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Chapter 1: Introduction 

DENDRIMER-ENCAPSULATED NANOPARTICLES 

Accurate structural synthesis and characterization of 

metallic nanostructures is key for understanding how atomic 

surface structure influences catalytic properties. Dendrimer-

encapsulated nanoparticles (DENs) provide a way to study 

these properties due to the extent of control over 

nanoparticle size and structure provided by the synthetic 

procedure.1 DENs are synthesized using poly(amido amine) 

(PAMAM) dendrimer templates. See Illustration 1.1 for the 

structure of a fourth-generation PAMAM dendrimer.   

 

 

Illustration 1.1: 

PAMAM dendrimer structure (4th generation) 
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These polymers have interior tertiary amines that allow for 

the complexation of metal ions. After loading the interior of 

the dendrimer with metal ions, the metal-ion/dendrimer 

complex is chemically reduced with borohydride (See 

Illustration 1.2). This synthesis results in nanoparticles 

that are sterically trapped inside the dendrimer template. 

DENs have been made with many transition metals including Au,2 

Pt,3 Pd,4 Fe,5 Cu,6 Ag,7 Ni,8 Ru,9 and Rh.9 

The dendrimer is commonly denoted as Gn-x, where n is 

the generation of dendrimer, and x is the terminal functional 

group. All dendrimers used in this work are G6-OH or G6-NH2; 

that is, sixth-generation dendrimers having either hydroxyl 

or primary amine terminal functional groups. 

 

 

Illustration 1.2: 

General synthesis of DENs 

 

The metal-dendrimer complexes are denoted as Gn-x(My+)z where 

M represents the specific element, y is the oxidation state 

of that metal ion, and z is the number of metal atoms 
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introduced per dendrimer. Lastly, reduced DENs are denoted as 

Gn-x(Mz). We generally assume that the metal is reduced and 

has an oxidation state of zero. Additional notation is 

required when multiple metals make up a DEN; in this case 

alloys and core@shell structures are denoted as Gn-x(MN) and 

Gn-x(M@N), respectively.  

The size of DENs is controlled by the ratio of metal ion 

to dendrimer. Typically, DENs consist of between 50 and 250 

atoms, leading to nanoparticle diameters of ~1-2 nm. Alloy 

DENs are synthesized by co-complexing two different metals. 

Core@shell DENs can be made by complexation and reduction of 

the core metal followed by complexation and reduction of the 

shell metal.9-11 The DEN synthesis procedure results in 

nanoparticles that are sterically trapped within the 

dendrimer template.  Accordingly, DENs are protected from 

agglomeration during electrocatalysis. The advantages of DENs 

(small size and monodisperse nature) make them ideal for 

comparing their structure and catalytic properties to 

theoretical calculations.  

 

DENSITY FUNCTIONAL THEORY  

High-level theory, like density functional theory (DFT), 

has undergone great advancements in recent years due to the 

availability of improved computing power and the development 
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of more refined theory. Additionally, the development of 

theories that relate the binding energy of adsorbates on metal 

surfaces to catalytic activity of the surface have allowed 

for improvements in the predictive power for identifying 

active catalyst candidates.12-14  As an example, Nørskov and 

coworkers have developed theory for making predictions of 

catalyst kinetics based on thermodynamic DFT calculations. 

These predictions are made by relating descriptors, such as 

the binding energy of oxygen on a metal surface to the 

intrinsic activity of the surface for O2 reduction.12  They 

showed that a plot of activity for the oxygen reduction 

reaction (ORR) vs. the binding energy of atomic oxygen to a 

surface has a volcano-like shape. Moderate oxygen binding 

energies exhibit the highest ORR activity. As the binding 

energy of oxygen on the surface decreases, the binding of 

molecular oxygen is too weak to facilitate fast ORR kinetics. 

Conversely, at high oxygen binding energies, ORR products are 

too strongly bound and lead to surface passivation, thus 

slowing the overall reaction kinetics. Using this theory, a 

simple descriptor such as the thermodynamics of oxygen 

binding on a surface can describe the overall kinetics of the 

reaction on the surface. This theoretical approach provides 

a connection between particle structure and nanoparticle 

catalytic activity. However, to advance the development of 

better functional materials, the accuracy of the calculations 
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must be verified with experimental systems. This is precisely 

the role that DENs fulfill. DENs are sufficiently small and 

monodisperse to be accurately modeled with DFT. This is 

important when comparing results from bulk (averaging) 

characterization techniques because the average DEN structure 

in a sample is analogous to an idealized model. 

 

RATIONAL CATALYST DESIGN STRATEGY  

The overall strategy employed for comparing experimental 

and theoretical properties of 1-2 nm clusters is detailed in 

Illustration 1.3. The key point is that the relationship 

between the experimental and theoretical studies is 

symbiotic. For example, it is possible to start with a 

theoretical model of nanoparticle structure. Once the model 

structure is determined, the binding energy of adsorbates 

that are relevant for a certain catalytic process can be 

calculated. This thermodynamic predictor is then used to make 

a prediction of catalytic activity.  

Once an active catalyst candidate is identified, 

analogous nanoparticles can be synthesized using the 

dendrimer-templating method. It is then important to 

characterize these particles to compare their catalytic 

properties with the theory. Characterization of DENs is a 

great challenge due to their small size. Moreover, most 
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techniques available for characterization are bulk methods 

that report structural information of the average of all 

particles in the sample. This is why monodispersity in size, 

composition, and structure is so important. 

 

Illustration 1.3: 

Strategy for comparing theory and experiment 

 

These techniques include UV-vis spectroscopy, various 

electrochemical techniques, X-ray photoelectron spectroscopy 

(XPS), and X-ray absorption spectroscopy (XAS) techniques 

such as extended X-ray absorption fine structure (EXAFS) and 

X-ray absorption near edge structure (XANES) spectroscopy. 

The only commonly performed technique that allows for 

analysis on a single particle level is electron microscopy. 



 7 

After the nanoparticles have been characterized and it has 

been verified that the nanoparticle population is equivalent 

to the particles modeled in the theoretical studies, 

catalytic testing is undertaken to compare with theoretical 

predictions. The results of nanoparticle characterization and 

catalytic testing can then be incorporated into developing a 

more accurate model for the theoretical predictions of 

nanoparticle structure and activity. This iterative process 

leads to the advancement of the theory and the prediction of 

more active nanoparticle electrocatalyst candidates which 

eventually leads to the synthesis of even more active 

electrocatalysts that can be used for a wide variety of 

applications. 

 

EXTENDED X-RAY ABSORPTION FINE STRUCTURE AND X-RAY ABSORPTION NEAR-EDGE 

STRUCTURE SPECTROSCOPIES 

EXAFS 

Extended X-ray absorption fine structure (EXAFS) 

spectroscopy is an XAS technique that measures the absorption 

probability of an element as a function of X-ray energy and 

its average surrounding coordination environment. Information 

such as average coordination number, average bond length, and 

average bond disorder (called the Debye-Waller Factor) can be 

accurately determined in EXAFS. These experiments are 

performed at a synchrotron beamline due to the need for a 
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tunable X-ray source that has high photon flux. The details 

of how a synchrotron beamline operates is beyond the scope of 

this brief introduction, but details are available 

elsewhere.15 

 An X-ray absorption event occurs when the X-ray energy 

(E) illuminating a sample has sufficient energy (E0) to excite 

a core electron of an element to the continuum as a 

photoelectron. Above this energy, the probability that the 

sample containing a particular element will absorb X-rays 

rises. This is what is called an X-ray absorption edge. When 

an electron is excited from the first principle energy level, 

the event is referred to as a K-edge. When an electron is 

excited from the second principle energy level of the atom, 

the event is referred to as an L-edge. EXAFS provides element-

specific information because each element in the periodic 

table has characteristic K and L X-ray absorption edge 

energies. 

Once a photoelectron is ejected from the absorbing atom, 

it moves away from the absorbing atom radially in three 

dimensions as a wave. This outgoing photoelectron can then be 

backscattered by neighboring atoms. When the backscattered 

photoelectron returns to the original absorbing atom, it 

modulates the probability of another absorption event. This 

causes oscillations in absorption probablity in the post-

absorption edge energy range. Encoded within these 
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oscillations is information about the atomic identity of the 

backscattering neighbors, average coordination number, bond 

length, and Debye-Waller factor as described by the EXAFS 

equation (eq. 1.1). 

 

 

 

Figure 1.1: 

(a) At E0 (shown as 0 on this energy scale), the probably of 

adsorption increases. This demonstrates the structure of the 

X-ray absorption edge of a single isolated atom. (b) When an 

absorbing atom is in an extended lattice, the neighboring 

atoms will backscatter the outgoing photoelectron. This 

causes a modulation of the absorption probability of the 

absorbing atom which results in the EXAFS oscillations seen 

at energies above E0 (red trace). 

  

The coordination number is typically written as CNX-Y, 

where X is the atomic symbol of the absorbing atoms in the 

sample and Y is the atomic symbol of the particular 

backscattering species.  Therefore, the CN is the average 
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number of Y atoms that the average X atom “sees” in a 

particular coordination shell. For example, if one considers 

bulk Au, the average first nearest-neighbor coordination 

number (CNAu-Au) is 12. This fact arises from the structure of 

the FCC lattice in which each Au atom has 12 nearest 

neighbors. However, when the total number of Au atoms is 

small, such as in the case of 1-2 nm DENs, the average 

coordination number decreases due to a larger proportion of 

under-coordinated surface atoms in relation to the overall 

population of atoms. For example, a perfect 147-atom 

cuboctahedral nanoparticle has a coordination number of 8.98. 

This allows for the CN to be a good indicator of nanoparticle 

size in nanoparticles that have an appreciable number of 

surface atoms compared to the total number present.  This 

situation applies for particles < ~3 nm in diameter. 

Additionally, EXAFS provides information about the average X-

Y bond length and the average X-Y bond disorder. When combined 

with information about the CN, these structural parameters 

provide a Gaussian bond length distribution that describes X-

Y pair bonding (See Figure 1.2). 

 

   (Eq. 1.1) 
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Figure 1.2: 

Gaussian bond length distribution in relation to EXAFS 

fitting parameters. The average bond length (R) defines the 

center of the Gaussian, the Debye-Waller Factor (σ2) relates 

to the standard deviation, and the coordination number (CN) 

defines the area under the curve. 

 

To extract the values of the CN, bond length, and bond 

disorder from the EXAFS oscillations, the oscillatory signal 

must be fit to the EXAFS equation (see Eq. 1.1). This is 

typically done using fitting software. While the EXAFS 

equation has many variables, the only ones that need to be 

fit in equation I.1 are coordination number (Nj), bond length 

(Rj), and Debye-Waller factor (σ2j), and this is done with a 

least squares regression fit. The values of CN, R, and σ2 can 

then be used to create a model for the particle structure. 

This is particularly helpful when determining the 

configuration of bimetallic nanoparticle catalysts. An in-

depth discussion of this type of analysis is beyond the scope 
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of this dissertation but can be found elsewhere.16 The 

important aspects of the fitting process that will be 

discussed further in later chapters relate to how large non-

Gaussian bond length distributions can lead to errors in 

fitting. 

 

XANES 

While EXAFS signals are collected in the region after 

the X-ray absorption edge, there is still valuable 

information that can be obtained from the structure of the 

absorption edge itself. X-ray absorption near edge structure 

(XANES) signals relate to the filling of valence orbitals 

and, in some cases, to the geometry in which the absorbing 

metal is bound. In Chapter 5, XANES is used as a probe to 

study the extent of surface oxidation of Au DENs during 

electrochemical studies. Unlike the EXAFS regime, the 

photoelectron created at the XANES edge is not ejected to the 

continuum. Instead, it is promoted to a valence orbital. 

Therefore, the structure of the XANES edge is sensitive to 

the filling of the final orbital of the photoelectron. 

In the case of the Au L3 edge, the corresponding 

transition is from 2p to 5d, following the selection rule 

that the change in angular momentum (Δl) must be ±1 (i.e., a 

transition from a s orbital to a p orbital or a p orbital to 
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a d orbital). The probability of this transition is directly 

related to the filling of the 5d orbital. In the case of zero-

valent gold, which is d10 (a completely filled d orbital), 

the probably of this transition is very low. This results in 

the Au L3 edge having no near-edge peak, or white line, as it 

is referred to in XANES (see Figure 1.3 (black line) for the 

L3 near edge structure of Au. Pt has one fewer 5d electron 

(d9). This increases the probability that the transition from 

the 2p to 5d orbital can occur, resulting in a larger white 

line. See Figure 1.3 (red line) for the L3 near edge spectrum 

of Pt.  

 

 

Figure 1.3: 

XANES spectra of Au, Pt, and Ir foils. 
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Taking this concept further, Ir is a d7 element. This results 

in an even larger white line due to additional vacancies in 

the 5d orbital. See Figure 1.3 (blue line) for the L3 near 

edge structure of Ir. This demonstrates the relationship 

between white line height and the filling of the 5d orbital, 

which can be directly related to the average oxidation state 

of an element in a sample. 

 

ELECTROCHEMISTRY OF DENS 

 The electrochemical properties of DENs are discussed 

throughout this dissertation. An issue that is continually 

brought up in relation to DEN electrochemistry is the 

insulating effect of the dendrimer, which could inhibit 

electron transfer from the electrode surface to the 

nanoparticle catalyst. This resistance could influence the 

measured activity of DEN electrocatalysts. When DENs are 

attached to an electrode surface, we visualize the electrode-

dendrimer-nanoparticle as shown in Illustration 1.4. This 

schematic shows the dendrimer supported nanoparticle 

separated from the electrode surface by approximately 0.5 nm, 

but the distance could be slightly larger. It is important to 

note that sixth-generation PAMAM dendrimers are approximately 

7 nm in diameter, but when adsorbed on an electrode surface, 

the dendrimer flattens.17 This brings the nanoparticle closer 

to the electrode surface, but due to steric crowing at the 
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periphery of the dendrimer it is unlikely that the 

nanoparticle is in contact with the electrode. 

 

Illustration 1.4: 

Schematic of presumed electrode/dendrimer/DEN orientation 

  

The case of electron transfer between an electrode and 

nanoparticles displaced from the electrode surface by a self-

assembled monolayer (SAM) has been studied by several 

groups.18-21 In this case, it is observed that the SAM will 

block outer sphere electron transfer to electroactive 

molecules. However, when nanoparticles are present on the end 

of the SAM, electron transfer across the SAM is fast. This 

nanoparticle-mediated electron transfer was treated 

theoretically by Chazalviel et al.21 They showed that the 

electron transfer from electrode to nanoparticle across an 

insulating layer is accelerated due to the large electronic 

density of states of the nanoparticle (as compared to a single 
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redox molecule). The rate of electron transfer to the 

nanoparticle from the electrode is fast when compared to the 

exchange current density of the electron transfer from the 

nanoparticle to the redox molecule. This allows us to simplify 

the treatment of the insulating effect of the dendrimer as if 

the DENs are in direct contact with the electrode surface. 

This assumption is carried throughout the work described in 

this dissertation. 

 

DISSERTATION OVERVIEW 

 The main focus of the work presented in this dissertation 

is on the experimental aspects of a combined 

experimental/theoretical study of the structure and catalytic 

properties of DENs. However, the complete story of this work 

cannot be told without including results from theory. Chapter 

2 details a new electrochemical synthesis procedure for the 

creation of bimetallic Au@Pt particles. This study includes 

work on underpotential deposition (UPD) of Cu on Au147 DENs 

followed by galvanic exchange for Pt to yield Au@Pt DENs and 

the preliminary studies of these particles as catalysts for 

the ORR. Chapter 3 then adds aspects of theory relating to 

nanoparticle structure and catalytic activity in the Au@Pt 

DEN system. Pb UPD on Au147 DENs is studied experimentally and 

theoretically. Theoretical predictions are confirmed with 
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experiments on Pb UPD, Au@Pt surface structure, and the ORR 

reaction activity of these surfaces. Chapter 4 is an in-depth 

study of the structure of Au DENs. It includes novel 

theoretical methods used for the generation of theoretical 

EXAFS  signals from molecular dynamics (MD) trajectories. 

Lastly, Chapter 5 details a study of the potential-dependent 

structure of Au147 DENs studied with in-situ electrochemical 

EXAFS/XANES techniques. 
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Chapter 2: Electrochemical Synthesis and Catalytic 

Properties of Au@Pt DENs 

INTRODUCTION 

Here we report the electrochemical synthesis of Au@Pt 

(core@shell) nanoparticles encapsulated within sixth-

generation, PAMAM dendrimers and their electrocatalytic 

activity for the ORR. These results are significant because 

the synthesis and catalytic activity of core/shell 

nanoparticles in this size range (~1.4 nm), and having this 

degree of monodispersity, have not previously been reported. 

Importantly, well-defined catalytic nanoparticles in this 

size range provide good experimental models for comparison to 

first-principles calculations.22,23 

We have previously demonstrated that Pt24,25 and PtPd 

bimetallic alloy26 DENs immobilized on a glassy carbon 

electrode (GCE) are active electrocatalysts for the ORR, and 

that the activity of DENs toward the ORR is a function of the 

nanoparticle size25 and composition.26 We have also reported a 

homogeneous chemical synthesis of Au@Pd, Au@Ag, and Ag@Au 

core/shell DENs by sequential complexation and chemical 

reduction of, first, the core metal and, second, the 

shell.7,10,27 However, neither we nor others have measured 

electrocatalytic activity using core@shell nanoparticles 

having diameters of <3.7 nm.28 



 19 

Au@Pt DENs are good candidates for an initial 

investigation of the electrocatalytic activity of core/shell 

DENs due to the high ORR activity of nanoparticles having a 

Pt shell,28-32 and because Au@Pt nanoparticles are stable over 

a wide potential window. Core/shell nanoparticles are also 

interesting because their electronic and catalytic properties 

can be tuned by manipulating their structure. For example, 

Adzic and co-workers have reported the electrocatalytic 

properties of core/shell nanoparticles as a function of their 

size (~4-9 nm), the thickness of the shell (1 - 3 atomic 

layers), and the identity of their core (Au, Ag, Pd, Rh, Ir, 

Ru, and Pd3Co).28,31-33 These materials were prepared by UPD of 

a sacrificial metal onto the core, followed by galvanic 

exchange for the final shell metal.29-32,34,35 Here we used the 

UPD/galvanic exchange approach for preparing Au@Pt DENs 

(Illustration 2.1). 

 

 

Illustration 2.1: 

UPD and Galvanic Exchange Strategy 
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EXPERIMENTAL DETAILS AND DISCUSSION 

G6-OH(Au147) DENs were prepared according to our 

previously reported method.36 Briefly, 147 equivalents of 

HAuCl4 (Sigma-Aldrich) were added to a stirred solution of 

2.0 µM G6-OH (Dendritech, Inc., Midland, MI). Next, 10 molar 

equivalents of NaBH4 (Sigma-Aldrich) in 0.3 M NaOH (EM 

Science) were immediately added, and the solution was stirred 

for 24 h. In accordance with previous findings,36 TEM revealed 

that this procedure results in Au nanoparticles having an 

average size of 1.4 ± 0.2 nm (Figure 2.1). This size is 

slightly smaller than previously reported36 but within the 

error associated with these measurements. 

 Electrochemical experiments were performed with a CH 

Instruments 760b bipotentiostat, and using a Hg/Hg2SO4 

reference electrode and a Pt wire counter electrode (CH 

Instruments). All potentials are vs. Hg/Hg2SO4. A 3 mm-

diameter glassy carbon electrode (GCE, CH Instruments) was 

successively polished with 1.0 µM, 0.3 µM, and 0.05 µM alumina 

(Buehler), and then sonicated in water for 5 min to remove 

polishing materials from the electrode surface. 
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Figure 2.1: 

(a) Representative transmission electron micrograph of G6-

OH(Au147) DENs. (b) Size-distribution histogram corresponding 

to (a). 

 

DENs were immobilized by scanning the electrode 

potential 3 times between -0.3 and 0.4 V in a solution 

containing 2.0 µM G6-OH(Au147) and 0.1 M LiClO4 (pH 2.5 with 

HClO4) at 10 mV/s.37,38 To show that the Au DENs are attached 

to the GCE, the electrode potential was scanned from 0 V (vs 

Hg/Hg2SO4) to 1.00 to -0.64 V and back to 0 V in 0.50 M H2SO4 

(Figure 2.2, black trace). The characteristic Au surface 

oxidation at potentials > 0.65 V and the corresponding oxide 

reduction between 0.55 and 0.30 V confirm that the surfaces 

of the Au DENs are electrochemically active. The oxide 

reduction peak was integrated and converted to total Au 

surface area using the widely accepted conversion factor of 
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390 µC/cm2.39 This value is only valid for bulk, 

polycrystalline Au, but with this caveat the total area of 

the Au DENs is 0.034 cm2. Using simple assumptions outlined 

previously,25 the expected surface area for DENs of this size 

is estimated to be ~0.040 cm2. On the basis of this result, 

we conclude that most of the Au DENs are in electronic contact 

with the GCE. 

 

 

Figure 2.2: 

Cyclic voltammograms of Au147 (black line) and Au147@Pt (red 

line) DENs immobilized on a GCE (geometric area = 0.071 cm2). 

Scan rate = 100 mV/s; electrolyte, Ar-saturated 0.50 M H2SO4. 

 

A Pt shell was added to the 147-atom Au core by first 

depositing a monolayer of Cu by UPD and then exchanging the 

Cu layer for Pt. Figure 2.3 is a cyclic voltammogram (CV) 

showing the UPD and subsequent stripping of Cu from the Au 
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DENs. To form the Pt shell, the Au DENs-coated GCE was scanned 

at 50 mV/s from 0.40 to -0.42 V in a Ar-purged solution 

containing 0.10 M HClO4 and 1.0 mM Cu2+ and then immediately 

immersed in a freshly prepared Ar-purged solution of 0.10 M 

HClO4 containing 5.0 mM K2PtCl4 for 5 min. 

 

 

Figure 2.3: 

Cu UPD on immobilized Au147 DENs in 0.10 M HClO4 containing 

1.0 mM Cu(NO3)2 (black trace). A background scan in 0.10 M 

HClO4 only (red trace is also shown. The scan rate = 50 mV/s. 

 

The galvanic exchange of the Cu shell for Pt was 

confirmed by scanning the electrode in 0.50 M H2SO4 over the 

same potential range used for the Au core. The results are 

shown as the red line in Figure 2.2. The formation of Pt oxide 



 24 

is apparent at potentials positive of 0 V, and this oxide is 

subsequently reduced between 0.21 and -0.35 V. Hydrogen 

adsorption and desorption waves, which were absent on the Au 

cores prior to addition of the Pt shells, are also apparent 

negative of -0.35 V. These results are in accord with our 

previous findings for monometallic Pt DENs, and they 

establish the presence of Pt.25 In addition to these 

characteristic Pt features, a small peak centered at ~0.4 V 

corresponds to oxidation of exposed Au. On the basis of the 

Au oxide reduction peak areas before and after addition of 

the Pt shell, we estimate that ~20% of the originally present 

Au is electrochemically active after addition of the Pt shell. 

The Pt surface area was determined independently by 

integrating the Pt oxide reduction wave between 0.21 and -

0.35 V. Assuming a conversion factor of 420 µC/cm2,39 the Pt 

coverage is 0.029 cm2. By this measure, ~85% of the original 

Au surface is covered with a Pt shell. The good agreement of 

these two independent measures of surface coverage is not too 

surprising, because Pt is present only as a monolayer shell 

and therefore there is no risk of forming multilayers of Pt 

oxide. 

The ORR activities of Au147, Pt147, and Au147@Pt DENs were 

qualitatively evaluated by cyclic voltammetry in an O2-

saturated 0.10 M HClO4 solution (Figure 2.4). 
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Figure 2.4: 

Cyclic voltammograms for the ORR obtained using a GCE 

(geometric area = 0.071 cm2) modified with Au147@Pt DENs 

(black), Pt147 DENs (red), and Au147 DENs (blue). Scan rate = 

100 mV/s; electrolyte, O2-saturated 0.10 M HClO4. 

 

The peak potential for the ORR at the Au147 DEN-modified 

electrode is -0.51 V. Upon addition of the Pt shell, however, 

this value shifts positively -0.08 V. For comparison, the ORR 

peak potential for Pt147 DENs is just 20 mV more positive than 

that for the Au147@Pt electrocatalyst. The slight difference 

in peak currents may be due to differences in the number of 

particles immobilized on the electrode surface. These results 

are consistent with findings reported for Au@Pt nanoparticles 

having sizes of 5 ± 1 nm.30 

 



 26 

 

Figure 2.5: 

Cyclic voltammograms obtained in aqueous, O2-saturated 0.1 M 

HClO4 electrolyte solutions. The glassy carbon electrode (GCE) 

used to obtain these results was modified with G6-OH(Au147@Pt) 

DENs. (a) after soaking the GCE in CH2Cl2 for 10 min; (b) 

after soaking the GCE in ethanol for 10 min; (c) after soaking 

the GCE in CH2Cl2 containing 3 mM C12SH for 10 min; and (d) 

after soaking the GCE in ethanol containing 3 mM C12SH for 10 

min. The scan rate = 100 mV/s. 

 

To verify that Au147@Pt nanoparticles remain encapsulated 

within their dendrimer templates following electrode 

immobilization, deposition of Cu, galvanic exchange of the Cu 

for Pt, and throughout the ORR, the following experiment was 

carried out.24 First, the G6-OH(Au147@Pt) DENs-modified GCE was 

soaked for 10 min in a solution containing 3 mM 1-dodecanethol 

(C12SH) in either CH2Cl2 or ethanol. Second, the 
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electrocatalytic activity of the modified electrodes for the 

ORR was evaluated. We have previously shown that when DENs 

are exposed to poor solvents for the dendrimer, like CH2Cl2,24 

(or gases),40 the dendrimers collapse around the encapsulated 

nanoparticles. Under these conditions, the branches of the 

dendrimer prevent even small molecules from accessing the 

nanoparticle surface. Accordingly, we anticipate that C12SH 

will not be able to adsorb to the Au147@Pt DENs when the 

soaking solvent is CH2Cl2, but that the thiol will adsorb to 

the DENs surface, thereby poisoning their catalytic activity 

for the ORR when ethanol is used as the solvent. 

The results of this experiment are shown in Figure 2.5. 

Figures 2.5a and 2.5b are control experiments in which GCEs 

modified with G6-OH(Au147@Pt) DENs was soaked in either CH2Cl2 

or ethanol (no C12SH present), respectively, rinsed, and then 

evaluated for their electrocatalytic activity in aqueous O2-

saturated, 0.10 M HClO4 solutions. In both cases, the ORR 

proceeds unhindered. However, when exactly the same 

experiment is carried out, but now with C12SH present in the 

soaking solutions, catalytic activity is only observed from 

the electrode soaked in the C12SH solution in CH2Cl2. This 

means that the nanoparticles must be encapsulated within the 

dendrimer, because otherwise they would not be protected from 

the thiol and would be poisoned. 
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In conclusion, we have demonstrated a means for 

preparing core@shell DENs consisting of Au cores containing 

an average of 147 atoms and a single atomic layer shell of 

Pt. This methodology is applicable to the synthesis of other 

core@shell configurations that would otherwise be difficult 

or impossible to synthesize using traditional complexation 

and chemical reduction steps.41 This work relies primarily on 

electrochemical methods to confirm the structure of these 

materials, but the results of UPD, hydrogen desorption, Au 

and Pt oxide reduction, the ORR, and an experiment designed 

to show that the nanoparticles are stable and remain within 

their dendrimer hosts are compelling. The use of more 

sophisticated characterization methods and comparison of 

experimental kinetic measurements to theoretical calculations 

are currently underway. 
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Chapter 3: Au@Pt DENs as Model Electrocatalysts 

INTRODUCTION 

In this chapter the electrochemical synthesis of 

core@shell DENs consisting of cores containing 147 Au atoms 

(Au147) and Pt shells having ~54 or ~102 atoms (Au147@Ptn (n = 

54 or 102)) is reported. The significance of this work arises 

from the correlation of the experimentally determined 

structural and electrocatalytic properties of these particles 

with DFT calculations. Specifically, we describe an 

experimental and theoretical study of Pb UPD on Au147 DENs, 

the structure of both Au147@Pbn and Au147@Ptn DENs, and the 

activity of these DENs for the ORR. These findings illustrate 

how the coupling of DENs with DFT calculations serves as a 

good model for understanding electrocatalysis at a 

fundamental level. 

 DENs are synthesized by sequestering metal ions within 

the interior of PAMAM dendrimers, followed by chemical 

reduction of the metal-ion/dendrimer complex with a reducing 

agent such as borohydride.41-44  Variations of this homogeneous 

synthetic method have yielded bimetallic DENs having 

different configurations, including random alloy and 

core@shell structures.1  We have also developed 

electrochemical methods for synthesizing core@shell DENs.45,46  

DENs have been used  to study electrocatalysis since 2005.24  

They are valuable for such studies for the following reasons. 
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First, their size, composition, and structure can be 

precisely controlled.25,26  Second, the dendrimers stabilize 

the encapsulated nanoparticles and provide a handle for 

linking them to an electrode surface, but they do not 

interfere significantly with reactions on the particle 

surface.24  Third, DENs are in a size range (1-2 nm diameter) 

that makes it possible to directly compare theoretical and 

experimental results from structural and catalytic studies.  

We have recently published several studies that are 

relevant to the results reported here. First, we described 

the synthesis and properties of Au147@Pt DENs and demonstrated 

that they are electrocatalytically active for the ORR.45  

These core@shell DENs were prepared by the UPD of Cu onto the 

surface of a Au core containing 147 atoms, followed by 

galvanic exchange of the Cu UPD layer for Pt. Second, we 

published a pair of comprehensive experimental and 

theoretical structural studies of Cu UPD onto Pt DENs 

consisting of ~55 to ~225 atoms.46,47 Finally, we reported on 

cluster-based DFT calculations of the structure and ORR 

activity of bimetallic nanoparticles in the same size range 

used for the experimental DEN studies.22 In contrast to these 

earlier studies, we now report a direct correlation between 

the experimentally determined structural and catalytic 

properties of DENs and first-principles calculations of 



 31 

materials having the same nominal structures and 

compositions. 

Core@shell nanostructures are important because they 

exhibit tunable properties arising from the ability of the 

core metal to influence the properties of the shell.22,23,31,48,49  

This phenomenon has been applied to electrocatalytic31,48,50 and 

spectroscopic applications.49 Early examples demonstrating 

the importance of Pt-shell nanoparticles as active 

electrocatalysts for the ORR were reported by Adzic and 

coworkers.28,31,48 The relationship between bimetallic 

nanoparticle structure and catalytic activity has been 

correlated to DFT calculations by a number of groups.50-53 

Notably, Nørskov and coworkers have demonstrated trends in 

oxygen reduction electrocatalyst activity based on the 

binding energy of oxygen and other reaction intermediates to 

the metal surface.12,14 

Pb UPD onto bulk Au surfaces, as well as onto Au 

nanostructures, has been studied extensively by Feliu and 

coworkers.54-56 They have shown that Pb UPD onto Au is a 

surface-selective reaction and that the morphology of the Au 

surface can be determined by analyzing voltammetric UPD 

peaks. With regard to nanoparticles, Feliu and his group have 

shown that the location of voltammetric Pb UPD peaks for well-

defined single-crystal surfaces can be related to peak 

positions on larger (6-40 nm) nanoparticles, and that this 
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correspondence can be used to help elucidate details of 

nanoparticle surface structure.56 One fact to emerge from 

these studies is that Pb UPD occurs on the low-index faces of 

Au in the following order:  first Au (110), then Au (100), 

and finally Au (111).56 

In this chapter, Au DENs containing an average of 147 

atoms are shown to be active for UPD and that particular 

facets on these materials can be selectively decorated with 

Pb. Specifically, a single monolayer of Pb is deposited first 

on the Au (100) facet, and then, at more negative potentials, 

the Au (111) facet. A principal outcome of this study is that 

the measured electrochemical potentials at which UPD occur 

are in good agreement with those determined by DFT modeling. 

We also found that UPD Pb deposited onto only the (100) facet, 

or both the (100) and (111) facets, could be exchanged for 

Pt. This galvanic exchange reaction results in Au147@Ptn DENs, 

where n = 54 or 102, respectively. Interestingly, the 

experimentally determined ORR activities for both Au147@Pt54 

and Au147@Pt102 are very similar. This finding is interpreted 

in terms of DFT oxygen binding energy calculations on models 

of the corresponding particles. While these particles may not 

necessarily be practical ORR catalysts, they offer the 

ability to study the ORR on a fundamental level. Taken 

together, the results presented here indicate that DENs are 
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good nanoparticle models for correlating DFT calculations 

with experimental measurements. 

 

EXPERIMENTAL 

Chemicals 

G6-NH2 dendrimer in methanol were purchased from 

Dendritech, Inc. (Midland, MI). The methanol was evaporated 

under vacuum and the dendrimer was reconstituted in H2O at a 

concentration of 100 μM. The following chemicals were 

purchased from Sigma-Aldrich: HAuCl4, K2PtCl4, Pb(NO3)2, NaBH4, 

NaOH, and ultrapure HClO4. Solutions were prepared using high-

purity water obtained from a Millipore Milli-Q water system 

(18.2 MΩ-cm). Ultra-high-purity N2 and O2 (99.999%) were 

purchased from Praxair. All chemicals were used as received. 

 

Synthesis of Au DENs 

Au DENs were synthesized using a method similar to one 

reported previously.2 Typically, 20.0 mL of 2.0 μM G6-

NH2(Au147) were prepared by adding 147 equiv. of HAuCl4 to a 

stirred solution containing 2.0 μM G6-NH2. The Au3+ was allowed 

to complex with the dendrimer for 10 min, and then a 10-fold 

excess of NaBH4 in 0.30 M NaOH was added to reduce the G6-

NH2(Au3+)147 precursor to G6-NH2(Au147) DENs. This solution was 
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stirred in air for 12 h to deactivate excess BH4-, and the 

resulting DENs were used without further purification. 

 

Characterization 

UV-vis spectra were obtained using a Hewlett-Packard 

8453 spectrometer. The cuvette path length was 0.200 cm and 

the spectra were background corrected using an aqueous 

solution of 2.0 μM G6-NH2 dendrimer. TEM images of G6-NH2(Au147) 

DENs were obtained using a JEOL 2010F TEM. Carbon-coated 

copper TEM grids (400 mesh) were purchased from Electron 

Microscopy Sciences. TEM grids were prepared by dropping 4.0 

μL of a 2.0 µM G6-NH2(Au147) DENs solution onto the grid and 

drying in a desiccator. TEM images of the of G6-NH2(Au147@Pt102) 

DENs  were obtained using both the JEOL 2010F TEM and a 

Hitachi HD2700C aberration-corrected STEM. The TEM grid 

preparation for the G6-NH2(Au147@Pt102) DENs is discussed later. 

 

Electrochemistry 

Electrochemical measurements were performed using a CH 

Instruments 1202B potentiostat (Austin, TX, USA). All 

potentials were recorded and are reported versus a Hg/Hg2SO4 

reference electrode (CH Instruments) unless otherwise noted.  

This electrode was calibrated against an eDAQ Hydroflex 

hydrogen reference electrode each day to ensure accurate 
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potential control.  Rotating ring-disk voltammetry (RRDV) was 

carried out using an AFASR rotator (Pine Instruments) and a 

Pine Instruments E7R9 series working electrode (5.61 mm-

diameter glassy carbon disk and 0.84 mm wide Pt ring).   

The Au DENs were immobilized on the electrode surface as 

follows. The G6-NH2(Au147) DENs were dissolved in an aqueous 

solution containing 20% isopropyl alcohol and then sonicated 

for 30 min with 2 mg/mL Vulcan® EC-72R carbon.  Next, 6.0 μL 

of this catalyst ink was pipetted onto the glassy carbon disk 

of a freshly polished rotating ring-disk electrode (RRDE).  

Finally, the catalyst was dried in air at room temperature 

(23 ± 3 C). 

 

DFT Calculations 

DFT was used to calculate the deposition process of Pb 

UPD on Au147 as well as the structures and oxygen binding 

energies to the Au147@Ptn particles.  All calculations were 

performed with the Vienna ab initio simulation package (VASP) 

code57,58 where electron correlation was evaluated within the 

generalized gradient approximation using the PW91 

functional.59 Core electrons were described with the projector 

augmented-wave method.60,61  Kohn-Sham wave functions for the 

valence electrons were expanded in a plane wave basis set 

with an energy cutoff of 250 eV.  The energy cutoff was 
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increased to 400 eV to test for convergence, and oxygen 

binding energies were found to vary by less than 0.01 eV. 

Spin polarization was tested and used as required.  

The Au147 particles were modeled as face-centered cubic 

(FCC) crystallites in the shape of a cuboctahedron having 6 

(100) facets and 8 (111) facets.  The structures of Au147@Pb 

and Au147@Pt were built by attaching atoms on the facets of 

the Au nanoparticles.  In all calculations, the nanoparticles 

were isolated in a cubic box having edge lengths of 28 Å.  

The vacuum gap in all directions was large enough to avoid 

artificial interactions between periodic images. 

 

RESULTS AND DISCUSSION 

Characterization of G6-NH2(Au147) DENs 

The synthesis of Au147 DEN cores is described in the 

experimental section.  These DENs were characterized using 

UV-vis spectroscopy and TEM to ensure their size and degree 

of monodispersity were consistent with previous reports (See 

Figure 3.1). The TEM data indicate a diameter of 1.5 ± 0.2 

nm, which is very close to the calculated value for a 147-

atom cuboctahedron of 1.6 nm.25  The very weak plasmon peak 

in the UV-vis spectrum also indicates a Au particle size of 

<2 nm.2 



 37 

 

Figure 3.1: 

(a) UV-vis spectrum of 2.0 µM G6-NH2(Au147) DENs (cuvette path-

length = 0.20 cm). A weak plasmon band is present at 

approximately 530 nm, which might arise from a small 

population of slightly larger particles.  There is also a 

peak in the spectrum at 280 nm that arises from unprotonated 

tertiary amine groups.6 (b) Representative TEM micrograph of 

G6-NH2(Au147) DENs. (c) Particle size distribution histogram 

for the Au147 DENs used in this study.  The average size was 

found to be 1.5 ± 0.2 nm. 

 

Electrochemical properties of Au147 DENs 

As described in the Experimental Section, 

electrochemical experiments were carried out using glassy 

carbon electrodes modified with Au DENs.  The electroactive 

surface area of the Au DENs was determined by scanning the 

electrode potential 5 times between -0.67 V and +0.87 V in 

N2-saturated 0.10 M HClO4.  The positive scan limit was set 

to a potential just before bulk Au oxidation, and the negative 
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limit was defined by the onset of H2 evolution.  The final 

cycle of these scans is shown as the black CV in Figure 3.2. 

 

 

Figure 3.2: 

CVs of the indicated DEN-modified GCEs (geometrical area = 

0.247 cm2).  The scan rate was 100 mV/s and the aqueous 

electrolyte was N2 saturated 0.10 M HClO4. 

 

The onset of Au surface oxidation is at +0.50 V, and upon 

scan reversal the surface oxide is reduced between +0.50 V 

and 0.10 V.  The charge under the reduction peak corresponds 

to a total Au surface area of 0.29 cm2.  This value assumes a 

charge-per-unit-area of 390 μC/cm2, which has been established 

for bulk, polycrystalline Au39 and which we have used 

previously to estimate the surface area of DENs.45  
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Pb UPD onto G6-NH2(Au147) DENs 

Pb UPD onto the electrode-immobilized Au147 DENs was 

carried out in a N2-saturated aqueous solution containing 1.0 

mM Pb(NO3)2 and 0.10 M HClO4.  Pb UPD and stripping (oxidation) 

were accomplished by scanning the electrode potential between 

0.00 and -0.90 V, which is just before the onset of bulk Pb2+ 

reduction (Figure 3.3, black trace). 

 

 

Figure 3.3: 

A CV showing the Pb UPD process at a Au147 DEN-modified GCE.  

Scan rate = 5 mV/s.  Electrolyte = 0.10 M HClO4 with 1.0 mM 

Pb(NO3)2. The DFT calculated potentials for Pb deposition (red 

bars) and stripping (blue bars) are shown. 

 

With one key exception, the major features of the Pb UPD 

voltammetry obtained using the Au147 DENs are similar to those 
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observed on bulk Au (Figure 3.4a) or larger Au nanoparticle 

surfaces.54 

 

 

Figure 3.4: 

Comparison of Pb UPD voltammetry obtained using (a) a bulk, 

polycrystalline Au electrode, and (b) a glassy carbon 

electrode modified with Au147 DENs.  The CVs were obtained in 

N2-saturated 0.10 M HClO4 at scan rates of (a) 100 mV/s and 

(b) 5 mV/s. 

 

For example, the potentials of the two most prominent Pb 

stripping peaks obtained using the Au147-modified electrode, 

are at -0.54 and -0.69 V.  These values compare well with 
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those associated with Pb stripping from the (100) and (111) 

facets of bulk, polycrystalline Au: -0.60 and -0.67 V, 

respectively (Figure 3.4).56 Importantly, however, the peak 

observed for Pb stripping from the Au(110) facets of the 

polycrystalline electrode (-0.40 V) is absent on the Au147 

DENs.  All of these observation are reassuringly consistent 

with our contention that Au147 DENs have a cuboctahedral 

structure, because in this case the (100) and (111) facets 

are present while (110) facets are absent. 

The coverage of UPD Pb on Au147 DENs was determined by 

measuring the charge required to strip UPD Pb from the Au 

surface (Figure 3.3), and then converting this to surface 

area using a calculated conversion factor of 413 μC/cm2. An 

accurate conversion factor between charge and surface area 

for these small particles does not exist in the literature. 

Accordingly, values that have been determined for Au single 

crystal surfaces have been used to calculate a conversion 

factor for Pb.  The charge required to transfer 2 electrons 

per Au(111) surface atom is 444 μC/cm2 while the charge needed 

to transfer 2 electron per Au(100) surface atom is 386 

μC/cm2.56  A cuboctahedral Au147 nanoparticle has 8 Au(111) 

facets with 6 Pb UPD sites each and 6 Au(100) facets with 9 

Pb UPD sites each.  That is, 47% of the UPD sites are (100) 

and 53% of the UPD sites are (111). By combining the 

conversion factors for the processes on the (100) and (111) 
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facets in the appropriate ratio the conversion factor of 413 

μC/cm2 is determined. This is in good agreement with the 

previously reported conversion factor for Cu deposition on 

polycrystalline Au of 405 μC/cm2 where copper also forms a 

commensurate layer on the Au surface.62 The resulting Pb 

surface area, 0.33 cm2, divided by the initial Au surface area 

(vide supra, 0.29 cm2) is defined as θPb.46 The value of θPb is 

equivalent to the number of Pb atoms in the UPD layer divided 

by the number of underlying Au atoms, because Pb forms a 

commensurate layer on the small Au domains. The 

experimentally determined value of θPb (1.14) is very close 

to that calculated (θPb = 1.11) using a model that places 102 

UPD Pb atoms (48 Pb atoms on the 8 Au (111) facets and 54 Pb 

atoms on the 6 Au (100) facets) onto the 92 surface atoms of 

Au147 (Figure 3.5). 

 

Pb UPD DFT Calculations 

Pb UPD was modeled on Au147 particles using DFT 

calculations. First, the stability of Pb monolayers on the 

(100) and (111) facets was investigated by comparing two 

models. In the first model, each of the 6 Au (100) facets 

were covered with 9 Pb atoms. In the second model, each of 

the 8 Au (111) facets were covered with 6 Pb atoms. The 
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average adsorption energies of the above two models were 

calculated using Eq. 3.1. 

 

   (Eq. 3.1) 

 

 

 

Figure 3.5: 

DFT-calculated structures for (a) Au147@Pb54 and Au147@Pt54 DENs 

and (b) Au147@Pb102 and Au147@Pt102 DENs. (c) Oxygen binding sites 

and energies for Au147@Pt54 and Au147@Pt102 DENs. 
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Here, N is the number of Pb atoms on the shell (54 in the 

first model and 48 in the second),  is the energy of the 

Au147-core Pb-shell particle,  is the energy of the bare 

Au147 particle, and  is the energy of one Pb atom in the 

bulk metal. Using Eq. 3.1, the average adsorption energy on 

the (100) facet was found to be 0.1 eV per Pb atom lower than 

on the (111) facet, showing that Pb adlayers on (100) are 

more stable than those on the (111) facet. This finding is 

consistent with an increase in favorable Pb-Au bonding of Pb 

on the (100) facet as compared to the (111) facet, and hence 

our assignment of the UPD peaks shown in Figure 3.3. Due to 

the high energies of the edge and corner sites, Pb UPD does 

not occur there. That is, the energy of adsorption of Pb on 

the edge or corner sites is weaker than the energy of 

adsorption of Pb on a bulk Pb surface. 

To model the Pb UPD process in detail, an atom-by-atom 

deposition calculation was done. Pb atoms were successively 

added to the lowest energy site on the Au particle, and the 

particle was relaxed before the addition of the next atom. 

The adsorption energy of the nth Pb atom, , was calculated 

using Eq. 3.2. 

 

  (Eq. 3.2) 
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The calculated  values of each successive Pb atom 

binding site on (100) and (111) facets are plotted in Figure 

3.6. The first (or lowest energy) binding sites on the Au147 

particle are on the (100) facets. Once the (100) facet sites 

are covered, the next Pb atoms deposit on the (111) sites. 

This means that the order of facet decoration on Au147 is 

consistent with bulk Au and larger Au nanoparticles.54 

 

 

Figure 3.6: 

The calculated energies for Pb deposition onto the (100) 

(blue) and (111) (red) facets of Au147 DENs are plotted in 

terms of binding energy (left y-axis) and theoretical 

voltage (right y-axis). See Eq. 3.3 for the conversion 

between binding energy and the theoretical voltage of 

deposition. 
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The values of  were converted to potentials, , for 

comparison with the experimental voltammograms. For this 

conversion, we assume that the binding energy per atom in 

bulk Pb corresponds to the onset potential of bulk Pb 

deposition. The DFT-calculated potential is given by Eq. 3.3. 

 

  (Eq. 3.3) 

 

Here  is the experimentally measured Pb bulk deposition 

potential (-0.90 V), and the factor of 1/2 accounts for the 

two-electron Pb deposition and stripping process. 

Figure 3.3 compares a histogram of  values for 

deposition and stripping of Pb atoms on Au147 with the UPD 

voltammogram. Based upon the order of deposition, and the 

separation of the peaks corresponding to UPD on the (100) and 

(111) facets, we constructed partially and fully covered 

models for the Au147@Pbn particles (left side of frames a and 

b, Figure 3.5). In the partially covered Au147@Pb54 model, the 

6 (100) facets of the Au147 core are covered by 9 Pb atoms. In 

the fully covered Au147@Pb102 model, the Au147 core has an 

additional 6 Pb atoms on each of the 8 (111) facets. 
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Synthesis of Au@Ptn DENs 

A full or partial Pt shell can be added to the surface 

of Au147 particles via galvanic exchange of UPD Pb. Monolayer 

Pt deposition on bulk Au surfaces is thought to be conformal, 

although thicker layers result in island growth.63,64 It 

follows that displacement of a Pb monolayer on Au DENs will 

result in a conformal Pt layer too. The data presented in 

this section is consistent with this expectation. 

To avoid oxidation of the intermediate UPD Pb layer prior 

to galvanic exchange, the entire electrosynthesis was 

completed without removing the DEN-modified electrode from 

the N2-purged electrolyte solution. In addition, the electrode 

was rotated at 1600 RPM to ensure a high flux of the 

electrolyte solution to the electrode surface throughout the 

following electrosynthetic procedure. First, the disk of a 

RRDE was functionalized with Au147 DENs immobilized on Vulcan® 

carbon as discussed earlier. Second, the disk electrode was 

held at the open circuit potential (OCP) for 5 min in a 

solution containing 0.10 M HClO4 and 1.0 mM Pb(NO3)2, and then 

its potential was stepped to -0.85 V for 3 s to facilitate 

the UPD of a complete monolayer of Pb on the Au147 DENs. Third, 

the electrode was returned to the OCP, and then 10 mL of a 

1.0 mM K2PtCl4 solution was added to the solution to initiate 

galvanic exchange (also known as surface limited redox 

replacement or SLRR) of UPD Pb for Pt. The OCP was monitored 
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for 5 min following the addition of Pt2+ to the solution to 

confirm the galvanic exchange reaction. The OCP of the 

electrode was monitored throughout the synthesis and is shown 

in Figure 3.7. 

 

 

Figure 3.7: 

The OCP of Au147-modified glassy carbon electrodes during the 

electrosynthesis of Au147@Pt102 DENs (red), and the control 

experiment where no K2PtCl4 was added after Pb UPD (black). 

 

The OCP of the Au147 DEN-modified electrode is approximately 

-0.1 V (vs Hg/Hg2SO4 reference electrode). After the 

deposition of Pb at -0.85 V for 3 s, and the injection of 1.0 
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mM K2PtClO4 to the solution, the OCP quickly rises to 

approximately +0.1 V, indicating the galvanic exchange has 

occurred. When the same procedure is followed without the 

injection of Pt, the OCP slowly rises from -0.85 V. This 

indicates the lack of stability of the Pb UPD layer in 

solution over long periods of time. 

Next, the electrode was removed from solution and rinsed 

thoroughly with H2O.  The electrode was then rotated at 1600 

RPM in ultrapure H2O for 5 min, followed by 0.10 M HClO4 for 

5 min to remove any free metal ions from the dendrimer.  We 

refer to the resulting DENs as Au147@Pt102.  To prepare a 

partial Pt monolayer on Au147 DENs, the same UPD and galvanic 

exchange processes were used, except the electrode potential 

for preparing the Pb UPD layer was set to -0.63 V.  This 

potential corresponds to Pb deposition on just the Au(100) 

facets.  These partial-monolayer DENs are denoted Au147@Pt54. 

The Au147@Pt102 DENs were imaged by TEM to verify their 

size and degree of monodispersity following addition of the 

Pt shell. TEM grids were prepared by wiping a TEM grid across 

the electrode surface, which dislodges flakes of Vulcan® 

carbon onto which the DENs are adsorbed. A representative 

image of Au147@Pt102 is provided in Figure 3.8a. The average 

measured particle size is 2.3 ± 0.4 nm, reflecting the 

addition of a Pt monolayer to the original Au147 cores (1.5 ± 

0.2 nm). The calculated size of Au147@Pt102 DENs is ~2.1 nm. It 
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is important to note that the particles remain relatively 

monodisperse after Pb UPD and galvanic exchange, which 

suggests they remain encapsulated within the protective 

dendrimer throughout electrosynthesis. 

 

 

Figure 3.8: 

TEM micrographs of Au147@Pt102 DENs (a) before and (b and c) 

after being used for the OR. The particle diameters before 

and after the ORR were 2.3 ± 0.4 and 2.4 ± 0.4 nm, 

respectively. 

 

Information about the distribution and identity of atoms 

on the surfaces of the Au147@Pt102 and Au147@Pt54 DENs can be 

obtained using CV. The results of this analysis are provided 

in Figure 3.2 alongside a CV for the original Au147 DEN cores. 

The CVs of the Au147@Ptn DENs have several features in common. 

For example, the Pt shell begins to oxidize well negative of 

the onset potential for surface oxidation of the Au147 DENs 

(~0.1 V vs. ~0.6 V, respectively). Upon scan reversal, 

reduction of the Au surface oxide occurs at about the same 
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potential observed for Au147 DENs, but the peak height is 

attenuated because Pt masks some of the surface Au atoms. At 

more negative potentials, a peak is observed for reduction of 

Pt oxide, but note that this peak is absent for the Au147 DENs. 

Likewise, H atom adsorption and desorption features appear 

negative of -0.4 V for the Au147@Ptn DENs but are absent for 

the Au147 DENs. The features here are not as pronounced as 

they are on bulk Pt, but they are consistent with previous 

reports of H adsorption and desorption on monometallic Pt 

DENs in the same size range.25,46 The important results of this 

analysis are that Pb UPD followed by galvanic exchange results 

in features characteristic of a Pt surface and impedes 

formation of Au oxide, thereby confirming formation of the 

Au147@Ptn DENs.45 

The surface coverage of Pt on Au147@Ptn DENs can be 

estimated by integrating the area under the hydrogen 

adsorption peaks in Figure 3.2. This requires correction of 

the current for double-layer charging and an assumption about 

the relationship between charge and surface area. For the 

latter, we used the commonly accepted conversion factor of 

210 μC/cm2,65 but this value has only been confirmed for bulk 

surfaces and therefore is just a best estimate for DENs. As 

discussed earlier, the surface coverage of Au can also be 

estimated using the Au oxide reduction peak, which we 

integrated from the onset of the Au reduction to the onset of 
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Pt oxide reduction. Using this analysis, the surface areas of 

Pt on the Au147@Pt102 and Au147@Pt54 DENs were determined to be 

0.17 and 0.11 cm2, respectively, and the Au surface areas were 

0.13 and 0.17 cm2, respectively. When the Au and Pt coverages 

are added together, the total surface areas are 0.30 and 0.28 

cm2 for the Au147@Pt102 and Au147@Pt54 DENs, respectively. These 

areas are slightly larger than those of the original Au147 

DENs (0.29 and 0.27 cm2, respectively, which is consistent 

with addition of a Pt shell. Table 3.1 provides a summary of 

the electrochemically derived surface coverages of Au and Pt 

on the Au147, Au147@Pt102, and Au147@Pt54 DENs. 

 

 Au147@Pt102 Au147@Pt54 

Initial Au147 surface area 0.29 cm2 0.27 cm2 

Final Au surface area 0.13 cm2 0.17 cm2 

Final Pt surface area 0.17 cm2 0.11 cm2 

% Surface Pt a 57% 39% 

Total Au@Pt surface area b 0.30 cm2 0.28 cm2 

Percent surface area increase c 3% 4% 

   

Table 3.1: 

a Percent surface Pt is calculated as the Pt electrochemical 

surface area divided by the total Au and Pt electrochemical 

surface area. 
b Total Au@Pt surface area is the Au@Pt: Au surface area 

plus the Au@Pt: Pt surface area. 
c Percent area increase is calculated as the total Au@Pt 

surface area divided by the starting Au147 surface area. 
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Oxygen Reduction Reaction on Au147@Ptn DENs. 

The activity of Au147@Pt102, Au147@Pt54, and Au147 DENs for 

the ORR was determined using a RRDV method that our group25 

and others65,66 have reported previously. Briefly, the DEN 

surfaces were cleaned electrochemically by cycling the 

electrode potential 20 times between 1.00 and 0.05 V vs. RHE 

(unless otherwise noted, potentials in this section are 

reported vs. RHE to be consistent with previous reports). 

Next, the DEN-modified glassy carbon disk electrode was 

scanned from 0.05 to 1.00 V in freshly prepared, O2-saturated 

0.10 M HClO4, while holding the ring at +1.30 V to collect 

(oxidize) any peroxide generated at the disk. The measured 

disk and ring currents were background corrected from 

performing the same scan program in N2-saturated 0.10 M HClO4. 

The resulting polarization curves for the disk electrode are 

given in Figure 3.9a and the corresponding ring currents are 

provided in Figure 3.9b. 

The onset potential for the ORR for both Au147@Pt102 and 

Au147@Pt54 DENs is at ~0.9 V, and the current attains limiting 

behavior at ~0.5 V. However, at slightly more negative 

potentials, a second current plateau is observed. 

Importantly, the onset of current for the ORR at the Au147-

modified electrode (blue line, Figure 3.9a) is coincident 

with the appearance of the second plateau observed for the 

Au147@Ptn DENs. We conclude that the first current plateau for 
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the Au147@Ptn DENs arises from the ORR on the fraction of the 

DEN surface covered with Pt atoms, and the second plateau 

arises from the fraction covered with Au atoms. This 

observation strongly suggests that the ORR proceeds 

independently on the surface of the full or partial Pt shell 

and the exposed Au core (structural models are shown in Figure 

3.5). 

The number of electrons (Ne) involved in the ORR was 

calculated using Eq. 3.4, where IR and ID are the ring and 

disk currents, respectively. The ring collection efficiency 

was experimentally determined to be 0.37, which matches the 

manufacturer’s specifications. 

 

  (Eq. 3.4) 

 

The value of Ne is plotted as a function of disk electrode 

potential in Figure 3.9c. In the potential region 

corresponding to the limiting current, Ne = 3.8 and 3.6 for 

the Au147@Pt102- and Au147@Pt54-modified electrodes, 

respectively. The slight decrease in Ne observed for the 

partial Pt shell can be attributed to peroxide generated on 

the exposed Au facets67 or possibly mixed Au and Pt surface 

sites. 

)*37.0/()*2(4 DRe IIN 
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Theoretical limiting currents for the ORR at Au147@Ptn-

modified electrodes can be calculated using the Levich 

equation (Eq. 3.5).25 

 

  (Eq. 3.5) 

 

Here, Ne is given by Eq. 3.4, F is the Faraday constant, Ageo 

is the geometrical area of the electrode glassy carbon 

electrode (0.247 cm2), DO is the diffusion coefficient of O2 

in aqueous solution (2.0*10-5 cm2/s), ω is the rotation rate 

of the electrode (1600 RPM), ν is the kinematic viscosity of 

water at 25 oC (1.0*10-2 cm2/s), and CO is the saturation 

concentration of O2 in a dilute acid solution (1.2*10-6 

mol/cm3).25 Using these values, the calculated Ilim for the 

full and partial shell electrocatalysts is 5.59 and 5.29 

mA/cm2, respectively. The corresponding measured current 

densities are Ilim = 5.30 and 4.78 mA/cm2, respectively, which 

are within 10% of the calculated values. 

The kinetic currents (Ik) for the Au147@Pt102- and 

Au147@Pt54-modified electrodes at E = 0.80 V was calculated 

using Eq. 3.6.65 

 

  (Eq. 3.6) 
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The resulting values of Ik were then normalized to the 

Pt surface areas of the electrocatalysts, determined using 

the hydrogen adsorption charge (vide supra), to yield 

specific activities of 0.92 and 0.98 mA/cm2 and for the 

Au147@Pt102 and Au147@Pt54 electrocatalysts, respectively. 

 

 

Figure 3.9: 

(a) ORR polarization curves for the indicated DEN-modified 

GCEs. (b) Ring currents arising from the oxidation of peroxide 

generated at the disk electrode during the ORR. (c) The 

apparent number of electrons calculated from the disk and 

ring currents as a function of potential. The electrolyte was 

O2-saturated 0.10 M HClO4, the scan rate was 20 mV/s, and the 

rotation rate was 1600 RPM. 
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In the next section, we will correlate the 

experimentally determined ORR measurements to DFT 

calculations. For such a comparison to be valid, it is 

necessary to ensure that no gross changes in catalyst 

structure occurred during the electrochemical measurements. 

Accordingly, a TEM grid was wiped across the electrode surface 

to harvest Au147@Pt102 DENs after the RRDV data in Figure 3.9 

were collected. Representative TEM micrographs of these post-

catalysis Au147@Pt102 DENs are shown in Figures 3.8b and 3.8c. 

The average DEN diameter was found to be 2.4 ± 0.4 nm, which 

compares well with the DEN diameter measured before catalysis 

(2.3 ± 0.4 nm). The absence of agglomeration suggests that 

the DENs are stable and remain within their dendrimer hosts 

throughout the electrocatalytic experiments. 

 

DFT Calculations of Au147@Ptn Structure and ORR Activity 

For simplicity, Pb atoms were assumed to be directly 

replaced by Pt in the galvanic exchange process. MD 

simulations were carried out on the Au147@Pt102 and Au147@Pt54 

particles for 10 ps at 350 K to allow them to escape from any 

shallow local minima. Forces from DFT were used for these 

dynamics, as well as in a subsequent minimization for 

comparison with the initial (Au147@Pbn) structures. Figure 3.5a 

shows the considerable deformation for the partial-shell 
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structure induced by the short-time MD simulations, 

indicating the instability of the ordered structures upon 

substitution of the Pb shell atoms with Pt. The deformation 

has two distinct features: first, Au atoms in the sublayer 

rise to the surface edge sites; second, the original square 

(100) Pt facets deform to diamond-shaped (111) facets. The 

relaxed Au147@Pt54 particle is 0.2 eV per Pt atom lower in 

energy than the ordered structure. A similar distortion 

occurs on the full shell Au147@Pt102 particle. The (100) ordered 

facets of the Au147@Pt102 structure, shown in Figure 3.5b, 

spontaneously deform to diamond-shaped (111) facets. 

To better understand these deformations, we calculated 

the (100) and (111) surface energies of Pt, Au, and a Pt 

monolayer on Au using 4-layer slab models containing 9 atoms 

per layer. The results indicate that the surface energy of Au 

(111) is 0.11 eV/atom lower (more stable) than that of Au 

(100), and Pt (111) is 0.25 eV/atom lower than Pt (100). 

Moreover, the cohesive energy of a Pt monolayer on Au(111) is 

0.17 eV/atom lower than on Au (100). These two results account 

for the deformation of Pt-covered Au (100) facets to a (111) 

diamond structure by lowering of the Pt surface energy and 

increasing the stability of the particle. 

To determine the catalytic activity of the Au147@Ptn 

particles, we rely on the binding energy of O as a descriptor 

for ORR activity.12,14 A volcano plot analysis of the ORR shows 
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that the O binding energy on Pt (111) is near optimal.12 Figure 

3.5c shows O binding to hollow sites on different Pt facets 

of Au147@Pt54 and Au147@Pt102. Oxygen binding to the deformed 

diamond (111) facets of the two nanoparticle structures have 

similar values of -1.03 and -1.01 eV, respectively. The 

triangular (111) facet of the Au147@Pt102 particle has an O 

binding energy that is 0.3 eV weaker. All of these O binding 

energies are weaker than for Pt (111), which was calculated 

with the slab model to be -1.55 eV. This is in contrast to 

other reported cases where a Pt monolayer on a Au surface 

leads to a lattice expansion of the Pt, and stronger binding 

of oxygen to the surface.33,68,69 In the present case, Au atoms 

that rise to the surface during the structural reorganization 

actually compress the small Pt (111) domains. The Pt-Pt bond 

length in the diamond-shaped domains, as calculated from the 

DFT structures of Au147@Pt54 and Au147@Pt102, is 2.65 Å, which 

is shorter than that of bulk Pt (2.77 Å ). This compression 

of the Pt-Pt bonds leads to a weaker binding of O on the 

nanoparticle Pt surface as compared to bulk Pt (111).33,68 

Because O binding on the nanoparticle facets is weaker than 

on Pt (111), the particle facets are too noble to give optimal 

activity, and the ORR mechanism is limited by O-O 

dissociation. However, the diamond facets (with stronger O-

binding) are expected to have a higher activity than the 

triangular facets, so it is the diamond facets that are active 
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for the ORR on both the Au147@Pt102 and Au147@Pt54 particles. 

Note also that the nearly identical calculated O binding 

energy for these two structures is consistent with the 

experimentally determined specific ORR activities measured 

for the partial and full shell Au147@Ptn DENs (vide supra). 

 

SUMMARY AND CONCLUSIONS 

Here we have reported the electrochemical synthesis and 

electrocatalytic properties of Au147@Ptn DENs (n = 0, 54, and 

102), and correlated the experimental measurements to 

theoretical calculations. The synthesis of the Au147@Ptn DENs 

is carried out by first reducing Pb2+ via UPD, and then 

exchanging the resulting surface Pb atoms for Pt atoms. We 

model the Au147 DEN cores as cuboctahedra and show that the 

UPD/galvanic exchange approach can be used to selectively 

decorate particular facets with Pt. DFT calculations 

accurately predict the potentials for Pb deposition onto the 

Au (100) and Au (111) facets of the Au147 DENs. Moreover, the 

structures of Au147@Pbn and Au147@Ptn DENs having full and 

partial coverage were also predicted by theory. Ordered 

structures are observed for Au147@Pbn DENs, while Au147@Ptn 

particles undergo a deformation such that all Pt surface atoms 

reorganize to (111) facet orientations. The experimentally 

measured electrocatalytic activities of Au147Ptn DENs having 
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full or partial shells (n = 102 and 54, respectively) were 

found to be similar. The calculations, which are based on the 

binding energy between O and Pt, are in accord with this 

finding. 

 The most important result of this study is that 

core@shell DENs are good experimental models for testing the 

predictive power of first-principles calculations. This is 

because DENs are sufficiently small and structurally well-

defined that direct correlations between theory and 

experiment can be made. In the present report we have 

reconciled the theory to experimental measurements, but our 

findings have been sufficiently encouraging that theory will 

be able to lead the experiments as we move forward. 
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Chapter 4: Tuning of Au DENs Disorder 

INTRODUCTION 

Accurate characterization of nanoparticle catalysts and 

electrocatalysts is crucial for understanding the fundamental 

relationship between their structure and catalytic function, 

and the key requirement for achieving this goal is the 

development of more sophisticated structural tools and 

methods.70-72 One analytical method that is particularly 

amenable to combined theoretical and experimental studies is 

EXAFS spectroscopy, and particularly its application to the 

analysis of small metallic nanoparticles. In this case, the 

interplay of theory and experiment provides a means to extract 

more accurate structural information from experimental EXAFS 

signals and to reduce the effects of fitting artifacts that 

arise in disordered systems.70,72 For example, one important 

limitation of EXAFS analysis is that it provides averaged 

information about the structure and dynamics of the nearest 

environment of all absorbing atoms in the nanoparticle 

ensemble, and this can lead to erroneous structural 

determinations if an “average” configuration is assumed to be 

the actual configuration. Specifically, if the distribution 

of sizes, shapes, crystal structures, and states of order is 

broad,16,73,74 then the notion of a “representative” 

nanoparticle is unhelpful at best, or, as recently shown, can 

lead to misinterpretation.74  
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Another challenge in the 3D refinement of EXAFS data of 

nanoparticle systems is the appropriateness of the assumption 

of small to moderate disorder, which refers to the time- and 

configuration-averaged profile of the metal-metal pair 

distribution function (PDF).70,72 For quasi-Gaussian 

distributions, EXAFS is able to correctly account for 

disorder and produces accurate structural and dynamic 

characteristics (bond lengths and Debye-Waller factors).75 

Unlike the symmetric bond length distributions that are 

typically observed in bulk materials, the distribution for 

nanoparticles is expected to be asymmetric since the bond 

lengths at the surface deviate from those in the core of the 

particle. 

Approaches that correctly address this problem have 

recently appeared in the literature.70,71,76  These approaches 

are based on calculating EXAFS spectral contribution from 

each atom in the cluster, and then performing temporal 

averaging of the results. As this and other approaches 

continue to evolve, the need for a good experimental model 

against which to judge theoretical treatments has become 

critical. This is exactly the objective of the present report. 

We are describing a stable, well-defined, monodisperse, and 

relatively simple (compared to supported nanoparticles) model 

system with tunable structural disorder. 
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The experimental model is Au DENs containing an average 

of 147 atoms per particle (Au147).1 DENs are synthesized in 

two steps. First, metal salts are introduced to the interior 

of the dendrimer structure. Second, the resulting composite 

is chemically reduced to yield a nanoparticle encapsulated 

within the dendrimer. Because the synthesis is kinetically 

controlled, DENs exhibit remarkable size and structural 

monodispersity. For the purposes of the present report, there 

are two properties of DENs that are important. First, DENs 

are unsupported nanoparticles, and therefore any influence 

exerted on particle structure by a surface is obviated. This 

is important, because it is difficult to separate the effects 

of strong metal-support interactions and metal–ligand 

interactions on nanoparticle structure.77-80 Second, DENs are 

sterically trapped within the dendrimers, and the Au surface 

does not interact strongly with the dendrimer host.1 One 

consequence of this is that the Au surface is accessible to 

small molecules. For example, we have previously shown that 

thiols easily penetrate the dendrimer and adsorb strongly to 

the surface of the encapsulated nanoparticle.7,81 Here, we take 

advantage of this observation by using different surface 

concentrations of thiols to modulate the structural disorder 

of the DENs.     

In this report, we compare experimental EXAFS results 

with theoretically generated EXAFS data from analogous 
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nanoparticles using density functional theory molecular 

dynamics (DFT-MD) simulations. Achieving good agreement 

between the experimental and theoretical EXAFS signals 

provides two advantages over conventional EXAFS analysis. 

First, it validates the theoretical method used as accurately 

describing the experimental system. From this, we can obtain 

otherwise unknown structural and dynamical properties of the 

nanoparticle systems directly from theory. Second, structural 

properties learned from theoretical simulations can be 

directly compared with those obtained by conventional EXAFS 

analysis in which structure and dynamics are obtained in terms 

of the coordination numbers, bond lengths, and disorder 

parameters. If the structural properties obtained from theory 

differ from parameters extracted from traditional EXAFS 

fitting of experimental data, we can begin to rationalize 

where standard EXAFS fitting breaks down and how to develop 

corrective measures.  

One of the most common synthetic methods for preparing 

monodisperse Au nanoparticles involves quenching their growth 

and stabilizing their size with functionalized thiols.82-88 A 

recent and important advance in our understanding of the 

structural properties of thiol-capped Au nanoparticles 

resulted from crystallization and X-ray crystallographic 

analysis of small (25-38 atoms) Au nanoclusters.89-92 These 

studies showed that in the presence of thiol ligands some 
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surface Au atoms exist in staple motifs, in which these atoms 

are displaced from the Au surface. These thiol-capped 

nanoparticles are also influenced by inter-ligand 

interactions. Importantly, however, the thiol-capping 

synthetic method results in nanoparticles having surfaces 

that are fully saturated with ligands, and therefore it is 

not possible to use this approach for examining the structure 

of the Au core as a function of the surface ligand density. 

In contrast, the approach described here provides a 

convenient method for controlling the surface ligand density. 

Moreover, the specific ligand we have chosen, 2-

mercaptoethanol, is sufficiently short that inter-ligand 

interactions are minimized.93 Consequently, the present study 

provides insight into how the structure of Au nanoparticles 

is affected by different surface concentrations of thiol 

ligands. 

The key aspect of this work is that we have validated 

DFT-MD simulations of Au147 DENs having varying amounts of 

thiols bound to the surface by comparing theoretical and 

experimental EXAFS spectra on exactly analogous particles. To 

accomplish this goal, we developed an experimental approach 

for modulating the disorder of Au147 DENs by controlling the 

surface ligand density. EXAFS fitting reveals that a slight 

bond length expansion and an increase in Au-Au bond disorder 

correlate with increasing thiol surface concentration. The 
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theory-based EXAFS modeling strategy was used to generate 

theoretical EXAFS spectra, which were then fit with the same 

approach used for the experimental results. Interestingly, 

the average bond length and disorder values calculated 

directly from the MD trajectories are in poor agreement with 

results extracted from EXAFS analysis of the same data. 

However, standard EXAFS fitting gives similar results for 

both experimental and theoretical EXAFS signals in terms of 

coordination numbers, average bond lengths, and Debye-Waller 

factors. 

 

EXPERIMENTAL 

Chemicals 

G6-NH2 dendrimer in methanol was purchased from 

Dendritech, Inc. (Midland, MI). The methanol was evaporated 

under vacuum and the dendrimer was reconstituted in H2O at a 

concentration of 100 μM. The following chemicals were 

purchased from Sigma-Aldrich and used as received: HAuCl4, 

NaBH4, NaOH, and 2-mercaptoethanol (2ME). 

 

Synthesis of Au DENs and Thiol-Capped Au DENs 

We have previously reported the synthesis of G6-NH2(Au147) 

DENs.94 Briefly, a 250 mL solution of aqueous 2.0 μM Au147 DENs 

was synthesized by adding 147 equivalents of HAuCl4 to a 
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stirred solution of 2.0 μM G6-NH2. Au3+ was allowed to 

associate with the interior of the dendrimer for 10 min, and 

then a 10-fold excess of 1.0 M NaBH4 in 0.30 M NaOH was added 

to reduce this precursor to Au147 DENs. The solution was 

stirred in air for at least 12 h to deactivate excess NaBH4, 

and then it was divided into five 50.0 mL portions. Sufficient 

2ME was added to each of these solutions to make the 2ME:Au147 

ratio = 0, 12, 24, 50, and 72, and then the solutions were 

stirred for at least 5 min to ensure that the ME had 

sufficient time to bind to the DEN surfaces. The 2ME:Au147 

ratios noted above were selected because previous reports 

have shown that Au particles in this size range are fully 

saturated at an alkylthiol:Au nanoparticle ratio of 72.95-97 

DENs functionalized with 2ME are referred to as Au147@Sn, where 

n is the number of surface 2ME ligands per particle, which is 

assumed to be equal to the amount added to solution. This 

assumption was tested and confirmed using Ellman’s test for 

free thiols.98 

The most likely case for observing unbound thiols would 

be for the Au147@S72 DENs, because this material has the largest 

S:Au ratio. To prepare the Au147@S72 DENs, 72 2ME equivalents 

were added to a 2.0 µM solution of Au147 DENs. The solution 

was stirred for 5 min, transferred to the top section of a 

10,000 molecular weight cut-off (MWCO) centrifugal filtration 

device, and then centrifuged for 5 min at 4500 RPM. Free 2ME 
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will pass through the filter and the Au DENs, and any thiols 

bound to the encapsulated nanoparticle surface, will be 

retained. For reference, the G6-NH2 PAMAM dendrimer has an 

ideal molecular weight of 58,048 g/mol. 

 

Figure 4.1: 

Calibration curve used to quantify the amount of free 

(unbound) thiol in solution.  Standards are denoted by the 

black points (squares). The DENs solution measured 5 min after 

addition of the thiol is denoted by the blue circles. The 

DENs solution measured after 60 min after the addition of 

thiol had no measured absorbance at 412 nm. 

 

A calibration curve was constructed using free 2-ME solutions 

corresponding to concentrations of 5, 12, 24, 50, and 72 

thiols/particle (Figure 4.1). 
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Samples and standards were prepared by combining 50.0 µL 

of 50 mM 5,5’-dithiobis(2-nitrobenzoic acid) (DTNB), 2 mM 

sodium acetate, 100 µL of 1 M Tris buffer (pH 8), 350 µL of 

H2O, and 500 µL of the sample or standard solution. The 

absorbance of these solutions at 412 nm was used to quantify 

the amount of free thiol. The spectra were blanked with a 

solution prepared in the same way as the standards, but in 

the absence of 2-ME. The resulting calibration curve is shown 

in Figure 4.1. The concentration of free thiol found after 5 

min of stirring was equivalent to 6.6 thiols/particle, which 

represents less than 10% of the total thiol added to solution.  

An additional test was carried out where the solution was 

allowed to stir for 1 h before centrifugal filtration.  In 

this case, no detectable free thiol was present. 

 

Characterization 

UV-vis spectra were obtained using a Hewlett-Packard 

HP8453 spectrometer with a 2.00 mm path-length cuvette and a 

2.0 μM G6-NH2 solution as the blank. STEM micrographs of 

Au147@S0 and Au147@S72 were obtained after EXAFS analysis (to 

ensure that the DENs retained their structural integrity 

throughout the EXAFS analysis) using a JEOL ARM 200F 

aberration-corrected STEM. 
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EXAFS Analysis 

The Au147@Sn solutions were frozen in liquid N2 and 

freeze-dried in a Labconco FreeZone12 lyophilizer.  For EXAFS 

analysis, 75-80 mg of the dried Au147@Sn DENs were mixed with 

100 mg of BN and pressed for 30 s under 1 metric ton of 

pressure to form a pellet. EXAFS experiments were carried out 

at the National Synchrotron Light Source (Brookhaven National 

Laboratory) at beam line x18b. Data was collected at 25 ± 2 

°C in transmission mode using gas ionization detector 

chambers. Au foil data were collected simultaneously with the 

sample data in reference mode. 

Data was processed using the IFEFFIT software 

package.99,100 The first shell fitting was done for all five 

data sets (Au147@Sn, n = 0, 12, 24, 50, and 72) simultaneously 

using face-centered cubic (FCC) Au structure as the model for 

Au-Au bonding contributions.36 The Au-S contributions were 

constructed using the coordinates of the Au2S crystal 

structure. The energy correction terms and Au-S Debye-Waller 

factors (σ2Au-S) were not found to vary significantly with 

thiol concentration and were therefore constrained to be 

constant for all five samples. The Au-Au coordination numbers 

(CNAu-Au), Au-Au bond lengths and disorder terms (σ2Au-Au), the 

Au-S bond lengths, and the Au-S coordination numbers (CNAu-S) 

were varied independently for each of the five samples. The 

passive electron amplitude reduction factor was found by 
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fitting Au foil EXAFS data prior to sample analysis and was 

found to be 0.84. k2 weighting was used for all fits. The same 

strategy was used to fit the EXAFS signals from the MD 

simulations for testing of the EXAFS fitting models. For both 

the experimental and theoretical data, the fitting procedure 

used 61 independent data points to fit 25 variables.   

Two data analysis schemes have been considered: one that 

includes the third cumulant (allowing for skew of the Gaussian 

bond length distribution) of the Au-Au bond length 

distribution, and the one that does not include it. We favored 

the second scheme, because the Au-Au and Au-S contributions 

overlap in the spectra, precluding accurate determination of 

an anharmonic correction to the Au-Au pair potential. Thus, 

we chose the more conservative approach, following previous 

reports where the effect of including the third cumulant in 

similar analyses was found to be very small.83,101 

 

DFT-MD Simulations 

DFT was used to simulate the equilibrium structures of 

the Au147@Sn DENs. For each nanoparticle structure a 10 ps MD 

simulation was performed at 300 K to obtain representative 

geometries for structural and EXAFS analysis. We used the 

VASP code57,58 with electron correlation treated within the 

generalized gradient approximation using the PBEsol 
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functional,102 which is a modified form of Perdew-Burke-

Ernzerhof (PBE) with reduced gradient dependence that 

improves lattice parameters and surface energies in solids. 

Core electrons were described with the projector augmented-

wave method.60,61 Kohn-Sham wave functions for the valence 

electrons were expanded in a plane wave basis set with an 

energy cutoff of 200 eV. The Au147 nanoparticle was modeled as 

an icosahedron structure with 20 (111) facets, and the 2ME 

molecule was modeled as a (–SH) ligand to avoid the high 

computational cost of modeling the entire molecule. To 

validate the choice of -SH as a model ligand, a comparison of 

the Au-Au PDF of Au147@(S-CH3)24 was made with Au147@(S-H)24. The 

results revealed a small increase in Au-Au bond length (0.007 

Å) as well as a small decrease in the disorder (-1x10-3 Å2) 

for the Au147@(S-CH3)24 structure. These differences are small 

enough to be ignored in the analysis as they would not 

influence any of the conclusions of this study. For all 

calculations, the nanoparticles were isolated in a cubic box 

with side lengths of 28 Å. The vacuum gap in all directions 

was large enough to avoid artificial interactions between 

periodic images. 
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Simulation of EXAFS from MD Trajectories 

Theoretical EXAFS signals were simulated using an 

approach similar to that reported previously.70,71,103  The Au 

L3 edge EXAFS spectra were calculated from the MD trajectories 

by averaging the signal arising from each Au atom in the 

particle. Each MD simulation was allowed to thermalize for at 

least 4 ps and the per-configuration EXAFS spectra were 

calculated from snapshots of the trajectory at intervals of 

20 fs for at least 4 ps giving at least 200 independent 

configurations in the canonical average. The 4 ps trajectory 

duration was found to yield converged average spectra. To 

ensure that 4 ps was an acceptable thermalization time, we 

monitored the nanoparticle structural parameters (average Au-

Au bond length and bond disorder) throughout the MD 

trajectory. These are plotted in Figure 4.2 and indicate that 

the particle has sufficiently thermalized. The multiple-

scattering calculations were performed using FEFF6-lite.104 

All atoms up to 6.0 angstroms away from each photo-absorbing 

atom were included in the scattering calculations. Once the 

theoretical EXAFS signal was produced, the correction to the 

energy origin that was found for the experimental EXAFS fit 

was applied to the theoretical data to align the experimental 

and theoretical data in k-space. The Au-Au and Au-S PDFs were 

also produced from similarly sampled snapshots of the DFT-MD 

trajectories. Theoretical values for Au-Au coordination 
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number, bond length, and bond disorder were calculated by 

considering all Au-Au bonding pairs between 2.5 and 3.2 Å.  

The selection of this window for the calculation of 

theoretical coordination number, bond length, and bond 

disorder parameters is discussed in the next section. 

 

 

Figure 4.2: 

Instantaneous average Au-Au bond length (a) and bond disorder 

(b) for the Au147@S72 DFT-MD trajectory demonstrating that 4 

ps is sufficient for thermalization. 

 

RESULTS AND DISCUSSION 

Nanoparticle Characterization 

The Au147@Sn DENs were characterized by UV-vis 

spectroscopy and electron microscopy (Figure 4.3). 
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Figure 4.3: 

(a) UV-vis spectra of Au147@Sn DENs (n=0, 12, 24, 50, and 72). 

Representative STEM images of (b) Au147@S0 and (c) Au147@S72 

DENs extracted from the pellet used for EXAFS experiments 

following analysis.  White boxes represent the 10 nm scale 

bar.  Corresponding size-distribution histograms are shown 

for Au147@S0 and Au147@S72 in (d) and (e), respectively. 

 

Spectra of the thiol-capped Au DENs are similar to those in 

our previous report, which compared Au DENs and Au monolayer 

thiol-protected clusters that had been extracted from within 

their host dendrimers.105 Notably, the very weak plasmon band 

at ~520 nm appears to be unchanged as thiols are added to the 

surface of the Au particles, suggesting the absence of 

particle agglomeration. Representative STEM micrographs for 

Au147@S0 and Au147@S72 and size-distribution histograms are 
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provided in Figure 4.3. The average particle sizes for Au147@S0 

and Au147@S72 were 1.7 ± 0.3 nm and 1.6 ± 0.3 nm, respectively, 

indicating that the addition of thiol ligands does not change 

the DEN size. 

 

EXAFS Single-Shell Fitting 

R-space EXAFS spectra of Au147@Sn (n = 0, 12, 24, 50, and 

72) are compared in Figure 4.4. 

 

 

Figure 4.4: 

A comparison of the EXAFS data in R-space for Au147@Sn DENs. 

 

The results show that the first nearest neighboring Au-Au 

peak amplitude diminishes as n increases.  As n increases, 

there is a clear trend showing a higher spectral amplitude in 

the low-Z bonding region (<2 Å) of the EXAFS spectra due to 
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the increased Au-S bonding. Spectral contributions arising 

from second nearest neighbor and higher order scattering are 

minimal. Figure 4.5 shows the EXAFS fits overlaid onto the 

individual spectra for Au147@Sn. Additionally, the individual 

contributions to the fits from Au-S and Au-Au paths are shown 

in Figure 4.6. The close agreement between the experimental 

data and the fit in the first nearest neighbor scattering 

region (R = 1.6-3.4 Å) indicates that the fit is acceptable. 

The region where R >3.4 Å corresponds to additional 

coordination shells as well as multi-shell scattering which 

were not considered in the fit. 

Table 4.1 summarizes how n affects the values of CNAu-S, 

which were extracted from the fits. It is seen that the 

calculated values of CNAu-S increase with the average number 

of thiols. The number of Au-S bonds (NAu-S) per cluster was 

calculated according to Eq. 4.1, where CNAu-S is the number of 

Au-S bonds per Au atom; these results are also shown in Table 

4.1. 

 

NAu-S = 147 * CNAu-S     (Eq. 4.1) 

 

The calculated NAu-S values were then divided by the 

average number of thiols per particle to yield the number of 

Au-S bonds per surface-bound thiol ligand (NAu-S/thiol, last 

column of Table 1). The value of NAu-S/thiol provides insight 
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into the type of binding sites occupied by the surface-bound 

thiols. This calculation suggests that thiols bind in 3- and 

4-fold hollow sites on the Au surface at low thiol 

concentrations. In other words, the thiols maximize their 

interaction with the underlying Au surface. However, as the 

number of thiols per particle rises, the average number of 

Au-S bonds per thiol decreases until it reaches a minimum of 

1.9. This observation is intuitively reasonable because it 

suggests that steric crowding on the surface forces the bound 

thiols into lower coordination (bridge) sites. 

 

Thiols/DEN 

(n) 
CNAu-S NAu-S NAu-S/Thiol 

0 - - - 

12 0.31 46 3.8 

24 0.46 68 2.8 

50 0.66 97 1.9 

72 0.95 140 1.9 

Table 4.1: 

 

 

Figure 4.5: 

R-space data (black lines) and fits (red lines) for Au147@Sn 

DENs: (a) n=0; (b) n=12; (c) n=24; (d) n=50; (e) n=72. 
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Figure 4.6: 

Individual contributions of Au-Au (red lines) and Au-S (blue 

lines) scattering paths to the overall fits of the Au147@Sn 

experimental data (black lines). (a) n=0; (b) n=12; (c) n=24; 

(d) n=50; (e) n=72. 

 

The CNAu-Au values for the different thiol surface 

coverages are plotted as a function of n in Figure 4.7a (black 

points). The value of CNAu-Au for Au147@S0 is 8.8 ± 0.9, which 

is comparable to that of a perfect 147-atom icosahedron having 

a CNAu-Au of 8.98. The experimentally determined CNAu-Au remains 

close to 8.98 when n = 12 and 24 but begins to decrease at 

higher values of n (8.0 ± 1.0 and 6.6 ± 0.9 for n = 50 and 

72, respectively). This diminished coordination number is 

likely due to surface disorder induced by the higher surface 

density of thiol ligands.70 It is also consistent with our 

previous findings, which showed a diminished metal-metal 

coordination number for Pt DENs that had electrochemically 

oxidized surfaces106 as well as other reports of disordered 

nanoparticle systems.72 

The average Au-Au bond lengths for each set of thiolated 

Au nanoparticles are plotted in Figure 4.7b (black points). 
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The value measured for Au147@S0 DENs was 2.811 Å ± 0.005 Å, 

which is consistent with a previous EXAFS report for Au 

nanoparticles in this size range.107 As n increases, however, 

there is a slight lengthening of the average Au-Au bond length 

to 2.826 ± 0.005 Å at n = 50. This lengthening is likely due 

to the fact that thiols satisfy the under-coordinated surface 

Au atoms, resulting in a relaxation of the surface atoms 

toward an Au-Au bond length that is closer to that in of the 

bulk lattice. Additionally, there are reports in the 

literature of thiols pulling surface atoms from smaller Au 

clusters to form staple motifs108,109 which could also 

contribute to a longer measured average Au-Au distance. 

 

 

Figure 4.7: 

Plots of structural parameters vs the average number of thiols 

per Au DEN. (a) Au-Au coordination number; (b) Au-Au bond 

length; and (c) Au-Au Debye-Waller Factor. 

 

Values of σ2Au-Au that were calculated from the fits are 

plotted in Figure 4.7c (black points). The naked Au147 DENs 

have a σ2Au-Au of 11.9 ± 1.0 x 10-3 Å2. As n increases, the Au-
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Au bond disorder also increases: 12.7 ± 1.4 (n = 12), 13.1 ± 

1.0 (n = 24), 12.7 ± 1.1 (n = 50), and 14.0 ± 1.3 (n = 72). 

These results are consistent with increased disruption of the 

DEN surface driven by the thiol ligands. 

 

Comparison of Experimental and Theoretical Results 

 

 

Figure 4.8: 

PDFs calculated using 200 independent snapshots form the DFT-

MD simulations.  For the theoretical values of coordination 

number, bond length, and bond disorder, a window extending 

from R = 2.5 to 3.2 Å was used. (a) First shell Au-Au bonding. 

(b) Full Au-Au bonding showing first through fourth 

coordination shells. (c) First shell Au-S bonding. 

 

First-shell and full Au-Au PDF plots for Au-Au bonding 

and first-shell Au-S bonding (calculated from at least 200 

snapshots from the DFT-MD simulations) are shown in Figure 

4.8. The first shell Au-Au PDFs were used to calculate the 

average Au-Au bond length, σ2Au-Au, and CNAu-Au for Au147@Sn 

(Figure 4.7b, blue points). To calculate these values, a 

window from 2.5 to 3.2 Å was used to define the first nearest 
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neighbor Au-Au bonds. However, because of the disorder 

induced by the thiol ligands, it is not possible to draw a 

clear distinction between the first and second nearest 

neighbors, and this in turn makes it difficult to precisely 

define average theoretical values of coordination number, 

bond length, and disorder. Accordingly, first shell 

termination values between 3.0 and 3.5 Å were considered. 

However, we selected a value of 3.2 Å because it is 

appropriate for the simulated structure of Au147@S0. This 

cutoff results in truncation of some of the longer first 

nearest neighbor bonds for particles having high thiol 

surface densities. A longer cutoff of 3.5 Å, which is more 

consistent with the minimum between the first and second 

neighbor shells in the PDF spectra, yielded poorer agreement 

between the theoretical parameters and the values calculated 

from the EXAFS fitting. 

Representative images of single snapshots that were 

taken from the MD-DFT of Au147@Sn are shown in Figure 4.9. 

Here, the thiols are displayed as thin rods to make the 

underlying Au structure more visible. The naked Au147@S0 

particle appears to be icosahedral with very little 

distortion. However, as thiols are added to the surface of 

the Au147 core, surface disorder begins to emerge. For example, 

when 24 or more thiols are placed on the surface, Au-S staples 

are observed in the DFT-MD structure.  
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Figure 4.9: 

Left Side: Comparison of experimentally and theoretically 

derived EXAFS data in R-space. Right side: Representative 

snapshots of the DFT-MD trajectories taken from the portion 

of the simulations used to calculate the theoretical EXAFS 

signals and PDFs. (a) Au147@S0; (b) Au147@S12; (c) Au147@S24; (d) 

Au147@S50; (e) Au147@S72. 
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Figure 4.10: 

Comparisons of the (a) real and (b) imaginary parts of the 

Fourier transform presented in Figure 3.9a. 

 

These staples occur in the MD trajectory when the thiol 

surface density is sufficiently high that two thiols are bound 

to neighboring sites (thus sharing an Au atom). These 

structural motifs are discussed in more detail later. From a 

qualitative perspective, this is consistent with the EXAFS 

fitting of the experimental data, which showed increased Au-

Au bond length and σ2Au-Au as thiols were added. 

Comparisons of the experimentally and theoretically 

derived EXAFS data in R-space are plotted in Figure 4.9. There 

is good agreement in every case. Additionally, comparisons of 

the real and imaginary parts of the experimental and 

theoretical Fourier transforms are shown for Au147@S0 in Figure 

4.10. Importantly, this validation of the DFT-MD simulations 
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via the consistent EXAFS signals between the theoretical and 

experimental results allows us to draw two conclusions. 

First, the DFT-MD simulations accurately model the Au 

structure. Second, the theoretical EXAFS spectra are 

generated correctly from the configuration and time averaging 

of the FEFF scattering calculations. 

The theoretical EXAFS signals were fit using the same 

parameters as for the previously discussed experimental data, 

and the results for CNAu-Au, Au-Au bond length, and σ2Au-Au are 

plotted in Figure 4.7 (red points). The trend in CNAu-Au as a 

function of the surface thiol density is similar to that 

observed for the experimental data (Figure 4.7a). The average 

CNAu-Au decreases from 8.5 to 6.3 as the simulated particles 

go from uncapped to saturated with thiols. The values for 

CNAu-Au plotted in Figure 4.7a are within the errors of the 

experimental data, but, in general, are slightly lower than 

the values extracted from the DFT-MD-derived PDFs. 

Figure 4.7b summarizes the bond lengths calculated from 

the experimental and theoretical EXAFS fits, as well as the 

values taken directly from the DFT-MD simulations. According 

to the DFT-MD simulations, the Au-Au bonds lengthen slightly 

as thiols are added to the surface, and this trend is also 

observed for the experimental data. However, the magnitudes 

of the bond lengths derived from the experimental data are 

significantly shorter than those calculated from the 
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simulation PDFs. Likewise, the EXAFS fits of the theoretical 

data do not agree with the DFT-MD simulations. Specifically, 

fit values of the theoretical EXAFS signals for bond length 

are slightly shorter than the experimental fit results, but 

this discrepancy is within the systematic uncertainty for DFT 

calculations of bond length (~1%).102 

Figure 4.7c summarizes the values of σ2Au-Au for the 

experimental and theoretical data fits and for the DFT-MD 

simulations. This plot indicates that the fitting 

underestimates σ2Au-Au as compared to the DFT-MD values, but 

excellent agreement is observed between the fits of the 

experimental and theoretical EXAFS spectra. The 

underestimation of disorder and bond length in the fits, as 

compared to the calculated values from the DFT-MD 

simulations, indicates that the EXAFS fitting is not 

accounting for the longest Au-Au bonds observed in the DFT-

MD derived structures. This is likely due to the Gaussian 

bond length distribution approximation that is assumed when 

fitting EXAFS. This self-consistency check of comparing 

structural parameters calculated directly from the DFT-MD 

simulations to the fit of calculated EXAFS spectra for such 

particles is further proof that the standard fitting model is 

not able to describe highly disordered nanoparticles. 
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Figure 4.11: 

First nearest neighbor Au-Au PDFs taken from the DFT-MD 

structures (black lines) with the EXAS Gaussian 

approximations from the experimental data fits overlaid (red 

lines) for Au147@Sn. (a) n=0; (b) n=12; (c) n=24; (d) n=50; 

(e) n=72. 

 

To further understand the observed differences between 

the theoretical and experimental values of the CNAu-Au, bond 

length, and σ2Au-Au, Gaussian curves describing the first shell 

Au-Au bonding were plotted for each of the experimental 

samples. The parameters for the Gaussians (average bond 

lengths, standard deviations, and areas under the curves) 

were taken directly from the values calculated from the EXAFS 

fits of the experimental data (Figure 4.11, red lines). These 

were plotted on the same scale as the first shell Au-Au PDFs 

generated from the equilibrated structures of the DFT-MD 

simulations (Figure 4.11, black lines). 

This comparison demonstrates the segment of the first 

shell Au-Au bonds that are described in the EXAFS fits by the 

Gaussian approximation. The shortest Au-Au bond lengths (R < 

~3.0 Å) derived from the PDFs are well described by the 

Gaussians. Likewise, the peak positions of the Gaussians and 
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PDFs are also in good agreement, but the heights of the 

Gaussians are generally slightly higher than the first 

nearest neighbor PDFs determined from the DFT-MD simulations. 

Importantly, the assumption that the bond lengths are 

distributed as a Gaussian fails at R > 3.0 Å. This observation 

helps to rationalize the differences that are observed 

between the experimental and DFT-MD results. Because the 

Gaussians taken from the EXAFS fits underestimate the number 

of long Au-Au bonds (> 3.0 Å), the values of the average Au-

Au bond length and σ2Au-Au that are calculated from the fits 

are also underestimated. This is observed in the black and 

red points in Figure 4.7b-c which are low in relation to the 

blue (theoretical) points. Conversely, the experimental 

results for CNAu-Au are very close to the theoretical values. 

This is because while the longer Au-Au bonds in the first 

shells are missed, the EXAFS fit Gaussians are higher in 

amplitude (describing additional shorter bonds). 

As mentioned earlier, no higher order terms in the 

cumulant expansion were used to fit the data sets due to the 

overlapping Au-S and Au-Au bonding contributions. From the 

comparisons of the Gaussians generated from the experimental 

EXAFS data and the Au-Au PDFs calculated from theory, one 

could imagine that fitting the Au-Au scattering paths with 

third cumulants would lead to closer correspondence by 

accounting for the asymmetry of the Gaussians.72 However, to 
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reduce fitting artifacts arising from the overlapping Au-S 

and Au-Au bonding contributions, the use of a cumulant 

expansion was not investigated in this work. The EXAFS 

analysis outlined here is well suited for probing this issue 

and is a topic of ongoing work in our labs. 

 

Au-S Interfacial Structure 

Previous reports of Au nanoparticles having thiolated 

shells have established the presence of structural motifs 

called staples,89,91,109-111 and these features must also be 

considered here. Here, staples are defined as a Au atom 

displaced from the surface of the DEN structure by bound 

thiols. The DFT-MD simulations show that when two thiols share 

a single surface Au atom, that atom is lifted out of the Au 

lattice. This is clearly observed in the nanoparticle image 

snapshots of Au147@S24, Au147@S50, and Au147@S72 (Figures 4.9c-e, 

respectively). These surface staples are slightly different 

from the stellated Au staple structures reported for Au25 

nanoclusters,89,110,112 but similar to the monomeric Au staples 

observed in larger (Au38) nanoclusters.91 They are also 

consistent with the increased disorder observed at high thiol 

concentrations (Figure 3.7c) and the decrease in CNAu-Au 

(Figure 4.7a).   
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We carried out an analysis of the experimental Au-S bond 

length data in an effort to detect Au atoms pulled out of the 

nanoparticle surface by the thiols. As discussed earlier and 

demonstrated by the MD-DFT results, we anticipate a higher 

probability of observing staple structures at high thiol 

coverages. This is because staples are strongly correlated to 

motifs wherein two thiols share a single Au surface atom, and 

the probability of this happening increases with thiol 

surface concentration. Staples are characterized by a 

decrease in Au-Au interactions and an increase in Au-S 

interactions, and therefore stapled Au atoms have shorter Au-

S bond lengths compared to a thiol bound to a gold atom in an 

extended lattice. For example, Heaven et al.89 and Qian et 

al.91 determined the crystal structure of Au25@S18 and Au38@S24 

nanoclusters, respectively, and observed surface staple 

motifs. Both reports showed that S atoms bound to Au atoms 

within the central Au nanocluster have a bond length of 

approximately 2.38 Å, while the stellated S-Au-S structures 

have a Au-S bond length of 2.30 to 2.32 Å.   

The average Au-S bond lengths calculated from the EXAFS 

fits of the experimental data for the Au147@Sn DENs are 2.349 

± 0.031 Å (n=12), 2.326 ± 0.014 Å (n=24), 2.318 ± 0.011 Å 

(n=50), and 2.295 ± 0.006 Å (n=72). This decreasing trend in 

the length of the Au-S bonds is fully consistent with both 
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literature reports89,91 and MD-DFT data (Figure 4.8c) and 

suggests the presence of surface staples. 

 

SUMMARY AND CONCLUSIONS 

Here we showed that a combined experimental/theoretical 

approach for interpreting EXAFS data leads to more detailed 

information about the structure of nanoparticles than 

standard EXAFS fitting techniques. This comparison was 

enabled by the experimental DEN model, which provides a simple 

system for progressively introducing structural disorder via 

interactions with different surface concentrations of 

ligands. 

 There are a number of important outcomes of this study. 

First, the DFT-MD simulations reported here accurately depict 

complex experimental systems in which control is exerted over 

the disorder of Au147 DENs. This point was verified by the 

validation of the DFT-MD nanoparticle structures by comparing 

theoretically derived EXAFS signals with experimental signals 

on analogous particle systems. Second, the shortcomings of 

the Gaussian bond length disorder approximation was probed, 

showing that standard EXAFS fitting models do not accurately 

describe strongly and asymmetrically disordered systems. We 

were able to demonstrate this by directly comparing 

theoretical DFT-MD derived from PDFs with Gaussian functions 
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describing the first-shell Au-Au interactions taken from 

experimental EXAFS fits. Third, a more detailed understanding 

of the Au-S interface for thiol-capped Au nanoparticles was 

achieved by combining both experimental and theoretical 

results. 
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Chapter 5: In-Situ Analysis of Au DENs 

INTRODUCTION 

 Here we report the structure of Au147 DENs as determined 

by EXAFS analysis during the modulation of electrochemical 

potential. It is important to study the structure of DENs as 

a function of an external stimulus. This is especially 

critical when using DENs as electrocatalysts and comparing 

their activity to computational predictions. It is vital to 

study not just what the catalyst does to the reactant of 

interest, but also what the process does to the catalyst. The 

active sites of a nanoparticle catalyst may be altered when 

under the influence of an external stimulus such as 

electrochemical potential, making ex-situ characterization 

inadequate. DENs can be characterized before and after 

catalyzing a reaction by electron microscopy, XAS, and XPS, 

but techniques that are available to monitor the structure of 

DENs while performing electrocatalytic reactions are limited. 

XAS is ideal for in-situ characterization of transition metal 

electrocatalysts due to the penetrating nature of X-rays and 

the element-specificity of XAS. This allows for the isolation 

of signal arising from the element of interest as well as 

negates the issues that arise from the issues of in-situ cell 

design and interference from electrolyte solution or catalyst 

supports. 
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There are three previous studies of in-situ analysis of 

Pt DENs in our group. First, G6-OH(Pt240) DENs were studied 

during electrochemical CO oxidation.113 This study 

demonstrated the stability of Pt DENs during the adsorption 

of CO to the surface of the DENs and the subsequent stripping 

of the adsorbed CO layer. The second study exhibited the 

stability of G6-OH(Pt225) DENs while being used to catalyze 

the ORR.106 This study showed first that the electrochemical 

oxidation of the Pt particles results in a decrease in the 

measured coordination number. This phenomenon was found to be 

reversible. This result led to the conclusion that surface 

oxidation of Pt DENs leads to a disordered surface layer on 

top of an ordered core. This attenuation in coordination 

number is similar to the case of thiolated DENs discussed in 

Chapter 4. The correlation of coordination number and Debye-

Waller factor is evident in this case, as modulation of the 

Pt surface oxidation state does not change the fit result for 

the Debye-Waller factor. The least squares regression fit 

corrects (incorrectly in this case) by reducing the average 

coordination. The third report is a study of Cu UPD onto Pt147 

DENs.47 By interpreting the EXAFS fit values of coordination 

number extracted from the Pt L3 and Cu L3 edges, the 

orientation of the deposited Cu was determined. Cu was shown 

to deposit on the Au (100) facets first, followed by 

deposition on the lower energy Au (111) facets of the 
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particles. Additionally, the voltammetric peak positions for 

Cu UPD on Pt DENs were accurately calculated from theoretical 

methods by correcting the binding energy of Cu on the surface 

of the particles with the necessary desorption of sulfate 

which was present in the experimental system. 

 Other groups have used similar in-situ electrochemical 

XAS cells to study the structural properties of larger 

nanoparticles.114-119 Nanoparticle stability and configuration 

of multimetallic catalytic systems are determined using this 

technique. It has proven to be a valuable tool for 

understanding electrodeposition, mechanistic details of 

catalysis, and nanoparticle structure. 

 In this chapter, the potential-dependent structure of 

Au147 DENs is reported. Studies such as these are important 

for understanding how applied potential, like that which is 

applied during electrocatalysis, affects the structure of the 

catalyst. The real-time monitoring of catalyst structure is 

necessary for accurate correlation of catalyst structure and 

activity. The key finding of this study is a significantly 

expanded average Au-Au bond length of the Au147 particles from 

those not under electrochemical potential. At negative 

potentials, the average Au-Au bond length shows a slight 

contraction from the bulk, but at positive potentials, a 

slight expansion is observed. The extent of Au surface 

oxidation of Au147 DENs is also studied and it is shown to be 
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consistent with the model put forth in early electrochemical 

work where surface oxidation and reduction of Au DEN surfaces 

was used to determine electrochemical surface area.45,94 

 

EXPERIMENTAL 

Au DENs were synthesized as described previously.120 

Briefly, 147 molar equivalents of HAuCl4 was added to 2.0 µM 

G6-NH2 dendrimer. The solution was stirred for 5 min and 

reduced with a 20-fold molar excess of NaBH4 in 0.3 M NaOH. 

The reduced particles were stirred for 12 hours open to air 

in order to deactivate any excess borohydride. The particles 

were supported on Vulcan® carbon by sonicating 100 mg of 

Vulcan carbon in 50 mL of prepared DENs. The carbon supported 

DENs were then filtered and the powder was collected and dried 

at room temperature in open air for 24 hours. See Illustration 

5.1 for a schematic drawing of the in-situ electrochemical 

XAS cell used. The DENs were loaded into the cell by 

supporting the catalyst on woven carbon cloth and the cell 

was assembled as shown in Illustration 5.1. A leakless Ag/AgCl 

electrode (EDAQ) was used for the in-situ cell. Figure 5.1 

shows typical electrochemistry of Au147 DENs in 0.1 M HClO4 

electrolyte. 
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Illustration 5.1: 

In situ electrochemical XAS cell 

 

 

Figure 5.1 

Electrochemistry of Vulcan® carbon supported Au147 DENs 

attached to a glassy carbon electrode. 
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Surface oxidation occurs as the potential rises above 

0.5 V. Upon the reversal of the potential scan direction, the 

surface Au oxide species are reduced between 0.5 and 0.2 V. 

Three potentials (marked with red arrows) were selected to 

monitor the Au structure. The first potential (-200 mV) is 

sufficiently negative to ensure the reduction of the Au DENs 

surfaces. The second (+600 mV) is slightly into the oxidation 

of the Au surfaces. The third (+800 mV) is positive enough to 

completely oxidize the Au DENs surfaces. These potentials 

were held for 20 min to ensure the equilibration of the 

electrochemical cell during the chronoamperometric hold. 

Linear combination analysis (LCA) was done to quantify the 

extent of oxidation at +600 and +800 mV using standards of 

the fully reduced particles (at -200 mV) and HAuCl4 to 

deconvolute the XANES spectra. The HAuCl4 standard XANES 

spectra was shifted in energy to match the X-ray absorption 

edge of the Au DENs and the fit was set up to allow the 

fitting from -20 eV to +30 eV before and after the edge. 

EXAFS signals were also collected and fit with standard 

fitting models to calculate coordination number (CNAu-Au), bond 

length (RAu-Au) and Debye-Waller factor (σ2Au-Au) as a function 

of potential. Additionally, a Au-O path was included for the 

data sets corresponding to potential holds at oxidizing 

potentials. The third cumulant was also used in the fit to 

allow for skew in the Au-Au bond length distribution. This 
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improved the fit quality presumably due to the fact that small 

nanoparticles have been shown to have non-Gaussian bond 

length disorder.120 

 

RESULTS AND DISCUSSION 

XANES Analysis 

Figure 5.2a shows the summary of the XANES scans. The 

data was fit with a combination of reduced Au147 DENs and Au3+ 

in the form of HAuCl4. 

 

 

Figure 5.2 

(a) Summary of XANES edge scans for reduced Au147 DENs standard 

(-200 mV, black trace), HAuCl4 standard (green trace), and 

oxidized Au147 DENs samples at +600 mV (red trace) and +800 mV 

(blue trace). (b) Normalized data and linear combination fit 

for Au147 DENs oxidized at +600 mV. (c) Normalized data and 

linear combination fit for Au147 DENs oxidized at +800 mV. 

 

No white line is present for the Au147 DENs held at -200 mV 

which is consistent with Au147 DENs that are not under 

potential control. When the potential was held at +600 mV, a 

small white line is present, indicating the beginning of the 
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Au surface electrooxidation. Furthermore, when the potential 

was held at +800 mV the white line grows more suggesting the 

additional oxidation of Au147 surface sites. The HAuCl4 

standard shows a very large white line due to the Au3+ 

oxidation state (d7 electron configuration), and is used as 

a standard in the LCA. 

Figures 5.2b and 5.2c are comparisons of the normalized 

XANES spectra plotted with the LCA fits. Importantly, the 

white line (peak present at 11920 eV) is well represented by 

a linear combination of the standards. The Au147 DENs held at 

+600 mV are fit at 77% reduced DENs and 23% HAuCl4 while Au147 

DENs held at +800 mV are fit as 59% reduced DENs and 41% 

HAuCl4. The average oxidation state of the surface Au atoms 

is then calculated from Eq. 5.1 where x is the fraction of 

HAuCl4 in the fit. 

 

Average Surface Au Oxidation = x*3*(147/92)  (eq. 5.1) 

 

In this case, x is multiplied by 3 to normalize for the 

oxidation state of Au in the HAuCl4 standard. This is then 

normalized for the number of surface atoms in a perfect 147 

atom cuboctahedron. For Au147 DENs held at +600 mV and +800 

mV, the average oxidation state of the surface atoms was 

calculated to be +1.10 and +1.98, respectively. It is 

difficult to make a prediction of the expected average 
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oxidation state of the surface Au atoms at +600 mV as it 

corresponds to partial oxidation of the Au surfaces, but at 

+800 mV it is expected that the Au surface is fully oxidized. 

Considering O2- bound to the surface, an average oxidation 

state of the Au of +2 is consistent with the standard model 

of surface electro-oxidation. Importantly, after the positive 

potential holds, the potential was returned to -200 mV which 

resulted in the disappearance of the white line and a XANES 

spectra that matched the initial spectrum at -200 mV. 

 

EXAFS Analysis 

Figure 5.3a shows a comparison of the R-space EXAFS 

spectra collected for Au147 held at -200, +600, and +800 mV 

respectively. When the particles are held at -200 mV (black 

trace), only a negligible amount of low-Z (<2.0 Å) bonding is 

observed. This is a sign that the Au surface is fully reduced. 

When the potential is raised to +600 mV (red trace), the 

contribution from low-Z bonding increases slightly. 

Furthermore, when the potential is raised to +800 mV, a large 

extent of low-Z bonding is observed from the full oxidation 

of the Au surface. Additionally, the spectral weight from Au-

Au bonding (2.0 – 3.2 Å) is decreased upon oxidation of the 

Au surface which is consistent with oxidation induced 

disorder that we have previously reported.106,120 
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Figure 5.3 

(a) Comparison of R-space spectra of Au147 DENs obtained at 

potentials of -200 mV (black), +600 mV (red), and +800 mV 

(blue). (b) Au147 DENs held at -200 mV and the corresponding 

fit. (c) Au147 DENs held at +600 mV and the corresponding fit. 

(d) Au147 DENs held at +800 mV and the corresponding fit. 

 

Figure 5.3 also shows the R-Space spectra and 

corresponding fits for Au147 held at -200 mV, +600 mV, and 

+800 mV (b, c, and d, respectively). The windows used were 

1.9-3.2 Å for -200 mV (b), and 1.2-3.2 Å for +600 and +800 mV 
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(c and d) which allowed for the inclusion of the Au-O path in 

the fit in these cases. Good agreement is seen between the 

processed data and the fits in these ranges. Structural 

parameters that were extracted from the fits are detailed in 

Table 5.1. At reducing potentials, the coordination number is 

8.7 ± 1.2 which is consistent with a theoretical 147 atom 

cuboctahedron (8.98). As the potential is raised to a region 

where gold is oxidized, the coordination number drops to 7.2 

± 1.3 at +600 mV and to 7.4 ± 1.7 at +800 mV. The coordination 

numbers from the oxidized particles are not significantly 

different from one another, and the decrease is consistent 

with the disruption of surface order previously reported in 

our group.106,120  

  

 -200 mV +600 mV +800 mV 

CNAu-Au 8.7 ± 1.2 7.2 ± 1.4 7.4 ± 1.7 

CNAu-O ---  0.44 ± 0.31 0.88 ± 0.26 

RAu-Au (Å) 2.864 ± 0.017 2.888 ± 0.024 2.911 ± 0.026 

σ2Au-Au (Å2, x103) 10.7 ± 0.1 11.3 ± 0.2 12.2 ± 0.2 

3rd Cumulant (Å2, 

x103) 
0.5 ± 0.2 0.8 ± 0.4 1.0 ± 0.5 

Table 5.1 

There is also evidence for the disruption of surface order 

seen in the calculated Debye-Waller factors which rise from 

10.7 at -200 mV to 12.2 at +800 mV. Associated with the 

disorder is the increased third cumulant at higher oxidation 
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states. The increasingly positive values of the third 

cumulant at more oxidizing potentials suggest that the bond 

length distribution skews more towards longer bonds. 

Perhaps the most interesting result of this study is the 

trend observed in bond length for the Au147 particles. At -

200 mV, a slight bond length contraction from bulk Au is 

observed (2.864 Å vs 2.885 Å for bulk). However, at positive 

potentials the average bond length of Au DENs is expanded 

from the bulk bond length of Au (2.888 Å and 2.911 Å for +600 

mV and +800 mV, respectively). This has not been seen in DEN 

systems before and is very relevant for catalysis on Au DENs 

which occurs at positive potentials. For Au147 DENs that are 

not under the influence of an electrochemical potential, 

typical Au-Au bond lengths determined by EXAFS analysis are 

approximately 2.82 Å,120 which is significantly shorter than 

those described here. This lengthening in Au-Au bond lengths 

could be especially important for understanding electro-

oxidation reactions such as CO oxidation and small chain 

alcohols which occur at these positive potentials. 

Additionally, this bond length expansion must be considered 

when comparing experimental results with theoretical 

predictions for nanoparticle structure and electrocatalytic 

reactivity of small Au nanoclusters. 
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CONCLUSIONS 

In this chapter we summarize preliminary results of the 

structure of electrochemically oxidized and reduced Au147 

DENs. The key result is the significant expansion of the Au-

Au bonds at oxidizing potentials. This finding must be 

considered when rationalizing experimental trends in 

nanoparticle reactivity for reactions that occur at positive 

potentials. Future work will consist of theoretical studies 

to gain a deeper understanding of this bond length expansion. 

Lastly, this work provides insight into the extent of Au 

electrochemical surface oxidation which is consistent with 

previous electrochemical results. 
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Chapter 6: Conclusions and Outlook 

 The work presented in this dissertation shows the 

applicability of DEN models for comparison of experimental 

properties of nanoparticle structure and catalytic activity 

to theoretical models. This is due to the great level of 

control that the dendrimer-templating synthesis method 

provides for the synthesis of complex nanostructures.  This 

ability allows for the validation of existing theory as well 

as develop new theoretical methodologies that more accurately 

describe real experimental systems. 

 Core@shell nanostructures have been extensively studied 

in the literature, but this work was unique due to the 

atomistic view of the catalyst that were provided by combining 

DFT-MD studies with the experimental results. The 

reorganization of a Pt monolayer on top of Au147 DENs explained 

the measured catalytic activity and would not have been 

detected without the theoretical component of the study. 

Core@shell architectures will remain relevant for many 

electrocatalytic applications due to their efficient use of 

active metals (such as Pt) and the power of the underling 

structure to tune the properties of the shell in terms of 

structure, stability, and catalytic activity. 

The field of nanoparticle structural characterization 

with EXAFS is also well-developed. However, there are many 
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advanced EXAFS analysis techniques that are in early stages 

of development and will provide more accurate structural 

characterization than is currently available. The accuracy of 

EXAFS fitting of small disordered nanoparticle catalysts can 

be greatly improved by including a theoretical component 

because the structure and dynamics from which the EXAFS 

signals are generated are known. This allows a researcher to 

gain a deeper understanding of nanoparticle structure. As the 

computing power continues to advance, more complex and larger 

experimental structures will become accessible to such 

computations. 

In addition to combining theoretical studies with EXAFS 

analysis, as was presented in Chapter 4, or in-situ 

electrochemical EXAFS studies (Chapter 5), other techniques 

such as Raman, IR, XRD, XPS, and even TEM are now being 

combined with EXAFS. This requires the development of new 

beamline architectures and new EXAFS cell designs that can 

incorporate other spectroscopies, simultaneously. The overall 

goal of all of these studies and future work is the 

correlation of structure with function. As methods for more 

accurate structural determination are developed, further 

advancements in materials performance will be achieved. 
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