Pd shell could be directed more symmetrically or more to one side.  At 0 CTAB, 

the Pd does not grow onto the Au rods and large Pd aggregates form, and at non-zero 

CTAB concentration, there is always a similar population of slightly bent rods.  

Additional work could be pursued in which the reaction kinetics are changed to try to 

control the amount of bent rods.  These rods could be useful to study at the single 

particle level to examine the effects of induced strain on catalytic activity.  Although 

the diameter of the rod is close to the spatial resolution of the single-molecule imaging 

technique, it may be possible to measure the difference in catalysis on the inside and 

outside of the bent rods where the strains on the Au are in opposite directions.  

Additionally, the Pd growth could be performed on the larger diameter Au rods shown 

in Figure 2.22B to see if those will also bend.  The wider core will make it stronger 

and less likely to bend, but the increased width also will give spatial resolution across 

the width of the rod. 
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Figure 2.25  TEM micrograph of AuPd core-shell particles resulting from the addition of 5 
mL of Pd growth solution to one batch of Au rods.  The scale bar is 500 nm. 
 

2.8.3  Modified Methods for Mesoporous Silica Growth 

Again, as before, the AuPd core-shell particles were tested and confirmed as 

catalysts by measuring ensemble activity.  The bare particles were also used as 

catalysts for single-molecule measurements, but there was not any fluorescence signal 

detected.  The strategy of using a mesoporous silica shell to enable fluorescence 

detection was pursued as described before.  However, for these particles, I also 

utilized a modified synthetic procedure in which steps were combined to yield 

mesoporous silica after the growth step without the need for etching.  Previous reports 

in the literature show that CTAB can direct the structural evolution of silica during its 

growth.
30,38,39

  I modified these procedures to perform a shell growth that only has one 

30-minute step and yields mesoporous silica.  Half a batch of AuPd rods shown in 

Figure 2.25 were mixed in a 20 mL solution of 50 mM CTAB, 50% vol. water and 
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ethanol.  To this solution, 100 µL of 0.1 M NaOH and 300 µL of 10% 

tetraethylorthosilane (TEOS) were added.  The solution was stirred for 30 minutes and 

the particles recovered by centrifugation.  These conditions lead to fast growth kinetics 

which were necessary since a high nucleation rate was necessary since the particles 

had not been functionalized.  However, these conditions also led to many multi-core 

particles and a non-conformal coating of the shell to the core.  The resulting particles 

are shown in Figure 2.26.  After calcination at 500 
o
C for one hour to remove the 

CTAB, the particles are catalytically active when measured at the ensemble level.  

However due to the multi-core issue and the non-conformal coating, this method was 

not used for particles being studied at the single-particle level. 

 

 

 
Figure 2.26  TEM micrograph of fast one-step mesoporous silica growth.  The scale bar is 
500 nm. 
 

Another method I experimented with for the shell growth was more similar to 

the traditional two-step silica shell growth used on the spherical Au particles, except 
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that instead of centrifuging the particles and changing solvents between the slow and 

the fast growth steps, the procedure was continued in the original pot without 

purification or solvent exchange.  For this method 3 batches of AuPd cores were each 

placed in 25 mL of water.  To these 350 µL of 1:10
4
 MPTMS:ethanol was added to 

functionalize the surface of the particles with a silane group for further silica growth.  

After one night, 0.5 mL of 0.5% wt. of pH 11.1 sodium silicate solution was added, 

which initiates a slow silica growth on the functionalized particle surface.  After 

another night 0.5, 1.0, or 1.5 mL of 10% vol. TEOS in ethanol solution was added to 

each batch and left for one more night.  The particles were recovered by centrifugation 

and characterized by TEM.  Surprisingly, regardless of the amount of TEOS added, all 

three batches had silica shell thicknesses of just over 40 nm.  Also if the particles were 

left for more than one night, the silica shell thickness did not change.  An additional 

silica growth step was attempted using the already coated particles as seeds, but the 

shell thickness remained the same.  These particles were etched in the presence of 

CTAB as were the spherical Au particles with a silica shell to form the porous 

structure.  The AuPdSiO2 core-shell-shell particles can be seen after the one-pot 

growth step in Figure 2.27A, and after etching in B.  The waviness in the contrast of 

the shell indicates that pores have been formed.  At this point the particles were 

calcined at 500 
o
C for an hour to remove the ligands.  This process causes the Pd to 

oxidize which is no longer catalytic.  The particles were briefly treated with a solution 

of sodium borohydride to reduce the PdO back to metallic Pd.  The AuPdmSiO2 

(mSiO2 = mesoporous silica) core-shell-shell particles were confirmed to be 

catalytically active with ensemble testing, which further validates that the pore 

structure reached the AuPd particle. 
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Figure 2.27  TEM micrographs of one-pot silica shell growth on AuPd particles (A) and after 
etching in the presence of CTAB to form the mesoporous structure (B).  Both scale bars are 
200 nm. 
 

2.8.4  Challenges Remaining for AuPd Core-shell Particles 

Even though the AuPdmSiO2 particles are catalytically active for ensemble 

measurements, single particle catalysis data was not able to be obtained.  It is likely 

that more work needs to be done with the mesoporous silica shell so that it can enable 

fluorescence detection of the product molecules.  However, another member of the 

Chen lab has been working with Pd nanorods synthesized by a hydrothermal method 

and has successfully obtained preliminary single-molecule catalytic data by coating 

the particles with a mSiO2 shell.  Additionally, for the samples with thin Pd shells, 

high resolution TEM characterization would be helpful to better understand the non-

uniform coverage of the Pd shell.  This could enable better understanding of how it 

contributes to the bending of the rods and also to how it affects catalytic activity.  

Future work could be performed to try to synthesize wider AuPd bent rods, and also 

the kinetics of the Pd shell growth could be manipulated by changing temperature, 

concentrations, ligands, and reducing agents to see if other morphologies of AuPd 
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core-shell particles are possible, and what effect they have on catalytic performance. 
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