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ABSTRACT 

Intense research has been focused on developing bottom-up nanocrystal synthesis techniques to 

obtain nanocrystals with sophisticated compositions and enhanced perfomances. Three popular methods 

are: 1) the reduction of metal complex ions or molecules with selected reducing agents, 2) the 

decomposition of metal compounds at elevated temperatures, and 3) the electrochemical reduction of 

metal ions using specialized potentiostats. The first two require expensive metal salt precursors while the 

last requires specialized potentiostats and either employ a single sacrificial electrode or metal salt 

precursors. To resolve these issues, we have focused on a facile and generic approach to generate 

nanocrystals by an alternating voltage induced electrochemical synthesis (AVIES) method. Nanocrystals 

are produced when an alternating voltage is applied by a common laboratory transformer to two 

sacrificial electrodes that are inserted in an electrolyte solution containing capping ligands.  

This work focuses on the ability of the AVIES approach to synthesize Au, Pd, and Pt noble metal 

nanocrystals. The nanocrystals synthesized were found to be dependent on the electrolyte identity, 

capping ligand, applied voltage, reaction temperature. The ability of AVIES to produce alloyed 

nanocrystals starting with alloyed electrodes will be discussed. The AVIES approach requires neither 

expensive metal compounds nor specialized instruments, is environmentally benign, and can be easily 

adoptable to any research lab.  
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CHAPTER 1 

Introduction 

1.1 Wet-Chemical Synthesis of Noble Metal Nanocrystals 

Noble metal nanoparticles have gained a lot of interest over the last several decades due to their vast 

applications in heterogeneous catalysis, electronics, drug delivery, imaging, and renewable energy.
1,2,3,4

 

The performance of nanocrystals for these applications is dependent on the size, shape, monodispersity, 

stabilizing agents, and atomic make-up.
5,6,7

 Intense research has been focused on developing bottom-up 

nanocrystal synthesis techniques to obtain nanocrystals with sophisticated compositions and enhanced 

perfomances.
8,9

 Three popular methods are: 1) the reduction of metal complex ions or molecules with 

selected reducing agents,
10,11,12

 2) the decomposition of metal compounds at elevated temperatures,
13,14,15

 

and 3) the electrochemical reduction of metal ions using specialized potentiostats.
16,17

 All techniques have 

been used to synthesize noble metal nanocrystals for catalytic, renewable energy, and biomedical 

applications.
18

 Noble metal nanocrystals exhibit different properties compared to bulk materials due to 

quantum effects and the increased surface to volume ratio. For example, Pd and Pt are inert as bulk metal, 

but are very effective in catalyzing hydrogenation at the nanometer scale.
5
 The catalytic activities can be 

tuned with shape and size control synthesis of nanocrystals (NCs). Tuning the shape and size influence 

the NCs catalytic activity by exposing different crystal facets which give rise to different chemical and 

electronic interactions.
2
 Furthermore, nanoparticles may display different optical properties compared to 

their bulk counterparts.
19,4

 While bulk gold is recognizable by its lustrous yellow color, gold nanoparticles 

less than 100 nm in diameter exhibit a deep purple color and a brilliant ruby red when the size is further 

decreased.
20

 In fact, alchemist first utilized the color phenomena of gold as a pigment in glass and 

ceramics in the 1600’s.  

Even though it had been known for many centuries that gold could produce a vibrant red color, 

Johann Rudolph Glauber first published a synthesis of gold nancrystals in the four part body of work 

titled Des Teutschlandts Wohlfahrt (The Prosperity of Germany) in 1659.
21

 His publications described a 

method of dissolving gold powder in a spirits of salt – zinc chloride in hydrochloric acid – and adding tin 
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to the solution which was placed over a warm sand bath to precipitate a purple powder.
  
 Unbeknownst to 

Glauber, the spirits of salt oxidizes bulk Au
0
 to Au

III
, forming AuCl4

-
. Afterwards, the tin dissolved in the 

spirits of salt forms SnCl2 which reduces AuCl4
-
 to Au

0
. The zero-valent gold atoms nucleated together, 

and created the purple powder that is characteristic of Au nanoparticles. Although Glauber published a 

synthetic method, it was Johann Kunckel who created a procedure for consistently making ruby glass, 

known as the Purple of Cassius, which was used extensively as stain glass windows in churches.
21

  

Figure 1.1: Scheme of the three step nucleation, growth, and 

agglomeration nanocluster formation. Adapted from reference (24). 

 

The most common approach for NC is the wet-chemical metal salt reduction method. The method 

was first introduced by alchemists in the 1600’s, and standardized by Turkevich in 1951 when he created 

20 nm Au particles by reducing AuCl4
- 
with sodium citrate.

22,23
 In his metal-salt with reduction by sodium 

citrate method, Turkevich studied the growth reaction mechanism in which a reducing agent reduces the 

metal salt precursor into zerovalent metal atoms (M
0
) that nucleate to form seeds. The seeds then grow 

with the addition of free M
0
 to the surface. Lastly, a stabilizing agent is added to cease growth, and 

prevent aggregation of the nanoparticles.
22

  The surface-growth reaction mechanism was further 

developed in more recent work by Finke et al.
24,25

 His work studied the kinetics of how clusters are 

formed and isolated by the three step nucleation, growth, and stabilization mechanism and is shown in 

Figure 1.1. From the three step mechanism, the size of the NCs can be tuned by controlling the seed and 

growth kinetics.
25

 For small NCs, strong reducing agents increase the rate of seed formation leaving less 
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metal salt in solution to be utilized in the growth stage. In contrast, larger NCs are obtained by decreasing 

the amount of seeds generated in order to increase the M
0 

concentration for the growth stage. Increasing 

the growth reaction time increases the NC size as more M
0
 is added to the particle surface.

3
  

 
Figure 1.2: (a) TEM image and (b) size distribution of cubic Pt-NCs. 

(c) TEM image and (d) size distribution of cuboctahedral Pt-NCs. 

Adapated from reference (29). 

 

Different NC shapes can be obtained by controlling the rate at which M
0
 binds to the surface of the 

NC seed. The growth rates are tuned by adjusting the metal salt concentrations, solvents, temperature, and 

stabilizing agent.
2,26

 A stabilizing agent that binds strongly to the particle surface slows the rate at which 

M
0
 adds to the surface, and leads to smaller NC sizes. Similarly, a weakly interacting stabilizer is more 

favorable for M
0
 addition.

2
 For example, Zheng et al. were able to synthesize Pd nanowires and nanorods 

by heating palladium (II) chloride and using polyvinylpyrollidone as the reducing and stabilizing agent.
27

 

After changing the temperature, solvent, and adding a stronger reducing agent (formaldehyde), Zheng 

was able to synthesize concave tetrahedral/trigonal bipyramidal Pd-NCs.
28

 Similarly, Bratlie et al. showed 

that by simply changing the concentration of stabilizing agent (tetradecyltrimethylammonium bromide) 

and reducing agent (NaBH4) cubic with (100) surface facets and (111) cuboctrahedra Pt-NCs could be 

synthesized (shown in Figure 1.2).
29

 The catalytic activity of the Pt-NCs with different facets was studied 
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for benzene hydrogenation. Their studies showed that cubic (100) Pt-NCs produced only cyclohexane 

while cuboctahedra (111) Pt-NCs produced cyclohexene and cyclohexane. The selectivity of the catalyst 

shows the importance of being able to control crystal growth for improve catalytic performance.  

 In general, hierarchical NC structures with high-index surfaces improve catalytic performance, 

but are difficult to synthesize.
30

 Sun et al. recently showed that they could obtain tetrahexahedral Pt and 

Pd NCs by an electrochemical deposition technique.
31,32

 In their synthesis shown in Figure 1.3, Pd
2+

 was 

electrodeposited onto a glassy carbon to form nanosphere seeds. Next, a square wave potential (0.30 to 

0.70 V) further reduced Pd
2+

 onto the spheres and produce tetrahedral NCs that exhibited enhanced 

electro-oxidation activity. Although the methods described in this section have been used to make NCs 

with sophisticated compositions and structures, they require expensive metal-salt precursors and strict 

requirements for reducing and stabilizing agents. Electrochemical methods that utilize a sacrificial metal 

electrode provide a simple, environmentally friendly alternative approach to synthesizing NCs.  

 
Figure 1.3: (A) Scheme of electrochemical deposition of tetrahedahedral 

(THH) Pt-NCs. (B) SEM image of THH Pt-NCs. (C and D) High-

magnification SEM of THH Pt-NCs. (E) Geometrical model of THH. (F) 

High-magnification SEM of THH Pt-NCs. Adapted from reference (31) 

 

 

 



5 
 

1.2 Electrochemical Synthesis Techniques for Producing Colloidal Noble Metal Nanocrystals 

A chemically benign and green alternative to the metal salt-reduction synthesis approach is the 

direct current electrochemical synthesis (DC synthesis) pioneered by Reetz and Helbig in 1994.
33

 Since its 

publication, the DC synthesis has been used to create high quality mono and bimetallic nanoparticles by 

applying a positive potential to a sacrificial anode. The positive potential oxidizes the bulk metal anode to 

M
n+ 

ions that disperses into bulk solvent.
 
The M

n+ 
ions then migrate to the cathode where they are reduced 

to zerovalent metal atoms (M
0
). The M

0 
undergo a nucleation and growth stage until a stabilizing ligand 

ceases growth, forming a nanocrystal, and precipitates as a solid material.
33,34

 The mechanism is 

illustrated in Figure 1.4.  

 
Figure 1.4: DC Electrochemical synthesis of 

NR4
+
Cl

- 
stabilized metal colloids. Adapted 

from reference (33). 

 

The average nanocrystal size was shown to be dependent of the current density. Using a Pd sacrificial 

anode and tetraoctylammonium bromide stabilizer in THF, Reetz showed that low current densities 

generates small, spherical Pd-NCs (1.4 nm)  while low current densities creates Pd-NCs larger in diameter 

(4.8 nm).
23,33,34

 Reetz also showed that bimetallic NCs could be synthesized by utilizing two sacrificial 

anodes in the DC synthesis.
35

 By using Ni and Pd as sacrificial electrodes in a tetraoctylammonium 
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bromide in THF bimetallic NCs of various Ni/Pd compositions. The different atomic percent’s obtained 

were noted to be a result of the applied current density due to differences in the metal’s reduction 

potentional.
34,35

 While the current densities play a major role, other factors such as the time and 

temperature of the reaction, the distance between the working and counter electrode, and solvent effects 

contribute to the size selectivity.
36

  

Taking advantage of solvent effects, Wang et al. were able to synthesize Au nanorods via the DC 

method.
19

 The nanorods were created by immersing an Au electrode into an electrolyte solution 

containing a cationic decyltrimethylammonium bromide (CTAB) surfactant. The system was placed 

under ultrasonication for the duration of the reaction, and addition of acetone to the solution was 

necessary for rod structure to form. Although the growth mechanism is unclear, the addition of acetone 

and ultrasonication interrupts the CTAB micelle structure causing nanorods to form instead of spherical 

NCs. Using the same experimental design, Meen et al. were able to synthesize Au nanocubes (30 nm) by 

using both CTAB and a more hydrophobic co-surfactant of tetradecylmethylammonium bromide.
37

 

Although high quality Au-NCs were synthesized, the DC method becomes cumbersome with the 

inclusion of ultrasonication and dropwise addition of acetone. Furthermore, the DC electrochemical 

synthesis of variant shapes and atomic compositions beyond Au rod and cube NCs has not been 

published. 

 A counterintuitive electrochemical synthesis technique recently showed that nanoparticles can be 

synthesized by exerting a sacrificial electrode to cathodic conditions.
38,39,40

 Liu et al. were able to 

synthesize Rh nanoparticles by submerging a Rh electrode into a 2M NaOH solution and subjecting it to a 

0.4 to -4.5V, 25 Hz squarewave potential (SWP).
38

 When the SWP is applied, Rh-NCs disperse into the 

solution after Rh oxides form under the anodic pulse, and are subsequently reduced to Rh zerovalent 

atoms during the highly cathodic process. The zerovalent Rh atoms aggregate to form Rh-NCs, and 

disperse into the solution. The colloidal solution and synthesized Rh-NCs are shown in Figure 1.5.   
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Figure 1.5: TEM image of Rh-NCs prepare by SWP (0.4 to -4.5, 25 Hz) 

in 2 M NaOH. Adapted from reference (38). 

 

Yanson et al. studied a nearly identical cathodic corrosion process when an extremely negative 

DC potential (-10V) in an alkaline solution (NaOH) caused a platinum electrode to turn black.
39

 A cyclic 

voltammogram collected before and after subjecting the Pt electrode to the negative potential revealed 

that the area of the electrode had increased by tenfold. SEM images confirmed that the extreme negative 

potential corroded the electrode, and Pt-NCs formed on the surface - increasing the surface area of the 

electrode. Further adaption to their findings generated and dispersed the NCs from the electrode surface 

by applying a 10V SWP with a DC offset of -5V. The offset causes the NCs generation and dispersion 

process to be purely cathodic in nature. The proposed mechanism for cathodic conditions is that a high 

pH, water-free layer forms at the electrode-solution interface. The high pH reduces the metal to an anionic 

state and is stabilized by cations. The metal anions are oxidized by water back to a zerovalent in bulk 

solution and subsequently aggregate to form NCs.
39

 TEM iamges of Pt and Au NCs synthesized by this 

method are shown in Figure 1.6, and other compositions were achieved by employing Cu, Ag, Ni, Rh, Si, 

Nb, and Ru electrodes. Furthemore, alloyed electrodes of Pt80Ir20, Pt95Ru5, Pt50Ni50, and AuCo, AuCu, 

FeCo (percent alloyed unspecified) subjected to cathodic corrosion created bimetallic NCs, of which 

compositions matched the sacrificial cathode.
40

 Although several metal NCs were obtained by this route, 

the NCs are susceptible to aggregation, and do not show any size or shape selectivity.  
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Figure 1.6: TEM images of (a) platinum and (b,c) gold 

NCs synthesized by a 10 V with -5 DC offset SWP. 

Adapted from reference (39). 

 

The two cathodic methods described above show that a single electrode, with an applied SWP, 

can synthesize a variety of metal NCs. The difference between the two cathodic methods is that Liu 

hypothesized that the 0.4V anodic potential is necessary for the synthesis of NCs – undergoing oxidation 

and subsequent reduction.
38

 Yanson’s 10V SWP with a -5V DC offset proved that the generation of NCs 

can occure solely under cathodic conditions.
39

 Although the mechanisms differ, both cathodic SWP 

methods produce aggregated nanoparticles, and have not achieved size or shape control.
39

 Moreover, the 

electrochemical approaches, both DC and cathodic SWP, require specialized potentiostats that utilize only 

one sacrificial electrode to produce NCs. One question arises: Is it feasible to produce high-quality noble 

metal NCs from both electrodes without the use of potentiostats? 

1.3 Our approach: Alternating Voltage Induced Electrochemical Synthesis (AVIES)  

 To answer the above question, a simple approach denoted as alternating voltage induced 

electrochemical synthesis (AVIES) has been developed in our group, by using a regular ransformer 

instead of the conventional potentiostat. A transformer, which can be found in almost every chemistry 

lab, is an electrical device that increases or decreases the voltage of an alternating current from an 

electrical outlet. In this research, the variac will decrease the voltage of the 120 V, 60 Hz potential from 
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an electrical outlet, and supply a symmetric alternating voltage sinewave to a pair of metal electrodes 

submerged in a salt based electrolyte solution containing a capping ligand. Figure 1.7 is an illustration of 

the concept behind the AVIES approach in which a positive half-cycle creates an oxidative environment 

(anodic) at the electrode while the negative half-cycle creates a reductive environment (cathodic). Since 

the two half-cycles are zero-offset, the two electrodes are electrochemically identical. Therefore, in a 

closed electrical system two sacrificial electrodes can actively produce NCs using common laboratory 

materials. AVIES has multiple parameters such as voltage amplitude, salt composition, type of stabilizer, 

concentration of salt and stabilizer, duration of synthesis, pH, temperature, and metal electrode which can 

be studied for synthesizing high-quality NCs.  

 

 
Figure 1.7: Illustration of the AVIES approach for synthesizing 

colloidal metal and metal oxide NCs (where the actual setup herein is 

for Au NCs):  (A) The state before turning on the Variac 

transformer; and (B) The state after turning on the Variac 

transformer. 

 

1.4 Research Objectives and Thesis Organization 

 The overall objective of this project is to synthesize various high quality metal NCs by using the 

AVIES approach. Chapter 2 covers the synthesis and catalytic activity of Au-NCs. In chapter 3, the 

AVIES approach is extended to the synthesis of Pd and Pt NCs. Chapter 4 focuses on using AuPd and 

PtPd alloyed electrodes to create bimetallic NCs. Lastly, conclusions and future recommendations are 

covered in chapter 5.  
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CHAPTER 2 

Production of Gold Nanocrystals by an Alternating Voltage Induced  

Electrochemical Synthesis Approach 

 

2.1 Introduction 

Gold nanocrystals (Au-NCs) have been studied extensively for many years because of their 

interesting chemical, optical, and electronic properties which have found many important applications in 

catalysis, biology, energy, and electronics.
2
 As with many NCs, their properties are strongly dependent on 

their size and shape.
 1,24,26, 30 

As gold goes from bulk down to the nanoscale, the optical properties shift 

from emitting the well-known yellow color to purple and even red. The optical properties are a result 

from the surface plasmon resonance effect which can used to predict Au-NC size.
41

 Au-NCs with 

different facets have been found to have different activities and selectivities in catalysis.
42,43,44,45

 In 

general, smaller NCs have larger surface/volume ratios and higher surface energies, which mean lower 

cost and higher efficiencies for applications. The structure and size performance has stimulated a lot of 

research to develop efficient synthestic routes for high-qualtiy Au-NCs. The three main methods are: 1) 

the reduction of metal complex ions or molecules with selected reducing agents,
10,11,12

 2) the 

decomposition of metal compounds at elevated temperatures,
13,14,15

 and 3) the electrochemical dissolution 

of metal electrodes by specialized potentiostats.
16,17,19, 31,39, 34,40

 The first two require expensive metal salt 

precursors while the last requires specialized potentiostats and either employ a single sacrificial electrode 

or metal salt precursors. Therefore, it is highly desirable to synthesize high-quality Au-NCs by a simpler 

and environmentally friendly process. 

We report an alternating voltage induced electrochemical synthesis (AVIES) approach that allows 

for the facile synthesis of well-dispersed, single-crystalline colloidal Au-NCs. This method requires only 

two Au wires, a common laboratory transformer, and an electrolyte solution containing a stabilizing 

agent. The two identical anodic and cathodic half-cycles of the alternating voltage mean two electrodes 
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are electrochemically oxidized and reduced. Therefore, in a closed electrical system two sacrificial Au 

electrodes can actively produce NCs using common laboratory materials.  

 

2.2 Methodology  

In a typical AVIES of Au-NCs, colloidal gold nanoparticles were created by connecting two gold 

wires (99.99% ESPI Metals) to a common laboratory variac, and inserted into a 2.7M KNO3 (Sigma-

Aldrich, ACS Grade) electrolyte solution containing 10 mg/mL of polyvinylpyrolidone (Aldrich, Mw = 

29,000).  The gold wires were then subjected to a zero-offset alternating potential of 5 volts at 60 Hz by 

the variac transformer. When the variac was switched on, gas bubbles that are assigned to hydrogen and 

oxygen were generated at both electrodes. Meanwhile, the solution changes colors after several minutes, 

which indicates the production of Au nanoparticles. The colloidal particles were purified through three 

centrifugation/rinse cycles using a Thermo Centrifuge at 14,600 rpm for 1 hour. The particles can be 

redispersed in water, ethanol, methanol, or other polar solvents for further characterization. Between 

studies, Au wires were cleaned in a KI:I2:H2O 4g:1g:40mL etching solution. The effect of several 

parameters such as salt, voltage, electrolyte concentrations, and synthesis temperature will be discussed in 

further detail in the results section.  

The colloidal solutions were characterized using UV-Vis (UV-1800 Shimadzu UV 

Spectrophotometer) and a Philips/FEI CM200 Transmission Electron Miscroscopy (TEM).  For TEM, the 

purified nanoparticles were dropped onto a carbon film 400 square mesh copper grid purchased from 

Electron Miscroscopy Sciences. The open-source software ImageJ was used on TEM images to determine 

the size of the synthesized NCs. Over 100 well-defined NCs were analyzed to determine the size 

distribution. XRD analysis was done using a Cu X-ray source (1.54060 Å) and samples were prepared by 

drying the purified colloidal solution on a quartz slide.  

The catalytic activity of the synthesized icosahedron Au-NCs was studied by observing the 

reduction of 4-nitrohpenol to 4-aminophenol by sodium borohydride (NaBH4). Au-NCs were synthesized 

in a 2.7M KNO3 electrolyte solution with 10 mg/mL of PVP. The particles were purified through three 
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centrifuge (14,600 rpm) and rinse (nanopure-H2O) cycles, and redispersed in nanopure-H2O (npH2O). A 1-

mL quartz cuvette was filled with 470 µL of nanopure-H2O, 100 µL of purified icosahedron Au-NCs, 100 

µL of 1.0 mM 4-nitrophenol (Aldrich, 98%), and mixed thoroughly. Then, 330 µL of 30.0 mM NaBH4 

was added to the cuvette, and the reaction was monitored for 7 minutes at 30 second intervals using UV-

Vis spectroscopy. The solution was stirred between collection periods to avoid the in situ production of 

hydrogen bubbles that interfered with spectral measurements. The final volume of the solution was 1.00 

mL, and the final concentration of 4-nitrophenol and NaBH4 were 0.1 mM and 10 mM respectively.  

 

2.3 Results and Discussion 

 The following subsections go over the key results from the preceding methodology section. The 

first subsection goes over the dependence of salt on the AVIES method. The following section is a 

systematic study over the AVIES method using the preferential salt, KNO3. Furthermore, the catalytic 

activity of Au-NCs synthesized by the AVIES approach was studied by observing the reduction of 4-

nitrophenol. The methods of analysis include TEM, XRD, and UV-Vis spectroscopy.  

2.3.1 Dependence of Salt 

Dissolving salt into an aqueous solvent creates a conductive solution due to the dissociated 

positive and negative ions that create the electrolyte. While the purpose of the electrolyte solution in 

AVIES is to carry current between two electrodes, the type of salt used can greatly affect the synthesis of 

nanoparticles.
26

 To observe the effect of salt on AVIES, several concentrated electrolyte solutions were 

examined using a common potassium (K
+
) cation paired with halogen (Cl

-
), sulfate (SO4

-
) and nitrate 

(NO3
-
) anions.  Furthermore, nitrate salts with different cations (K

+
, Na

+
) were studied.  

The reaction products are first characterized by UV-Vis spectrometry. Gold NCs have a very distinct, size 

dependent color due to the surface plasmon resonance (SPR).
41

 The surface plasmon resonance is created 

when the electromagnetic wavelength of incident light causes the conduction band electrons of the 

particle to coherently oscillate. The oscillation between electrons and nanoparticle core creates a polarized 

charge - a magnetic field - on the surface of the particle. The oscillation decays by converting the light 
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into heat or by scattering light. Larger nanoparticles have weaker oscillations and are not polarized by 

light as readily.
2
 The weak oscillation is observed by a redshift in the plasmon absorption band. 

Therefore, the UV/Vis absorption spectrum is indicative of NC size.
41

 Figure 2.1 shows the UV/Vis 

spectra of Au-NCs synthesized in electrolyte solutions of saturated KCl, K2SO4, NaNO3, and KNO3 each 

with 10 mg/mL of the stabilizing ligand, PVP. When using 4.6 M KCl, the Au colloidal solution was 

purple, and had an SPR peak at 550 nm. The solution’s purple hue and red shifted absorbance SPR peak 

indicate larger nanoparticles were synthesized. Furthermore, the broad peak indicates a wide distribution 

of nanoparticle sizes. In the case of 0.6 M K2SO4, the obtained colloidal solutions showed a narrow SPR 

peak at 534 nm, which indicate smaller Au-NCs with a narrower size distribution compared to the KCl 

electrolyte. However, the colloidal solution made with 0.6M K2SO4 electrolyte had a low absorbance due 

to less nanoparticles being generated. The solubility of K2SO4 is the lowest among the salts used, and is a 

factor in less nanoparticles being synthesized. Both NaNO3 and KNO3, with an SPR at 527 nm, had 

nearly identical UV/Vis spectra. The result indicates similarly sized distribution of the synthesized Au-

NCs. It should be noted that the peak at 354 nm appeared in the UV-Vis during the synthesis of Au-NCs 

with the two nitrate salts, and will be discussed in more detail in the mechanistic study. 

The TEM image shown in Figure 2.1 B confirms that KCl, as the electrolyte, produces a broad 

range of nanoparticle sizes and shapes. The largest particles are 75 nm in diameter, and smallest are 

below 10 nm in size. The non-halogen salts studied have a smaller size distribution. For example, K2SO4 

electrolyte produces smaller particles (Figure 2.1 C), when compared to KCl, that range from 4 to 22 nm 

in diameter. However, the diversity of triangles, spheres, and hexagons indicate that K2SO4 is not shape 

selective. Both NaNO3 and KNO3 salts (Figure 2.1 D and E), on the other hand, produce almost 

exclusively hexagonal 2D Au-NCs of similar sizes.  

These results show that the salt compositions influence the nanoparticle shapes and sizes. The 

three different anions produced three distinct results. However, when the anions were the same and cation 

changed, the synthesized nanoparticles were nearly identical. The results show that the shape and size of 

NCs produced by AVIES is strongly dependent on the type of electrolyte used. 
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Figure 2.1: (A) UV-Vis spectra of Au-NCs synthesized in a 10 mg/mL 

polyvinylpyrrolidone and saturated salt solutions of 4.6 M KCl (black), 0.6 M 

K2SO4 (green), 4.6 M NaNO3 (pink), and 2.7 M KNO3.  (B through E) TEM images 

of the Au-NCs synthesized in the KCl, K2SO4, NaNO3, and KNO3 respectively. 
 

 



15 
 

 

 

2.3.2 Systematic Study of Au-NCs in KNO3 Electrolyte Solution 

In the preliminary electrolye survey the most uniform NCs were produced in a KNO3 electrolyte, 

and was selected as the electrolyte to conduct a systematic study of various parameters. Because the SPR 

of Au-NCs is indicative of size,
41

 a time evolution UV-Vis spectra of a typical Au-AVIES with 2.7 M 

KNO3 electrolyte containing 10 mg/mL PVP was collected to see if the SPR of the Au-NC colloid red-

shifted to larger particle diameters. The time evolution spectra, presented in Figure 2.2 A, was collected 

every 10 minutes by removing 100 µL aliquots of the in situ colloidal solution, and diluting to 1.0 mL in a 

quartz cuvette. Surprisingly, the SPR at 529 nm did not red-shift with time. Because there is no change in 

the SPR over time, we concluded that Au-NCs of similar sizes are continually being produced for the 

duration of the synthesis. Once again, the evolution of the peak at 354 nm was observed. Figure 2.2 B 

displays the UV-Vis absorption spectrum of a typical Au-NC colloid synthesized with a 2.7 M KNO3 

electrolyte with 10 mg/mL of PVP before and after purification. The narrow SPR peak at 529 nm 

indicates that the particle size is relatively monodispersed. The SPR peak profile and position did not 

change during purification meaning that the particles did not aggregate. The peak at 354 nm, on the other 

hand, did change. The peak is still observed in the supernatant of the first centrifugation cycle, and not 

observed in the purified colloidal solution. A TEM image of the purified NCs in Figure 2.2 C shows 70% 

hexagonal NCs with average diameter of 16 ± 3 nm. The remaining 30% of NCs consists of triangles 

prisms, rods, and spheres. The EDX in Figure 2.2 D show the presence of carbon, copper, and gold in the 

TEM sample. The carbon and copper signals are assigned to the carbon film and copper of the copper 

TEM grid. Because no other elements are detected in EDX, the results show Au-NCs are synthesized by 

the AVIES approach. Further characterization was necessary to determine the crystallinity and shape of 

Au-NCs synthesized. 
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Figure 2.2:  (A) Time evolution UV-Vis spectra of Au-NCs synthesized by AVIES with a 2.7 M KNO3 

electrolyte collected first at every 5 minutes then 10 minutes for the duration of the synthesis. (B) UV-Vis 

spectra of the Au-NCs colloidal solution before (blue) and after (green) purification, and the supernatant 

of first centrifuged cycle (red). (C) TEM of the Au-NCs synthesized by a typical AVIES reaction. (D) 

EDX spectrum of the Au-NCs observed in the TEM.  
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The XRD profile of Au-NCs, shown in Figure 2.3 A, when compared to an Au reference (JCPDS 

04-003-7037) indicates that face-centered-cubic Au-NCs were synthesized. From XRD, the crystalline 

sizes of the nanoparticles can be calculated using the Scherrer equation
46

: 

   
  

     
  (2.1) 

Where   is the average diameter,   a constant dependent on crystallite shape (0.89),   is the wavelength 

of the X-ray source (0.154060 nm). The   term is the full-width at half-max (FWHM) of the peak. Lastly, 

  is the Bragg angle (  
 

 
  ).

46
 Applying the Scherrer equation to Figure 2.3 A, the average size was 

calculated to be approximately 8.5 nm in diameter. Peculiarly, the results from the Scherrer equation is 

half the diameter (16 nm) of Au-NCs observed in the TEM image of Figure 2.2 C. To analyze the 

discrepancies between observed and calculated diameter sizes, high resolution (HRTEM) images were 

collected to better characterize the 2D hexagonal Au-NCs and are shown in Figure 2.3 B and C. The 

hexagonal projections have clear twinned lattice fringes, of which the d-spacing of 0.20 nm can be 

indexed to the (200) lattice plane of Au, indicating the high crystallinity of Au-NCs. The twinned 

boundaries show a projected two (B) and six (C) fold symmetry.
47,48

 After a literature survey, we found 

that the HRTEM match those of icosahedra that consist of 20 tetrahedra subunits with (111) surface 

facets.
49,50

 A more rigorous literature survey reveals that icosahedral Pt NCs of 16 nm in diameter 

observed in TEM show an 8 nm diameter in the Scherrer equation when using XRD.
51

 The discrepancy 

has been assigned to the fact that the 20 tetrahedral subunits are half the size of the icosahedra crystal they 

comprise.
51

 Thus, the HRTEM and XRD results further validate the success of synthesizing high quality 

icosahedra Au-NCs.  

To further study the effect of salt, the concentration of KNO3 was decreased from 2.7 M to 1.3 M. 

The UV-Vis of the Au-NC colloids synthesized with 2.7 M KNO3 and 1.3 M KNO3 are shown in Figure 

2.4 A. Both colloidal solutions absorb at 529 nm and indicate similar average Au-NCs size. However, the 

Au-NCs synthesized with 2.7 M KNO3 absorb at a much high intensity. The low absorbance of Au-NCs 
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Figure 2.3: (A) XRD of the Au-NCs synthesized by AVIES with a 2.7 M KNO3 with 30 mg/mL PVP electrolyte solution. (B) HRTEM of the 

synthesized icosahedra Au-NCs of the 2 fold symmetry particle (inset) with visible (200) lattice planes. (C) HRTEM of Au-NC with (200) lattice 

planes showing 3 fold symmetry of icosahedra particle (inset). 
 

 
Figure 2.4: (A) UV-Vis absorption spectra of as synthesized Au-NCs created with 2.7 M KNO3 (green) and 1.3 KNO3 (red) electrolyte solution 

with 10 mg/mL PVP. (B) TEM with inset histogram of Au-NCs synthesized with 2.7 M KNO3 electrolyte. (C) TEM with inset histogram of Au-

NCs synthesized with 1.3 M KNO3 electrolyte. 
  



19 
 

synthesized in the 1.3 M KNO3 electrolyte indicates that for the same time duration, fewer nanoparticles 

are produced with decreased electrolyte concentration. Surprisingly, decreasing the electrolyte 

concentration did not change the shape of the nanoparticles. The TEM images in Figure 2.4 B and C 

show that icosahedra Au-NCs are synthesized in both electrolyte concentrations. Although the shape did 

not change, the lower electrolyte concentration synthesized 15 ± 2 nm diameter particles which are 

smaller and more narrowly distributed than the 16 ± 3 nm diameter particles of higher electrolyte 

concentrations.  While the monodispersity is beneficial, the decreased absorbance of Au-NCs synthesized 

at lower electrolyte concentrations indicate the salt affects the rate at which nanoparticles are produced.  

Temperature effects were studied on the AVIES approach to see if different shapes or sizes could 

be obtained. To do so, a 1.3 M KNO3 electrolyte solution with 10 mg/mL PVP was set to three different 

temperatures of 0° C, 22° C, and 50° C. The 1.3 M KNO3 electrolyte solution was used because that is the 

solubility of KNO3 at 0° C. The electrolyte solution was placed in an ice bath for the duration of the 0° C 

trial, and ice was added to keep the solution cool. The 22° C trial was run at ambient conditions. Lastly, 

the electrolyte solution was heated to 50° C in a hot water bath. The UV-Vis spectra from the three trials 

are shown in Figure 2.5 A. The spectra show that the species giving rise to the 354 nm peak are still 

produced. Furthermore, the 0° C and 22° C have an identical SPR peak, and indicates the average Au-

NCs sizes are similar. The 50° C trial has an SPR peak that is red shifted to 532 nm, and indicates the 

average Au-NC size will be greater than those synthesized at 0° C and 22° C. Similar to the results found 

at lower electrolyte concentration, the amount of Au-NCs synthesized over the same time duration 

increase with increasing temperature.  The TEM images of the 0° C, 22° C, and 50° C trials are shown in 

Figure 2.5 B – D respectively. The images show that 13 ± 2 nm icosahedra Au-NCs were synthesized at 

0° C. When the temperature was increased to 22° C, 15 ± 2 nm icosahedra Au-NCs were generated. 

Increasing the temperature to 50° C increased the average size to 21 ± 3 nm Au-NCs. The TEM images 

also show that increasing the temperature decreases the shape selectivity. At colder temperatures 

icosahedra and spherical particles are observed while elevated temperatures cause particles of various 

shapes to form. The results show that temperatures will influence the size and shape selectivity.  
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Figure 2.5: (A) UV-Vis spectra of Au-NCs synthesized in a 2.7 M KNO3 electrolyte 

solution containing 10 mg/mL PVP at 0° C (blue), 22° C (red), and 50° C (green) starting 

temperatures. (B-D) TEM images of Au-NCs synthesized at 0° C (B), 22° C (C), and 50° 

C (D) starting temperatures.  

 

To further test if different shapes or sizes can be achieved, it was natural to vary the ligand 

concentration. Different concentrations of 1 mg/mL, 10 mg/mL and 100 mg/mL of PVP in 2.7 M KNO3 

electrolyte solution were studied. The UV-Vis spectra, shown in Figure 2.6 A, of the three colloids all 

have a SPR peak at 529 nm. However, there is a drastic difference between the peak profiles of 1 mg/mL 

and 10 mg/mL compared to 100 mg/mL PVP. The broad SPR peak of Au-NCs synthesized with 100 

mg/mL PVP indicates that nanocrystals of larger size distributions are being synthesized. From TEM 

analysis presented in Figure 2.6 B and C, the Au-NCs synthesized with 1 mg/mL and 10 mg/mL of PVP 

had an average size of 15 ± 4 nm and 16 ± 3 nm respectively while the average size of Au-NCs increased 

to 19 ± 4 nm with 100 mg/mL PVP. While some icosahedra Au-NCs were synthesized with 100 mg/mL 

PVP, others are large, non-uniform shapes. The contrasting shapes can be explained by an observation 
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during the synthesis with 100 mg/mL PVP. During the first 10 minutes of synthesis the electrolyte 

solution transitioned from clear to red. As time progressed, the solution became more concentrated with 

time - as observed in every AVIES of Au-NCs. However, the colloidal solution would suddenly change 

from red to purple. This color change indicates that the average particle size also increased. Therefore, it 

is not advantageous to greatly increase the PVP concentration in order to synthesize high-quality, 

monodispersed Au-NCs.  On the other hand, lowering the PVP concentration produced crystals with 

smaller average diameter, but the crystal shapes remained the same.  

 
Figure 2.6: (A) UV-Vis spectra of Au-NCs synthesized in 2.7 M KNO3  solution 

with 1 mg/mL (blue), 10 mg/mL (red), and 100 mg/mL of PVP. (B-D) TEM 

images of Au-NCs synthesized with 1 mg/mL (B), 10 mg/mL (C), and 100 

mg/mL (D) PVP. 

 

To further study the effect of ligands, stabilizers other than PV were used. First, a 2.7 M KNO3 

with 10 mg/mL poly(sodium 4-styrenesulfonate), an aqueous polymer, was studied. During the synthesis, 

the colloidal solution was dark purple and indicative of larger Au-NCs. The UV-Vis, shown in Figure 2.7 

A, of Au-NCs synthesized with poly(sodium 4-styrenesulfonate) has a broad SPR shifted towards higher 

wavelengths. The TEM image reveals that the Au-NCs were not monodispersed or uniform shape. 
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Although the Au-NCs are not of high-quality, the results show that AVIES does work with stabilizers 

other than PVP. However, not all stabilizers will work. A second polymer, polyvinyl alcohol with 10 

mg/mL in electrolyte, was studied. The UV-Vis in Figure 2.7 A displays a characteristic SPR peak at 524 

nm, and shows that Au-NCs were synthesized. However, the reaction could not be ran for long durations, 

nor could enough Au-NCs be collected for optical characterization. The effervescence of H2 and O2 

generated at the electrodes causes the solution to bubble out of the vial. Because of this, creating Au-NCs 

with PVA is not a viable option. Furthermore, this result shows that surfactant stabilizers such as 

cetyltrimethylammonium bromide that create soapy solutions cannot be used in AVIES. However, the 

results from poly(sodium 4-stryrenesulfonate) show that the synthesis is not limited to PVP, and that 

other viable stabilizers will influence the NC’s shape and size. Last, it is noted that the peak at 354 nm 

still appears with different stabilizers.   

 
Figure 2.7: Synthesis of Au-NCs with different stabilizing agents (A) UV-Vis spectra of colloidal 

Au-NCs synthesized with poly(sodium 4-styrenensulfonate) (blue) and polyvinyl alcohol (red). (B) 

TEM image of Au-NCs synthesized with pol(sodium 4-styrenesulfonate). 
 

Another parameter studied was the voltage amplitude. In a typical synthesis 5 V is applied to the 

system. Below 3 V hydrolysis does not occur, and nanoparticles are not synthesized. When the voltage is 

doubled from 5 to 10 V, hydrolysis and nanoparticle generation was rampant.  The UV-Vis of the Au-

NCs synthesized with 10 V is shown in Figure 2.8 A, and displays an SPR peak at 522 nm. The SPR at 

522 nm is blue shifted from the 529 nm SPR of Au-NCs synthesized with 5 V. The blue shift indicates 

that the average particle size should be less than the average of 16 nm of a 5 V synthesis. However, the 
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TEM image reveals that icosahedron Au-NCs were either small, individual particles, or particles that are 

either aggregates or fused together. A HRTEM image was collected on a dumbbell shape particle in order 

to see if the large particles are a single crystal or aggregated together. The HRTEM image shown in 

Figure 2.8 B shows clear (200) lattice fringes oriented throughout the dumbbell crystal. The different 

orientations of a single lattice were observed in the HRTEM of icosahedra particles due to the twinning of 

the tetrahedral subunits. Similarly, the different orientations of the (200) lattice in the dumbbell HRTEM 

image mean the large particles synthesized under a 10 V amplitude are singly crystalline, multiply 

twinned nanoparticles.  

 

 
Figure 2.8 Characterization of Au-NCs synthesized with 10 V: (A) UV-Vis absorption spectrum of as 

synthesized Au-NCs synthesized with an applied 10V in 2.7 M KNO3 electrolyte solution with 10 mg/mL 

PVP. (B) TEM of purified Au-NCs synthesized at 10V. (C) HRTEM looking down (200) plane of fused 

Au-NCs. 
 

In order to gain insight into the formation mechanism, the anodic and cathodic half-cycles were 

studied by replacing the alternating voltage with direct voltage from a potentiostat and converted the 

single compartment vial to two by inserting a porous membrane. The two compartment vial was filled 

with the typical 2.7 M KNO3 electrolyte solution containing 10 mg/mL of PVP. The two gold wires were 

inserted into the solution on either side of the porous membrane to create an anodic and cathodic 

compartment. When 5V direct voltage was applied to the wires, generation of oxygen bubbles was 

observed in the anodic (+) compartment, and the solution turned purple. No color change was observed in 

the cathodic (-) compartment, but the expected effervescence of hydrogen was visible. Although the 

solution didn’t change color, the UV-Vis of the cathodic compartment, shown on Figure 2.9A, displays a 

peak at 354 nm which is also observed when an alternating voltage is applied. In the anodic compartment, 
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the presence of a SPR peak at 539 nm in the UV-Vis spectrum, shown in Figure 2.9, indicate that Au-

NCs are synthesized unde ran anodic process. The TEM and XRD (reference JCPDS 04-003-7037) in 

Figure 2.9 C and D of the purified solid in the anodic compartment confirm that large, widely 

distributed, icosahedron Au-NCs (30 ± 11 nm diameter) were synthesized. 

 It was surprising that Au-NCs were synthesized under anodic conditions, but the study directs the 

focus to the reaction intermediates. It has been shown that an anodic process above 2 V is enough to 

oxidize Au to AuOX.
52

 Furthermore, AuOX is readily reduced to Au in the presence of water. 
52,53

 

Considering these facts, the following formation mechanism for Au icosahedra is proposed: First, AuOX 

species is formed as a result of the anodic oxidation of Au atoms at the electrode surface. Afterward, 

AuOX is reduced by electrons (or freshly produced hydrogen atoms) during the subsequent cathodic 

 
Figure 2.9 Study of the formation mechanism of the Au icosahedra: (A) Scheme of the 

experimental setup by using a direct voltage provided by a potentiostat and two sepearet 

compartments created by a porous membrane. (B) UV-Vis absorption spectra solutions from adonic 

(green), cathodic (red), and 2.7 M KNO3 blank (orange). (C-D) TEM and XRD of Au-NCs 

generated under anodic conditions, respectively. 
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process to produce icosahedra Au-NCs. Lastly, PVP in the surrounding solution capped the nascent Au 

icosahedra and dispersed them into the bulk solution. The mechanism presented is consistent with the one 

proposed by Li et al. for synthesizing Rh and Pt hydrosols using an negative off-set (0.4 to -4.5V, 25 Hz) 

squarewave potential.
38

 

 While the described mechanism explains the synthesis of Au-NCs, it does not address what is 

observed in the cathodic compartment. As previously mentioned, a peak at 354 nm appears in all AVIES 

of Au-NCs with KNO3 electrolyte. The DC results show that the peak is caused by something formed 

under cathodic conditions. Yanson et al. showed that nanoparticles can be synthesized under purely 

cathodic conditions by creating a short lived metal anion that gets oxidized in solution and aggregates to 

form NCs.
39

 Given this, it is possible that Au-NCs could form under the cathodic half-cycle of the 

alternating voltage.   

It is well known that Au-NCs below 1.5 nm in diameter do not display a characteristic SPR 

peak.
1,54,55,56

 Instead, the colloidal solution is clear, but will fluoresce under UV light.
55,57

 When held to a 

UV lamp, the clear solution from the cathodic process did not fluoresce indicating that the peak is not due 

to <1.5 nm Au-NCs. Although peculiar, Lin et al. noticed a similar phenomenon in which a Au-NC 

colloidal solution did not fluoresce or display a characteristic SPR peak.
55

 After centrifuging their 

colloidal solution for 4 hours at 110,000 rpms, TEM images revealed the solution contained 3 nm Au-

NCs. Given these findings, it is possible that the 354 nm peak is due to the formation of approximately 3 

nm Au-NCs in the cathodic half-cycle. To further test the idea, a phase transfer experiment was 

performed where the clear colloidal solution was mixed with a 10 mM dodecanethiol in hexane and 

concentrated HCl was added dropwise. The inset images of Figure 2.10 show the clear organic phase 

turned red after HCl is added. The UV-Vis in Figure 2.10 shows three different spectra of the phase 

transfer. The aqueous layer before the phase transfer has no Au-NC SPR peak, but does have a large peak 

at 354 nm. After the phase transfer, the peak at 354 nm in the aqueous phase has decreased, and a new, 

unknown species absorbs at 357, 370, and 384 nm. Furthermore, two peaks synonymous with Au-NC 

SPR appear at 515 and 549 nm in the organic phase when the 354 nm peak in the aqueous phase 
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decreases. This study and literature survey suggests that small Au-NCs are synthesized under cathodic 

conditions; however, more characterization before and after phase transfer is necessary.
39,55

   

 
Figure 2.10: UV-Vis spectra of product under cathodic conditions before (blue) and 

after (green) phase exchange to 10 mM dodecanethiol in hexane (red) after drop wise 

addition of concentrated HCl. Inset is optical image of cathodic solution and hexane 

before and after phase exchange. 

 

 The catalytic activity of the synthesized icosahedron Au-NCs was studied using the reduction of 

4-nitrohpenol (NO2-C6H5-OH) to 4-aminophenol (NH2-C6H5-OH)  by sodium borohydride (NaBH4) in 

water.
58,59

 Figure 2.11 A is the UV-Vis time evolution of the reduction reaction over 30 s intervals. The 

peak decreasing with time at 400 nm is 4-nitrophenol, at 300 nm a 4-aminophenol peak arises, and the 

peak at 526 nm is attributed to Au-NCs. Because Au-NCs have a non-zero absorbance at 400 nm, the 

absorbance values in Figure 2.11 A are calibrated with respect to the final spectrum before analysis in 

Figure 2.11 B  The kinetic analysis on the absorbance of 4-nitrophenol with time is shown in Figure 2.11 

B with an inset of 4-nitrophenol absorbance over time. Because Au-NCs have a non-zero absorbance at 

400 nm, the absorbance values in Figure 2.11 A are calibrated with respect to the final spectrum before 

analysis in Figure 2.11 B. The constant absorbance for the first 150 s is an induction period caused by a  
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localized surface restructuring of the Au-NCs in the presence of 4-nitrophenol.
59

 After the induction 

period, the absorbance of 4-nitrophenol quickly decays to zero following first order reaction kinetics. To  

calculate the rate constant (k), the absorbance at 400 nm is converted to concentration values according to 

Beer’s Law       , where   is the molar absorptivity coefficient,   is the pathlength of light through 

the sample, and   is the concentration of 4-nitrophenol. The rate constant is monitored by observing the 

decrease of 4-nitrophenol with time in an excess of NaBH4: 

   [ ][ ] (2.2) 

Where   is the rate of the reaction,   is the rate constant with units of 1/s,   is the concentration of 4-

nitrophenol, and   is the concentration of NaBH4. However, the excess concentration of NaBH4 is 

constant with respect to 4-nitrophenol (100:1 respectively). Therefore, Equation 2.2 becomes a first order 

rate equation:
59

 

    
 [ ]

  
  [ ]  (2.3) 

 Thus, the linear relationship of ln[ ] vs. time in Figure 2.11 B, where the rate constant k = 0.025 ± 0.01 

s
-1

 and linear correlation coefficient r = 0.998, confirms that icosahedron Au-NCs are catalytically active. 

 

 
Figure 2.11: Study of the catalytic activities of the Au icosahedra in converting 4-nitrophenol to 4-

aminophenol: (A) UV-Vis spectra of the reaction solution with time; and (B) Plot of lnC versus time, 

where the inset shows the plot of absorbance at 400 nm versus time, based on the spectra (A). C is the 

concentration of 4-nitrophenol.  
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2.4 Conclusions 

 Catalytically active icosahedra Au-NCs were synthesized simply by applying an alternating 

voltage to two sacrificial gold electrodes in a saturated KNO3 electrolyte solution containing PVP. The 

type of salt used in the electrolyte solution was found to have an effect on the shape and size selectivity of 

the synthesized NCs. A systematic study of the AVIES approach on Au electrodes revealed the 

importance of electrolyte concentrations, temperature, concentration and type of stabilizer, and voltage 

amplitude. Low electrolyte concentrations and temperatures improve the monodispersity of the particles, 

but fewer particles are generated overall. The type of stabilizer is limited non-surfactant stabilizers due to 

the effervescence of H2 and O2 at electrodes. When the voltage amplitude is below three and water 

hydrolysis does not occur, colloidal Au-NCs are not synthesized. When 5 volts is applied, well dispersed 

Au-NCs are synthesized, but further increasing the voltage undesirably produced fused NCs. The 

mechanistic study showed that Au-NCs are generated by oxidation and subsequent reduction process. A 

byproduct inherent to the reaction was found to be generated at the cathode. While it is possible that the 

byproduct contains gold, more characterization is necessary. Future research should focus on extending 

the list of electrolyte and stabilizers studied, and focus on how each influences the particle shape and size. 

Focus should also be put on electrochemical studies of how current and frequency affect the synthesis.
36
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CHAPTER 3 

Alternating Voltage Synthesis of Platinum and Palladium Nanocrystals 

3.1 Introduction  

 Palladium and Platinum nanocrystals are used in petroleum refining, water treatment, organic 

reactions, hydrogenation reactions, and fuel cell applications due to their high catalytic activity.
5,18,30,60

 

Because Pd and Pt are precious metals, a lot of research is focused on synthesizing NCs with various 

morphologies to enhance their catalytic properties.
17,51

 Sun et al. were able to synthesize tetrahedahedra 

Pd and Pt NCs with high electro-oxidation activity by a direct electrodeposition approach.
31,32

 In their 

synthesis, Pd
2+

 was electrodeposited onto a glassy carbon to form nanosphere seeds. Next, a square wave 

potential (0.30 to 0.70 V) further reduced Pd
2+

 onto the spheres to produce tetrahedral NCs. The method 

requires expensive metal salt compounds and potentiostats. Previous research showed that facile 

alternating voltage induced electrochemical synthesis (AVIES) approach was able to produce icosahedra 

Au-NCs using inexpensive chemicals and instruments. The work in this chapter is focused on the 

applicability of the AVIES approach to produce Pd and Pt NCs. 

3.2 Methodology 

 Palladium and Platinum nanocrystals were synthesized using an alternating voltage induced 

electrochemical method. Two palladium or platinum wires (0.5-mm diameter) are connected to a Variac 

transformer and inserted into an electrolyte solution containing a salt (NaCl) and stabilizing ligand 

(polyvinylpyrolidone, PVP). Then, the transformer applied a zero-offset, 60 Hz alternating voltage of 4 V 

to the two Pd or Pt electrodes. A black flocculent diffuses from the electrodes, and disperses into bulk 

solution. The particles are purified and collected through three centrifugation and water rinse cycles using 

a Thermo Centrifuge at 14,600 rpm for 30 minutes.  The particles can be redispersed in water, ethanol, 

methanol, or other polar solvents for further characterization by UV-Vis, TEM, and XRD. Deviations 

from this method were studied and are described in the discussion.  

The catalytic activity of Pd-NCs was studied by observing the reduction of 4-nitrohpenol to 4-

aminophenol by sodium borohydride (NaBH4). Pd-NCs were synthesized in a 3M NaCl electrolyte 



30 
 

solution with 30 mg/mL of PVP. The particles were purified through three centrifuge (14,600 rpm) and 

rinse (nanopure-H2O) cycles, and redispersed in nanopure-H2O (npH2O). A 1-mL quartz cuvette was filled 

with 750 µL of nanopure-H2O, 100 µL of 1.0 mM 4-nitrophenol (Aldrich, 98%), 130 µL of 30.0 mM 

NaBH4, and mixed thoroughly. Then, 20 µL of 5 nm Pd-NC colloidal solution was added to the cuvette, 

and the reaction was monitored for 10 minutes at 40 second intervals using UV-Vis spectroscopy. The 

solution was stirred between collection periods to avoid the in situ production of hydrogen bubbles that 

interfered with spectral measurements. The final volume of the solution was 1.00 mL, and the final 

concentration of 4-nitrophenol and NaBH4 were 0.1 mM and 4.0 mM respectively.  

 Pd-NCs were quantified by ICP-MS analysis. Pd-NCs were synthesized by AVIES using 3 M 

NaCl electrolyte solution with 30 mg/mL PVP at 4 V. The 5 nm spherical Pd-NCs were purified and 

redispersed in nanopure H2O. A 0.100 mL aliquot of the Pd-NC colloid solution was dissolved in 0.900 

mL of concentrated Optima grade HNO3 (Fisher Scienific). The dissolved particles were diluted 1:10,000 

in nanopure H2O and analyzed on a Perkin Elmer Nexion 300q ICP-MS instrument.  

3.3 Results and Discussion 

 The following subsections include a discussion of the results obtained from the synthesis of Pd-

NCs and Pt-NCs described in the preceding methodology section. A systematic study of Pd-NCs is first 

discussed, and the catalytic activity is covered. The second subsection describes the synthesis of Pt-NCs.  

3.3.1 Pd Nanocrystals Synthesized using AVIES 

 In a model synthesis, Pd wires are inserted into a 3M NaCl electrolyte solution containing 30 

mg/mL of PVP. When 4V is applied to the wires oxygen and hydrogen is generated at the electrodes, and 

a black flocculent diffuses away from both electrodes. After a few minutes the solution turns black. The 

ex-situ UV-Vis spectra in Figure 3.1 A shows an increase in Pd concentration with time. Furthermore, a 

peak at 276 nm increases with reaction time. The peak at 276 nm is assigned to the in-situ production of 

[PdCl4-n9H2O)n]
n-2

 ions, and can be generated from aging the Na2PdCl4 or K2PdCl4 aqueous solutions 

(curve iii).
61,62

 When the Pd solid is purified, curve i  in Figure 3.1 B, the peak at 276 nm disappears due 

to the [PdCl4-n9H2O)n]
n-2

 ions remaining in the supernatant (curve ii).  The peak at 259 nm of the purified 
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sample is attributed to the metal-to-ligand charge transfer absorption between Pd and PVP.
62

 The TEM of 

the solid product, Figure 3.1 C-E, shows Pd nanospheres of 5 ± 1 nm diameter were generated 

continuously, making the nanosphere size independent of reaction time. The inset high-resolution TEM 

(HRTEM) image, Figure 3.1 F, is of a typical Pd nanosphere with clear lattice fringes indicative of the 

single-crystalline nature of the nanospheres. The chemical composition of the Pd particles were 

determined by EDX and XRD (against reference JCPDS 00-001-1201), Figure 3.1 F – G. The EDX 

indicates that Pd is present and a portion of carbon and oxygen is attributed to PVP. Most of the carbon 

signal and the entire copper signal arises from the copper TEM grid. The XRD confirms that the 

nanospheres are face-centered-cubic (fcc) Pd-NCs. 

 
Figure 3.1: AVIES reaction for synthesizing Pd-NCs using an alternating voltage of 4 V, 3 M NaCl, and 

30 mg/mL of PVP. (A) Time evolution of the UV-Vis spectra.  (B) Comparison of the UV-Vis spectra of 

the purified Pd-NCs (i), the remaining supernatant (ii), and a freshly-made PdCl42- solution (iii).  (C) to 

(E) are the TEM images of the purified Pd-NCs obtained at the reaction times of 5 mins, 10 mins and 30 

mins, respectively.    (F) The EDX spectrum of the obtained Pd-NCs and the HRTEM image of an 

exemplary Pd-NC.   (G) XRD patterns of the synthesized Pd-NCs (red line) and the face-centered cubic 

Pd standard (black sticks).  
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Similar to Au-NCs created by AVIES, changing the content of the electrolyte solution influenced 

the nanoparticles generated. By using different alkali-metal halogen electrolyte solutions, well-dispersed 

and size-controlled Pd-NCs were synthesized. When 3M KI electrolyte is used, smaller Pd-NCs of 1.4 ± 

0.2 nm were produced as shown in Figure 3.2 A. On the other hand, larger Pd-NCs of 6 ± 1 nm diameter 

were produced when 3M KBr was used as the electrolyte, Figure 3.2 B. Several different sizes were 

achieved with 3M NaBr (4.0 nm), 3M LiCl (6.6 nm), 3M LiBr (6.6 nm), and 3M KCl (7.4 nm) electrolyte 

solutions as shown in Figure 3.3 A – H. The mechanism of the electrolyte-dependent size-control is 

unclear, but may be due to the electrolyte’s capability of forming PdCl4
2-

, PdBr4
2-

 and/or  [PdCl4-

n9H2O)n]
n-2

 ion intermediates. 

In order to gain an understanding of the mechanism in a typical AVIES reaction (3M NaCl and 

30 mg/mL PVP), the alternating 4V was replaced with a direct 4V potential applied through a 

potentiostat, and inserted a porous membrane between the two Pd wires shown in Figure 3.4 A. Oxygen 

and a brown colloid were generated at the anode, and no changes were observed at the cathode except for 

hydrogen evolution. The UV-Vis absorption spectrum , Figure 3.4 B, of the anodic colloidal solution is 

 

 
Figure 3.2: Size control of the Pd-NCs by tuning the electrolyte identities.  (A) TEM image of the Pd-

NCs (1.4 ± 0.2 nm) made from 3 M KI.  (B) TEM image of the Pd-NCs (6 ± 1 nm) made from 3 M KBr. 
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Figure 3.3: TEM images (A-D) and histograms of the size distributions (E-H) of the Pd-NCs made by using NaBr (A and E), LiCl (B and F), LiBr 

(C and G), and KCl (D and H), respectively, as electrolyte solution. 
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Figure 3.4: Mechanistic study of the AVIES method.  (A) 

Scheme of the experimental setup by using a direct 

voltage provided by a potentiostat and two separate 

compartments created by a porous membrane.  (B) UV-

Vis absorption spectra of the solutions from the anodic 

(+) compartment (i) and the cathodic (-) compartment (ii).   

(C) to (E) are the XRD pattern, TEM image, and EDX 

spectrum of the solid products collected from the anodic 

compartment, respectively. 

 

is the same as a typical Pd AVIES while the cathodic colloid solution resembles the blank solution.  The 

XRD and TEM data in Figure 3.4 C-D show an amorphous product was generated at the anode. When 

comparing the EDX of the direct voltage synthesis to the alternating voltage (Figure 3.1 F) it is evident 

that there is a much stronger oxygen signal. The increased oxygen is assigned to an amorphous PdO 

substance. It has been previously reported that Pd-NCs can be synthesized by cathodically reducing PdO 

nanoparticles
39

, and since PdO has now been shown to be generated at the anode a general mechanism is 

proposed as follows: first, amorphous PdO nanoparticles were formed by the anodic oxidation of Pd 

atoms on the electrode surfaces. [PdCl4-n9H2O)n]
n-2 

byproducts were also generated by the electrochemical 

etching of the neighboring Pd atoms. After undergoing oxidation, PdO nanoparticles were reduced by 

electrons (or hydrogen that was generated at the electrode) during the ensuing cathodic process to produce 

Pd-NCs. Lastly, PVP capped and dispersed Pd-NCs into the bulk solution.  



35 
 

 Once a synthesis mechanism was established, the Pd-NCs synthesized by AVIES were studied to 

test whether or not they are catalytically active. To do so, the pseudo-first order reduction reaction of 4-

nitrohpenol to 4-aminophenol (discussed in Ch. 2.3.2 for the catalytic activity of Au-NCs) was studied on 

Pd-NCs synthesized in a 3 M NaCl with 30 mg/mL PVP electrolyte solution (5 nm diameter spheres).
58,63

 

Figure 3.5 A shows the time evolution spectra of the model catalytic reaction. The peak decreasing with 

time at 400 nm shows the concentration of 4-nitrophenol is decreasing over time while the two peaks at 

300 and 230 nm show that 4-aminophenol is forming. Unlike Au-NCs, no induction period was observed 

meaning the reduction of 4-nitrophenol started shortly after adding NaBH4 but before a spectra was 

collected. Because no induction period was observed, the molar absorptivity (ε) which is necessary for 

converting absorbance units to concentration in Beer’s law (A=εbc) could not be calculated because the 

concentration of 4-nitrophenol is not known. However, converting from absorbance to concentration is 

not necessary for calculating kapp since the change in absorbance is proportional to the change in 

concentration. Therefore, the apparent rate of the reaction will be the same. 

As shown in Figure 3.5 B, three different aliquots of Pd-NCs were studied. Increasing the 

amount of Pd-NCs in the reaction increases the number of active sites on which the reduction reaction can 

take place. The increased number of active sites should cause the apparent rate of the reaction (kapp) to 

increase. By plotting the natural log of absorbance vs. time an kapp was established for the three different 

trials. As expected, the kapp increased with increased Pd-NC concentration. 

 
Figure 3.5 Study of the catalytic activities of 5 nm Pd-NCs in converting 4-nitrophenol to 4-

aminophenol: (A) UV-Vis spectra of the reaction solution with time. (B) Plot of ln(Absorbance) versus 

time at 400 nm, where the inset give apparent rate constants (kapp). (C) The rate constant, k1, normalized to 

the unit volume surface area of Pd-NCs. 
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 Because the Pd-NCs are spherical, the surface area can be easily calculated, and the kapp
 

(apparent rate constant) can be normalized to the surface area of the particle by the equation:
63

 

    
 [ ]

  
      [ ]     [ ] (3.1) 

Where   is absorbance units (proportional to concentration),   is time, and    is the rate constant 

normalized to the surface area, S, of the Pd-NCs.  

To normalize the surface area, ICP-MS was used to figure out the overall concentration of Pd in 

the purified Pd-NC colloid used in the reduction reaction. The Pd-NCs were dissolved in concentrated 

HNO3 to create Pd(NO3)2, and ICP-MS revealed the concentration of Pd in the Pd-NC colloid. Assuming 

that all Pd-NCs in solution were 5 nm diameter spheres, the concentration of Pd-NCs in the colloid can be 

back calculated from knowing the volume of a sphere, density of Pd, and concentration dissolved Pd. 

From there, the surface area of the spherical Pd-NCs was calculated, and then the surface area of the Pd-

NCs colloid was normalized to the unit volume. Figure 3.6 C shows the linear trend of      vs. surface 

area where the slope gives a normalized rate, k1, of 0.019 s
-1

m
-2

L. The results show that the Pd-NCs 

synthesized by AVIES are catalytically active. 

3.3.2 Pt Nanocrystals Synthesized using AVIES 

 Platinum, another noble metal catalyst like Pd, has many applications in catalysis, energy, and 

electronics.
51,64,65,66

 Therefore, the feasibility of producing Pt-NCs by the AVIES approach was studied. 

Similar to the palladium synthesis, a black flocculent diffused away from both Pt electrodes and dispersed 

into the bulk 3 M NaCl electrolyte solution with 30 mg/mL PVP when the zero-offset alternating 4 V 

potential was applied. After purification, the Pt solid was analyzed using TEM, HRTEM, EDX, and was 

dropped onto a quartz slide for XRD analysis, shown in Figure 3.6. Surprisingly, the Pt-NCs were not 

individual, well dispersed crystals. Instead, a solid aggregate was observed in the TEM. The dispersity of 

the particles on the grid makes it difficult to tell if individual crystals are loosely aggregated together, or if 

it’s a singly crystalline interlace of particles. If the first possibility is correct, the high resolution TEM in 

Figure 3.6B is expected to show a small gap between neighboring particles due to the capping by PVP. 
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Figure 3.6: (A) TEM of the synthesized Pt-NCs using an alternating voltage of 4 V, 3M NaCl and 30 

mg/mL PVP. (B) HRTEM of the Pd-NC aggregate along the [111] lattice.  (C) The EDX spectrum of the 

obtained Pt-NCs. (D) XRD patterns of the synthesized Pt-NCs (black line) and the face-centered cubic Pd 

standard (red lines). 

 

However, joined lattice fringes at the solid to solid interfaces are observable. The visible lattice fringes 

assigned to the (200) lattice show that the stacking direction often changes at the joined lattices. The 

results support the second possibility of a large crystal made of interlaced particles. The EDX spectrum it 

confirms that the solid aggregate is comprised of pure Pt while the C and Cu signals are ascribed to the 

TEM grid. The d-spacing of the (200) plane further defends the platinum composition of the aggregate. 

Furthermore, XRD (reference JCPDS 04-013-4766) confirms that the solid product is fcc, crystalline Pt-

NCs.  

In order to create well dispersed nanoparticles other electrolytes were studied based off the, not 

fully understood, electrolyte-dependent size and shape control results of other noble metals (Au and Pd). 

When 3M KCl was substituted for NaCl individual, spherical Pt-NCs were observed in the TEM shown in 
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Figure 3.7 A. However, the product is primarily aggregates. In order to increase the amount of individual, 

spherical particles the amount of stabilizer, PVP, was increased from 30 to 100 mg/mL. The increased 

amount of stabilizer is meant to increase the electrostatic repulsive forces, and decrease attractive forces 

between NCs. The TEM, Figure 3.7 B, shows that increasing the PVP did produce some individual Pt-

NCs, but even at more than 3x the stabilizing concentration the amount of aggregation was 

insurmountable. Instead, the results suggest that the aggregates formed prior to diffusing and interacting 

with PVP in the bulk solution.  

To study whether the electrolyte had an effect on the aggregation, the halogen salt was substituted 

with 2.7 M KNO3. As the TEM in Figure 3.7 C indicates, changing the electrolyte produced clusters of 

Pt-NCs. The clusters resemble dendritic Pt-NCs which have gained particular interest due to their large 

surface area and electrocatalytic activity.
18,67

 A systematic study should be performed on Pt-NCs using 2.7 

M KNO3 electrolyte in order to improve the monodispersity of the dendritic NCs for catalytic 

applications.  

 
Figure 3.7: (A) Pt-NCs synthesized by AVIES with 3 M KCl electrolyte containing 30 mg/mL PVP. (B) 

Pt-NCs synthesized with 3 M KCl electrolyte containing 100 mg/mL PVP. (C) Pt-NCs synthesized by 

AVIES with a 2.7 M KNO3 electrolyte containing 30 mg/mL PVP. 

 

3.4 Conclusion 

 Applying an alternating voltage to Pd electrodes produced monodispersed, catalytically active 

spherical Pd-NCs. Size selectivity was achieved by changing the identity of the salt in the electrolyte 

solution. The mechanistic study showed that Pd-NCs are generated through a cathodic reduction of a PdO 

intermediate generated by the anodic oxidation of the Pd electrodes. Future work should focus on the 

shape control of Pd-NCs by changing the electrolyte identity and stabilizing agent. Although the Pt-NCs 
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were not well dispersed, a crystalline solid was created. Future research should focus on increasing 

electrostatic repulsive forces during the synthesis with the use of divalent cation salts. 
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CHAPTER 4 

Alternating Voltage Induced Synthesis of Alloy AuPd and PtPd Nanocrystals 

4.1 Introduction 

Bimetallic alloy and core-shell have unique chemical and physical properties that are dependent 

on size, atomic arrangement, and composition.
18,51, 68

 The tuning of these parameters allows for bimetallic 

nanocrystals to have various applications in renewable energy, sensors, optical markers, and most 

importantly as efficient and selective catalysts.
68

 For example, Zhang et al. showed that Au@Pd, Au@Pt, 

Pt@Pd, and Pd@Pt core@shell nanocrystals had enhanced oxygen-reduction electrocatalytic 

performances for fuel cell applications.
69

 A lot of research has focused on tuning the properties of core-

shell and alloyed nanocrystals (NCs) by wet-chemical synthesis.
70

 Research has shown that noble metals 

can easily form core-shell NCs at different temperatures and alloyed NCs at high temperatures due to low 

lattice mismatch.
68

 At low operating temperatures, Yanson et al. reported creating alloyed nanocrystals 

under cathodic corrosion of a single sacrificial alloyed electrode.
40

 The resulting NCs had the same 

composition as the sacrificial alloyed electrode, but lacked size or shape selectivity. Reetz also showed 

that bimetallic NCs can be produced by applying different currents to two sacrificial electrodes.
35

 

Previous research has shown that two sacrificial noble metal electrodes can synthesize high quality noble 

metal NCs by an alternating voltage induced electrochemical synthesis (AVIES). The work in this chapter 

is focused on the applicability of the AVIES approach to produce high quality bimetallic NCs from 

alloyed noble metal sacrificial electrodes. 

4.2 Methodology 

Alternating voltage induced electrochemical synthesis method was applied to alloy wires of AuPd 

(20% Pd). Two AuPd wires were attached to a variac transformer, and then the wires were inserted 0.5 

mm apart in a 3M NaCl electrolyte solution containing 30 mg/mL of polyvinylpyrolidone (PVP) as a 

stabilizing agent. A zero-offset alternating potential of 5V is applied to the two wires by the variac for 15 

minutes. The particles are purified and collected through five centrifugation and water rinse cycles using a 

Thermo Centrifuge at 14,600 rpm for 60 minutes. The particles were redispersed in water for further 
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characterization by UV-Vis, TEM, EDX, and XRD. The same procedure is repeated using PtPd (50% Pd) 

wires in place of AuPd. 

AuPd colloidal solution was quantified by ICP-MS analysis. AuPd colloidal solution was 

synthesized by AVIES using 3 M NaCl electrolyte solution with 30 mg/mL PVP at 5 V. The colloidal 

solution was purified by thee centrifugation rinse cycles and redispersed in nanopure H2O. A 0.100 mL 

aliquot of the AuPd colloidal solution was dissolved in mixture of 0.675 mL concentrated Optima grade 

HNO3 (Fisher Scienific) and 0.225 mL Optima grade HCl (Fisher Scientific). The dissolved particles 

were diluted 1:10,000 in nanopure H2O, and analyzed on a Perkin Elmer Nexion 300q ICP-MS 

instrument. 

4.3 Results and Discussion 

 The following subsections are a discussion of the results when the AVIES approach is applied to 

alloy wires of AuPd in the first section and PtPd in the second. Unexpected results were observed when 

using alloy wires as the starting material in the AVIES approach. 

4.3.1 AuPd Nanocrystals 

 Towards the goal of synthesizing alloyed nanocrystals, an electrolyte solution containing a 

halogen salt was chosen based on the synthesis of Pd under AVIES. Although a KNO3 electrolyte 

solution aided in synthesizing monodispersed icosahedron Au particles, the use of oxygenated salts (NO3
-
 

and SO4
2-

) did not generate Pd nanocrystals. For that reason, 3M NaCl with 30 mg/mL PVP was studied 

as the electrolyte. The NaCl electrolyte appeared promising when the solution turned brown minutes into 

the AuPd synthesis. At the end of the run, the colloid was a very dark purple color, easily mistaken as 

black. Figure 4.1 A shows ex-situ UV-Vis of the AuPd colloidal solution before and after purification. 

The peak at 535 nm is a characteristic SPR peak of gold nanoparticles. The peak located at 276 nm is 

attributed to the in-situ production of [PdCl4-n(H2)n]
n-2

 ions that remains in the supernatant and is 

discarded during purification.
62

 The morphology and composition of the purified nanocrystals were 

examined using TEM and EDX , shown in Figure 4.1 B. The image shows that tadpole nanocrystals were 

created, and the EDX indicates that Au and Pd are present. However, it is not clear whether a core-shell or 
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alloyed Au-Pd configuration was created. The different densities of Au (19.30 g/cm
3
)

 
and Pd (12.023 

g/cm
3
)

 
affect how electrons transmit through the sample. Higher electron densities will decrease the 

electrons transmitted, and display greater image contrast. On the other hand, less dense atoms will 

transmit more electrons. The particles, in general, display a darker head and lighter tail suggesting a Au 

head and Pd tail.  However, the contrast is not consistent throughout all the nanoparticles. A second 

possible contributor to contrast is thickness of the material.  A thick sample decreases the mean free path 

of the electron, and the electron is more likely to undergo elastic and inelastic scattering. The scattering 

causes fewer electrons to be transmitted leading to darker areas observed on the sample. Because of this, 

it is unclear whether the particles are core-shell with density contrast or alloyed with thickness contrast.   

In order to determine whether the particles are core-shell or alloyed an XRD of the purified AuPd 

NCs was collect and is shown in Figure 4.1 D. Indicated by the vertical reference lines(Pd: JCPDS 04-

004-4789 and Au: JCPDS 04-003-7037), Au and Pd have very similar XRD patterns, but differ in their 2θ 

peak position due to the different d-spacings of the element according to Bragg’s Law:
71

 

           (4.1) 

Where n is an integer, λ is the photon wavelength,   is the spacing between planes, and   is the angle at 

which the photon is hitting the sample. For larger d-spacing, the peak will shift to lower 2θ. When a 

material is alloyed, the XRD peaks with shift to higher and lower 2θ when the d-spacing is decreased or 

increased respectively. Because of this, how much the 2θ shifts depends on atomic percentage of an 

alloyed material. The change in d-spacing of an alloy is defined by Vegard’s law which states that there 

exists a linear relationship between the lattice constants of an alloy and its constituent elements:
72

 

                      (4.2) 

Where    is the lattice constant of element 1, x is the ratio of the two elements in the alloy,    is 

the lattice constant of element 2, and      is the new lattice constant of the alloy.  When Vegard’s law is 

applied to the AuPd XRD, the results indicate that the alloys were 100% Au. In other words, the obtained 

nanocrystals were not alloys. In the case of a core-shell NC, the lattice constants do not shift and will 
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have XRD peaks that match the NCs constituent elements. However, the XRD in Figure 4.1 D shows 

only Au is present in the sample. Although Vegard’s law showed the particles are not alloyed, further 

characterization was necessary to figure out why Pd was detected in EDX but not in XRD.   

 

 
Figure 4.1: AVIES reaction for synthesizing AuPd-NCs using an alternating voltage of 5 V, 3 M NaCl, 

and 30 mg/mL of PVP. (A) UV-Vis spectra of the AuPd colloid before (blue) and after (red) purification.  

(B)  TEM images of the purified AuPd colloid. (C) The EDX spectrum of the obtained Au and Pd NCs.   

(D) XRD patterns of the AuPd colloid (black line) and the standard for Au (red) and Pd (purple). 

 

 

In order to figure out why the XRD and EDX data contradict each other, EDX spectra were 

collected over multiple areas on a TEM sample. Figure 4.2 shows three TEM images (A-C) and 

corresponding EDX (D-F) spectra collected from an individual AuPd TEM sample in distinctly different 

areas of the TEM grid. Figure 4.2 A displays almost entirely tadpole nanoparticles, and the EDX detects 

that only Au, not Pd, is present. Figure 4.2 B shows a mixture of tadpole nanoparticles partially covered 

by an agglomerate of particles. A quantitative analysis of the EDX spectra in Figure 4.2 B reveals that 

60% Pd is present in that area. Lastly, an area of highly concentrated agglomerated particles covering 



44 
 

tadpole nanoparticles was analyzed, shown in Figure 4.2 C. The quantitative analysis indicated that 82% 

Pd is present. Knowing the particles are not alloyed, the transition from no Pd when only tadpole 

nanoparticles is present to high amounts of Pd in the agglomerated areas indicate that two separate 

precipitates of Au and Pd are generated when AVIES is applied to AuPd alloyed electrodes. Although Au 

and Pd particles were generated, the missing Pd peaks in the XRD suggest that Pd concentration is low 

compared to Au or the Pd is amorphous.  

 
Figure 4.2: (A-C) TEM image of Au-tadpole-NCs, mixture Au-tadpole-NCs and Pd solid, and 

predominantly Pd solid with Au-tadpole-NCs, respectively, generated from AVIES of AuPd alloy 

electrodes in 3M NaCl with 30 mg/mL PVP. (D-F) EDX collected of the corresponding TEM images. 

 

To determine the concentration of Au and Pd, an ICP-MS was collected on the purified Au-Pd 

colloidal solution used for XRD analysis. The particles were first dissolved in a solution of aqua regia, 



45 
 

and further diluted for ICP-MS analysis. The analytical analysis determined the colloidal solution 

contained 193 ppb (parts per billion) Au and 54 ppb Pd. The fact that the colloidal solution contained 

22% Pd and XRD did not have any Pd peaks it was concluded that the Pd particles generated are 

amorphous.  

4.3.2 PtPd Nanocrystal 

 Similar to the AuPd electrodes, a halogen salt was used when PtPd alloyed electrodes were 

employed for AVIES. Once again, NaCl with 30 mg/mL of PVP was selected based on the performance 

of Pd electrodes under AVIES. When an alternating 5 V was applied to the PtPd wires, a black flocculent 

diffused from the wires into bulk solution. As the synthesis proceeded, the solution became concentrated 

with particles, and transitioned from a translucent brown to a black colloid. The UV-Vis of the black 

colloid, shown in Figure 4.3 A, has a gradual increase in absorbance, which is characteristic of both Pd 

and Pt nanocrystals. The UV-Vis also displays a peak at 276 nm which was attributed to the in-situ 

production of [PdCl4-n(H2)n]
n-2

 ions. As with AuPd, the [PdCl4-n(H2)n]
n-2

 ions are discarded during 

purification. The presence of the peak at 276 nm was also observed for Pd and AuPd electrodes, and 

indicates that Pd was removed from the wires during AVIES.  The TEM image in Figure 4.3 B show 

popcorn-like nanocrystals were created from the AVIES of PtPd electrodes. Furthermore, there is no 

indication that separate Pt and Pd nanocrystals were created, compared to the results from AuPd.  

The EDX, Figure 4.3 C, shows that Pd and Pt are present in the sample. A quantitative analysis 

reveals that the nanocrystals contain only 10% of Pt. The low percent of Pt is not reflective of the starting 

material which contained 50% Pt. Although atomic percent of Pt is low, XRD shown in Figure 4.3 D 

indicates that the nanocrystals are a PtPd alloy. The peaks are slightly shifted away from Pd (reference 

JCPDS 04-002-9728), towards Pt (reference JCPDS 04-013-4766). Using Vegard’s law, the shift 

indicates that 10% Pt is alloyed with Pd. The fact that there is less atomic percent Pt in the nanocrystals 

than the bulk PtPd electrode is attributed to the different oxidation levels of the metals.
35

 At 0.915 V, the 

reduction potential of Pd
2+ 

to Pd is lower than Pt
2+ 

to Pt (1.188 V). The lower reduction potential means 
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that Pd undergoes oxidation and reduction more readily than Pt. In other words, Pd is being removed from 

the electrode at a higher rate than Pt is, and contributes to the low concentration of Pt in the final product.  

 

Figure 4.3: AVIES reaction for synthesizing PtPd-NCs using an alternating voltage of 5 V, 3 M 

NaCl, and 30 mg/mL of PVP. (A) UV-Vis spectra of the PtPd colloid before (blue) and after (red) 

purification.  (B)  TEM images of the purified PtPd colloid. (C) The EDX spectrum of the 

obtained PtPd-NCs.   (D) XRD patterns of the PtPd colloid (black line) and the standard for Pt 

(red) and Pd (purple). 

 

 

4.4 Conclusion 

 Alloyed popcorn nanocrystals were made when AVIES was applied to PtPd alloyed electrodes. 

However, the final 10% Pt in the nanocrystals is not representative of the bulk 50% Pt starting material. 

The difference in atomic concentration is attributed to the lower reduction potential of Pd. In the case of 

AuPd, alloyed nanocrystals were not synthesized. Instead, tadpole Au nanocrystals were synthesized, and 

Pd formed an amorphous precipitate.  Future research should focus on controlling to the voltage and 

monitoring the current to see how it influences how the alloyed materials dissolute and alloy back 



47 
 

together. Furthermore, temperature and solvent effects such as different salt and stabilizer should be 

studied.  
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CHAPTER 5 

Conclusions and Future Work 

5.1 Alternating Voltage Induced Electrochemical Synthesis of Noble Metal Nanocrystals 

 Towards the goal of electrochemically synthesizing high-quality noble metal nanocrystals without 

the use of a potentiostat, we developed an alternating voltage induced electrochemical synthesis (AVIES) 

approach. In the method, a common lab transformer is used to supply a zero-offset alternating voltage to 

two electrodes immersed in an electrolyte solution containing a stabilizing ligand. The identical anodic 

and cathodic half-cycles of the alternating voltage allowed NCs to be produced by both electrodes. The 

applicability of AVIES to synthesize NCs was studied on Au, Pd, and Pt noble metals, and the resultant 

NCs were characterized by UV-Vis, TEM, EDX, and XRD. The results showed that AVIES is a simple 

and generic option for synthesizing highly-crystalline colloidal noble metal NCs from two sacrificial 

electrodes using a zero-offset alternating voltage.  

5.1.1 AVIES of Au-NCs  

 The AVIES approach was firs applied to Au electrodes. By optimizing conditions, 16 nm 

icosaedra Au-NCs were able to be synthesized by the AVIES approach. A systematic study showed that 

the shape of the NCs are dependent on the identity of the electrolyte and stabilizing ligand. The type of 

stabilizing ligand are limited non-surfactant stabilizers as hydrolysis causes soapy electrolyte solutions to 

bubble out. Lowering the temperature and electrolyte concentrations improved the monodispersity of the 

synthesized NCs, but decreased the overall amount produced. The synthesis mechanism was studied by 

studying the products generated under anodic and cathodic conditions. The study showed that Au-NCs are 

generated at the anode while a byproduct is generated at the cathode. The icosahedra Au-NCs were found 

to be catalytically active by monitoring the reduction of 4–nitrophenol to 4-aminophenol. Future research 

should focus on using salts and viable stabilizers not mentioned in this study to obtain different shapes, 

sizes, and a better understanding of how they influence selectivity.  
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5.1.2 AVIES of Pd and Pt NCs 

 The results how that AVIES can be generalized to other metals such as Pd and Pt. The resuls 

show that well dispersed, size controlled (1-7  nm in diameter) spherical Pd-NCs can be synthesized by 

the AVIES approach. A mechanistic study mirrored the findings in Au-NCs that NCs are synthesized by 

an oxidation and subsequent reduction process. The results also showed that a metal-oxide intermediate 

forms before being reduced. The Pd-NCs were found to be catalytically active by monitoring the 

reduction of 4-nitrophenol to 4-aminophenol.  

 The AVIES approach was able to synthesize highly crystalline Pt-NCs. Regardless of electrolyte 

identity, the Pt-NCs formed interconnecting crystalline aggregates instead of being individual well-

dispersed. By using a non-halogen KNO3 electrolyte smaller crystalline Pt-NC aggregate clusters were 

synthesized. The clusters are otherwise known as dendritic nanocrystals, and are important for catalytic 

applications. Future research should focus the catalytic applications and on controlling the Pd and Pt NC 

shapes with different electroytes and stabilizers.   

 5.1.2 AVIES of Alloy AuPd and PtPd NCs 

When the AVIES approach was applied to alloyed PtPd electrodes, alloyed popcorn nanocrystals 

were synthesized with 10% Pt loaded into Pd. However, the final 10% Pt in the nanocrystals is not 

representative of the bulk 50% Pt in the alloyed electrode. The difference in atomic concentration is 

attributed to the lower reduction potential of Pd. In the case of AuPd, alloyed nanocrystals were not 

synthesized. Instead, tadpole Au nanocrystals were synthesized, and Pd formed an amorphous precipitate. 

The different particles can also be attributed to the different reduction potentials of Au and Pd which 

causes Pd to dissolute into solution at a different rate than Au. Future research should focus on controlling 

to the voltage and monitoring the current to see how it influences how the alloyed materials dissolute and 

alloy back together. Furthermore, temperature and solvent effects such as different salt and stabilizer 

should be studied. 
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5.1.3 Future AVIES of Transition metal and Semiconductor NCs 

 Although the scope of this study has focused on applicability of AVIES to produce noble metal 

NCs, the method should be extended to synthesizing transition metal NCs. Given that hydrolysis occurs 

during the synthesis, the transition metal will preferentially form metal oxides. Furthermore, another 

possible complication is the formation of metal-salt byproducts which were also seen in the synthesis of 

Pd-NCs. To circumvent oxidation by water, organic electrolytes such as ethylene carbonate and dimethyl 

carbonate can be used. The organic electrolytes are common to Li-ion batteries, and withstand oxidation 

up to 4.5 V.
73

 These electrolytes can potentially expand the AVIES approach to synthesis of 

semiconductor quantum dots that have important applications with renewable energies.  
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