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Nanoparticle impact electroanalysis (NIE) is a new electrochemical method under 

development for fundamental physicochemical studies of single nanoparticles (NPs) and 

potential applications in biosensing of single molecules with ultralow limits of detection. 

This dissertation introduces the tailored design, synthesis, characterization, and 

optimization of functional materials that comprise the foundation for the NIE detection 

strategy of interest, which is based on the principle of electrocatatlytic amplication 

(ECA). The investigations presented herein focus on two materials that function as the 

foundation in the ECA-NIE detection strategy:  1) the ultramicroelectrode (UME) used to 

contact these NPs individually from solution and 2) the NPs themselves, which are the 

primary focus of this dissertation. The specially designed materials described have helped 

to overcome major fundamental limitations associated with the ECA detection strategy 

and thus improve critical figures of merit for NIE.  

In Chapter 1, the incorporation of Hg as the UME material is shown to 

significantly improve signal-to-noise, reproducibility, and time resolution for the NIE 
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platform. In Chapter 2, the fundamental problem of colloidal instability is addressed and 

rectified by experimentally guided systematic optimization of the ECA solution 

conditions, in turn providing the means to properly calibrate and theoretically model NP 

impact events in terms of NP size and rate of impact at the UME surface.  Chapters 3 and 

4 highlight the synthesis, characterization, and analytical application of bifunctional 

catalytic/magnetic Pt-decorated iron oxide NPs for NIE. The bifunctional NPs serve as 

essential tools to overcome fundamental limitations of mass transport, which is achieved 

by physical manipulation using an externally applied magnetic field focused at the UME 

detection surface. The incorporation of magnetophoretically focused and accelerated NP 

transport results in a significantly improved limit of detection in comparison to diffusion-

limited NIE strategies. In Chapter 5 we return to the study of NP aggregation kinetics 

with NIE and discuss mechanistic insights into the physicochemical processes that most 

likely influence Pt NP colloidal stability. The methodologies described in this dissertation 

provide an experimental blueprint to help establish a solid physical/analytical foundation 

of this rapidly evolving field of research. 
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INTRODUCTION TO NANOPARTICLE IMPACT 

ELECTROANALYSIS 

The link between the electrochemical and colloid sciences is The Interface. All 

electrolytic reactions occur at the electrode-solution interface. Likewise, the forces 

responsible for stabilizing a colloid involve physicochemical interfacial interactions 

between the particle’s surface and the surrounding phase. The historical origins of 

electrochemists’ fascination with colloids, metal colloids in particular, can be traced back 

to Michael Faraday, regarded by many as the “founding father” of electrochemistry. 

Faraday also discovered, stabilized, and optically characterized the first Au colloid.1 In 

Faraday’s time, electrolytic reactions and measurements were carried out using 

macroscopic electrodes. In modern times, the geometric dimensions of the working 

electrode can be defined at the micro- and nanoscale. Broadly known as 

ultramicroelectrodes (UMEs), these tools provide the means to individually contact 

particles suspended in a solution. Methods for detecting single nanoparticles (NP) in 

solution with UMEs are generally referred to as NP “collisions” or “impacts” with the 

UME surface. Various forms of nanoparticle impact electroanalysis (NIE) now exist in 

the literature. Each form can be categorized by the NP detection strategy, which is 

defined by the selection of three major materials/reagents necessary for achieving single-

particle detection: 1) the electrode material, 2) the colloid, and 3) the electroactive redox 

molecules in solution that are oxidized or reduced upon NP/UME impact to generate an 

observable electrochemical signal.* Bard’s accounts focus on the NP detection scheme 

known as electrocatalytic amplification (ECA),2–4 which is the general strategy we 

                                                 
* Component 3, the redox molecule, is not necessary if the electrochemical signals result from the direct 

electrolysis of the NPs themselves. Supporting electrolyte (in the form of a neutral salt, strong acid or base, 

and/or pH buffer) is also included in most NIE detection schemes. 
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modified in these investigations. Compton’s reviews provide a survey of the NIE field as 

a whole, highlighting major pioneering experiments that were reported over the years 

from 1995 to 2014.5,6 NIE accounts can also be found in sections of more broadly 

focused reviews on nanoscale electrochemistry.7–9 Background literature highlighting 

revolutionary fundamental studies in colloid catalysis and electrochemistry is available in 

comprehensive reviews by Henglein10 and Murray.11 

The research presented in this dissertation was conducted as part of a 

collaborative effort to develop NIE as a viable detection strategy for biomolecular targets. 

Our small research team realized early on that in order to properly translate NIE into a 

viable bioanalytical nanotechnology, the fundamental physicochemical processes at play 

must first be experimentally elucidated and the NIE system accurately modeled. This 

dissertation presents the optimization of the aforementioned three inorganic components 

that are necessary for ECA-based NP detection, primarily focusing on the colloid and 

electrode material, with the overall purpose of establishing a model NIE system. Topics 

include the benefit of Hg UMEs, the importance of colloidal stability, and bifunctional 

colloids tailored for magnetically improving the limit of detection for NIE. The 

experimental methods and results discussed in the chapters of this text do not include 

biomodification strategies, which represent the next major challenge for applicability of 

the NIE method. This dissertation focuses on the challenges that can be overcome by 

chemical/physical manipulations of essential inorganic materials for NIE, and provides 

fundamental insight to aid the ongoing efforts towards transforming this scientific 

curiosity into real-world application as a general ultrasensitive detection strategy for a 

host of analytes.   
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FUNCTIONAL ELECTRODE MATERIALS FOR NANOPARTICLE 

IMPACT ELECTROANALYSIS:  OPTIMIZING PERFORMANCE 

WITH MERCURY ULTRAMICROELECTRODES 

Chapter 1:  Hg Ultramicroelectrode as Ultrasensitive Electroanalytical 

Tool for Detecting, Sizing, and Evaluating the Catalytic Activity of 

Platinum Nanoparticles* 

1.1 INTRODUCTION 

Because of their unique physical and chemical properties, metal nanoparticles 

(NPs) have attracted tremendous interest in modern chemical research and found 

applications in a wide variety of fields such as photochemistry,12 electrochemistry,10 

optics,13 and catalysis.14 To gain a better understanding of their fundamental properties 

and optimize their activity for various applications, NPs must be characterized precisely 

in terms of size, shape, and composition. For example, both the size and shape of NPs 

have been shown to affect their catalytic activity.15,16 Hence, several techniques, such as 

transmission electron microscopy (TEM), scanning electron microscopy (SEM), atomic 

force microscopy, UV−vis spectroscopy, surface plasmon resonance, mass spectrometry, 

dynamic light scattering, and X-ray absorption spectroscopy have been developed to 

determine the NP size and shape distributions. In recent years, interest in using TEM to 

determine NP size distributions has increased, especially for NPs that are a few 

nanometers in size, but the cost and limited accessibility of TEM limits its widespread 

and routine use for correlating structure−property relationships. A high-throughput 

analytical method that could detect and evaluate the activity of individual NPs in a 

                                                 
* Portions of this chapter were published in Dasari, R.; Robinson, D. A.; Stevenson, K. J. J. Am. Chem. 

Soc. 2013, 135, 570-573. 
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routine manner would bypass ensemble-type measurements (e.g., UV−vis spectroscopy) 

and enable the study of single NP catalysts. 

Bard3,17,18 and others19 reported several electrochemical approaches for detecting 

single NPs by measuring their impact with the conducting surface of an 

ultramicroelectrode (UME). For example, Bard and coworkers observed a large current 

amplification due to electrocatalytic processes (oxidation/reduction of the species present 

in solution) occurring on the surface of an NP when it collided with an inert UME that 

otherwise could not electrocatalyze the reaction. Compton and coworkers immobilized 

redox-active p-nitrophenol ligands on metal NPs and monitored the current transients 

corresponding to reduction of the attached ligands whenever the NPs contacted an 

electrode that was held at a potential negative enough to reduce p-nitrophenol. These 

methods attempted to quantify current transients to determine NP size distributions, but 

there are certain aspects associated with the chronoamperometric (CA) response that are 

not fully understood. Two types of CA responses have been observed: a current step3 that 

increases with time as a result of NP accumulation and a current “spike” or “blip” that 

decays to the background current level with time.17 The NP type and the indicator redox 

reaction also influence the shape and magnitude of the CA response for individual NP 

collisions. For instance, at a Au UME with citrate-capped Pt NPs for hydrazine (N2H4) 

oxidation, a stepwise CA increase (“staircase” response) was observed, but for IrOx NPs 

analyzed for water oxidation, the CA response appeared as a “spike.” The staircase CA 

response suggests that the NP sticks to the electrode upon contact, and further collisions 

contribute to a buildup of electrocatalytic NPs and an overall increase in current. In this 

case, the signal-to-noise (S/N) ratio changes with time and each new collision event, 
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thereby making it difficult to detect individual NP collisions over long analysis times and 

to determine whether other processes are involved, such as surface-induced NP 

aggregation or electrode fouling. The  basic  principle  involved  in  electrochemical  

methods  (single  NP collision  experiments)  for  detecting  NPs  is  to  hold  the  

potential  where  the  electrode cannot  catalyze  a  certain  reaction  whereas  the  NP  is  

capable  of  upon  its  impact  with electrode.  Hence, the applied potential or the 

difference between the potentials at which Au and Pt catalyze a reaction plays a key role 

in observing single NP current transients. In the case of a Au UME, Pt NPs remain 

catalytically active after sticking to the Au electrode. Hence, after a certain time there is a 

buildup of electrocatalytic Pt NPs on the surface of Au UME.  Since Pt NPs stuck to the 

Au UME are capable of catalyzing N2H4 oxidation the onset potential for N2H4 oxidation 

at Au UME shifts to a more negative value approaching that of Pt. This results in a 

decrease in current amplitude and frequency of collision. With time more Pt NPs stick to 

the electrode and the onset potential for hydrazine oxidation shifts to a more negative 

potential and almost overlaps with that of Pt leading to no observable NP events after the 

Au UME surface is saturated with Pt NPs. This is not the case with a Hg electrode. 

Though NPs do stick to the Hg electrode, the onset potential for N2H4 oxidation is not 

affected as the Pt NP surfaces become fully poisoned within a few seconds after impact 

(typically ~1-5 s total deactivation time for the 5 nm Pt NPs used in this study).  

Figure 1.1 shows N2H4 oxidation at Au UME and Hg/Pt UME before and after 

loading with Pt NPs. The spikeshaped CA response observed in the case of water 

oxidation with IrOx NPs at a Au UME suggests that the collisions are elastic (i.e., the NP 

bounces off rather than sticking on the surface). However, the current spike could also be 
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associated with NP deactivation processes (e.g., poisoning). Until now, this kind of 

current response has been limited to IrOx NPs at a Au UME for water oxidation and to p-

nitrophenol-labeled NPs, where there is always an issue of electroactive surface coverage 

of the redox-active molecule on the NP. Here we report an electrochemical approach 

utilizing a renewable Hg-modified Pt (Hg/Pt) UME as a reliable and robust electrode 

platform for detecting and screening NP sizes that overcomes all of the issues associated 

with the above-described electrochemical methods, such as electrode fouling and 

accumulative NP sticking processes. While Hg drop electrodes have been used previously 

to study adhesion processes for liposomes, montmorillonite particles, and TiO2 

particles,20–23 this is the first report describing the use of a Hg thin-film UME to detect 

single NP collisions associated with Faradaic electrocatalytic processes. 

Our approach has several distinct advantages for quantitative analysis of single 

NP electrocatalysts. The key advance is the use of a Hg/Pt UME as the working 

electrode. We benchmarked this method using citrate-capped Pt NPs of different sizes 

synthesized by a well-established recipe24 with N2H4 oxidation as the electrocatalytic 

indicator reaction. Figure 1.2 shows a schematic representation of the detection of single 

Pt NPs via electrocatalytic amplification using N2H4 oxidation at a Hg/Pt UME as the 

indicator. The Hg/PtUME is held at a potential where it does not catalyze the reaction 

(region A). When a NP diffuses to the UME and either collides with it or is at a distance 

where electrons can tunnel to it, the electrocatalytic reaction is turned on, resulting in an 

increase in current (region B). Once the Pt NP contacts the Hg/Pt UME, it appears that 

Hg poisons the Pt NP and turns off the catalytic reaction, resulting in a decrease in 

current, which eventually drops back to the background level (region C). As a result, a 
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distinct current spike with a high S/N ratio is observed for single NP collisions at the 

Hg/Pt UME. This response is unlike the staircase current response previously observed at 

a Au UME.3 While the use of Hg0 as a catalyst poison to suppress the catalytic activity of 

bulk Pt has been known for several decades,25 its use to improve the detection of single 

NPs has not been reported to date. We attribute the poisoning process to either 

physisorption of Hg on Pt or Hg−Pt amalgamation. Though bulk amalgamation of Pt with 

Hg has been generally disregarded, there are a few reports of Hg−Pt amalgamation and 

Hg−Pt alloy formation at electrodes, resulting in a different electrochemical response 

than for pure Pt or Hg electrodes.26,27  

 

 

Figure 1.1: Cyclic voltammogram of N2H4 oxidation at (A) Au UME and (B) Hg/Pt 

UME (radius 12.5 μm) in 50 mM phosphate buffer (pH ~7.5) containing 15 

mM N2H4. Black- before loading UME with Pt NPs. Red- after loading 

UME with Pt NPs. Schematic representation of a single Pt NP collision 

event at a Hg/Pt UME and the current enhancement by electrocatalytic 

oxidation of N2H4. 
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Figure 1.2: Schematic representation of a single Pt NP collision event at a Hg/Pt UME 

and the current enhancement by electrocatalytic oxidation of N2H4.* 

1.2 EXPERIMENTAL 

1.2.1 Setup for Electrochemical Measurements 

Cyclic voltammetry and chronoamperometry were performed with a three 

electrode cell containing about 20 ml of electrolyte, controlled by an electrochemical 

workstation (CH Instruments, Austin, TX, model 700). Ag/AgCl was used as a reference 

electrode. Throughout the experiment the electrochemical cell was maintained as 

vibration free as possible under a faraday cage in Ar environment. The current was 

recorded vs. time before and after injecting NP solution. Also to ensure proper 

distribution of Pt NPs in solution, the solution was bubbled with Ar for 10 s after 

injecting NPs. Due to the opening and closing of the faraday cage for injecting the NPs, 

noise would appear in the CA plot. 

                                                 
* The bursts in current for all NP impact events reported throughout this dissertation result from the 

oxidation of hydrazine, so they all represent increases in anodic current. Chapters 1 and 4 adhere to an 

older plotting convention where the ECA current signals are shown upside-down to represent anodic 

current. Chapter 2 was written more recently, showing the current bursts more appropriately as an increase, 

which fits better to the plotting convention used by other authors investigating similar systems. 
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1.2.2 Synthesis of Pt NPs 

Citrate capped Pt NPs of different sizes were synthesized using the procedure 

reported by Eychmüller and coworkers.24 All Pt NP solutions were dialyzed to remove the 

excess salts before performing collision experiments and UV-Vis analysis. 

1.2.2.1 Synthesis of Seed Pt NPs (3-5 nm) 

First, to 100 ml of boiling nanopure water 7.76 ml of a solution containing 0.2% 

chloroplatinic acid hydrate was added. This solution was boiled for a min. Later 2.37 ml 

of a solution containing 1% sodium citrate and 0.05% citric acid was added and was 

allowed to boil for half a minute. Finally 1.18 ml of freshly prepared solution containing 

0.08% sodium borohydride, 1% sodium citrate and 0.05% citric acid was added and was 

boiled for 10 min. Once this product cooled down to room temperature it was used as a 

precursor for synthesis of larger Pt NPs. 

1.2.2.2 Synthesis of 15 nm Pt NPs 

A 1.00 ml aliquot of the Pt seed solution synthesized using the procedure described 

above was added to 29 ml of nanopure water at room temperature. To this solution 0.045 ml 

of a 0.4 M chloroplatinic acid solution and 0.5 ml of a solution containing 1% sodium citrate 

and 1.25% of L-ascorbic acid were added while stirring. Temperature was then slowly 

increased to boiling point (~ at the rate of 10º C/ min) and the total reaction time was 30 min. 

1.2.2.3 Synthesis of 29 nm Pt NPs 

Similar procedure described above for the synthesis of 15 nm Pt NPs was used for 

synthesizing 29 nm Pt NPs; the only difference being the amount of 0.4 M chloroplatinic acid 

solution that was added to the reaction mixture. In this case, 0.023 ml of 0.4 M chloroplatinic 

acid was added to grow 29 nm Pt NPs. 
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1.2.3 Determination of Pt NP Concentration 

1.2.3.1 Preparation of Pt Standards 

K2PtCl4 (41.5 mg) was dissolved in 1 mL of aqua regia. The solution was mildly 

heated until evaporated to dryness. The solid was then dissolved in 5 mL of 0.100 M HCl 

to prepare a 20 mM H2PtCl6 stock solution. 20 mM H2PtCl6 stock solution was further 

diluted with 0.1M HCl to prepare five Pt salt standard solutions of 2.5, 5.0, 10, 15 and 20 

μM concentrations. UV-Vis spectra of the standard solutions was measured against a 

0.100 M HCl blank solution. Although the measurements were blanked with 0.100 M 

HCl, each spectrum still required post-processing baseline subtraction due to matrix 

interference. After baseline correction the peak absorbance values at 262 nm wavelength 

were plotted against concentration to construct a calibration curve. 

1.2.3.2 Digestion and Quantification of Pt NP Samples 

Aliquots of 600 μL volume were taken from the as-synthesized NP solutions. 

These aliquots were then digested with 3 mL aqua regia, heated until fully evaporated, 

dissolved in 5 mL of 0.100 M HCl, and the absorbance spectra measured against a 0.100 

M HCl blank. Pt ion concentration was calculated from baseline-corrected absorbance 

and molar absorptivity from calibration curve. The stoichiometric ratio of Pt atoms per 

NP was estimated from TEM. The average radius of the NPs determined from TEM was 

used to calculate the average volume of each particle in cubic centimeters. The density of 

Pt atoms per cubic centimeter was calculated from the density of Pt (21.45 g/cm3), the 

atomic mass of Pt (195 g/mol), and Avogadro’s number. Pt atoms per NP was estimated 

by multiplying the density of Pt atoms (6.62x1022 atoms/cm3) by the average volume 
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(cm3/NP). The Pt ion concentration from spectroscopic analysis was divided by this value 

to find the NP concentration of the sample. 

1.2.4 Fabrication of Hg/Pt UME  

Hg/Pt UMEs were fabricated following the procedure reported before.28 First, a 

25 μm Pt UME was prepared by sealing the Pt micro wire in soft glass. The Pt UME was 

polished with 0.3 and 0.05 μm Al2O3 powder in order to obtain a pristine surface. The 

projected surface area and the quality of the Pt UME were tested by obtaining a cyclic 

voltammogram of N2H4 in 50 mM phosphate buffer (pH ~7.5) containing 15 mM N2H4. 

Hg was then electrodeposited on Pt UME from a solution containing 5.7 mM mercurous 

ions in 0.5% concentrated nitric acid in 1M KNO3 in chronocoulorometric mode by 

holding the potential at 0.1V vs Ag/AgCl for 300s. As Hg electrode has high 

overpotential for H2 evolution, successful formation of Hg film on Pt UME was 

confirmed by studying the H2 evolution reaction at Pt UME before and after 

electrodepositing Hg. 

1.3 RESULTS AND DISCUSSION 

Figure 1.3 shows the CA trace recorded at a Hg/Pt UME held at a potential of 

−0.05 V in a 50 mM phosphate buffer (pH ∼7.5) containing 15 mM N2H4 before the 

injection of Pt NPs. The background current was ∼150 pA and remained constant over 

the time course of the experiment, unlike the background current at a Au UME, which 

decays quickly with time.3 Also, the background current at the Hg/Pt UME was 2 orders 

of magnitude lower than the current observed on a Au UME of similar diameter (∼2 × 

10−8 A). In an CA curve recorded at the same Hg/Pt UME after injection of Pt NPs, very 

distinct current spikes were observed (Figure 1.3). Normally, the current spike in a single 
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collision showed a very fast increase and a slower decay, unlike the accumulative 

increase in current observed at a Au UME. Most of the current spikes were quite uniform 

in magnitude, although there were some subtle differences in the height and shape of 

some transients that we attribute to polydispersity in the sizes and shapes of the particular 

NP sample and small variations in the catalytic response and poisoning processes. In a 

control experiment, we did not observe any distinct current spikes upon introduction of Pt 

NPs in pH ∼7.5 phosphate buffer solution containing no N2H4, indicating that the NP 

current transients observed after injection of Pt NPs into buffer containing N2H4 were 

indeed due to N2H4 oxidation. 

 

 

Figure 1.3: Chronoamperometric traces recorded at a Hg/Pt UME (12.5 μm radius) in 

50 mM phosphate buffer (pH~7.5) containing 15 mM N2H4 (A) before and 

(B) after injection of Pt NPs [applied potential (Vapp), -50 mV vs Ag/AgCl; 

data acquisition interval (tdata), ~1.5 ms; NP size, ~26 nm; NP concentration, 

~3 pM].  

Collision experiments were performed under different experimental conditions to 

confirm that the observed current transients were due to individual Pt NP collisions. The 
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collision frequency scaled linearly with concentration (Figure 1.4) and is found to be 

0.016 to 0.024 pM−1 s−1 which is in good agreement with the value 0.012−0.02 pM−1 s−1 

reported before by Bard and coworkers.3 The lowest concentration of Pt NPs that we 

could detect within a 300 s time interval using our approach was 0.7 pM. The observed 

collision frequency corresponds to an NP diffusion coefficient of ∼2 × 10−8 cm2/s, which 

is lower than the diffusion coefficient estimated using the Stokes−Einstein relation (∼1 × 

10−6 cm2/s), perhaps because some of the NPs that collide with electrode actually do not 

stick to it and generate a current response. An alternative explanation for the apparently 

slow NP diffusion coefficient is that the Pt NPs are rapidly aggregating in solution due to 

the N2H4-induced coagulation. Another possible contributor to aggregation is the 50 mM 

phosphate buffer; this concentration may be too high and destabilize the colloid in 

accordance with the Schulze-Hardy Rule.*  

                                                 
* The problems associated with colloidal instability are mechanistically elucidated and experimentally 

addressed in Chapter 2, leading to the discovery of solution conditions whereby the Pt colloid remains 

stable as monodisperse individual NPs. 
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Figure 1.4: (A) Chronoamperometric traces for Pt NP collisions at a Hg/Pt UME (12.5 

μm radius) in 50 mM phosphate buffer (pH~7.5) containing 15 mM N2H4 

and varied concentrations of Pt NPs (Vapp, -50 mV vs Ag/AgCl; tdata, ~1.5 

ms; NP size, ~5 nm), and (B) correlation between the number of collisions 

and the Pt NP concentration from three replicate measurements.  

We also tested the reproducibility and reusability of the Hg/Pt UME. Figure 1.5 

shows three CA plots for single Pt NP collisions recorded sequentially at the same Hg/Pt 

UME. The background current and the frequency of collisions did not change 

significantly even after multiple collisions were observed, indicating that the Hg/Pt 

electrode can be reused and does not foul over long analysis times. Figure 1.5 also shows 

CA plots for single Pt NP collisions recorded at two different Hg/Pt UMEs. We observed 

similar background currents, collision frequencies, and charges passed per spike, 

indicating that our method is reproducible. To test our hypothesis of Hg amalgamation 

upon contact with the Pt NPs, N2H4 oxidation at a Hg/Pt UME was performed before and 
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after loading with Pt NPs and collision experiments with pre-poisoned Pt NPs. Recall that 

no difference in N2H4 oxidation was observed at the Hg/Pt UME before and after loading 

with Pt NPs (Figure 1.1), which indicates that Pt NPs are deactivated after they stick to 

the Hg/Pt UME. Also, no current transients due to single NP collisions were observed 

when bulk Hg was added to the Pt NP solution before performing collision experiments, 

meaning that Pt NPs were pre-poisoned (Figure 1.5). These observations do not 

completely rule out the possibility that Pt NPs bounce back into the solution, but they do 

support our hypothesis that the Pt NPs are deactivated after they stick to the Hg/Pt UME.  

 

 

Figure 1.5: CA plot for single Pt NP collisions recorded at a Hg/Pt UME (radius 12.5 

μm) after injecting prepoisoned Pt NP solution in 50 mM phosphate buffer 

(pH ~7.5) containing 15 mM N2H4. (Vapp, -50 mV vs Ag/AgCl; tdata, ~1.5 

ms; NP size, ~ 25.7 nm; NP concentration, ~ 6 pM). Pt NPs are prepoisoned 

by adding ~2 mls of bulk Hg to 20 mls of 60 pM Pt NP solution. We did not 

observe significant number of single NP transients with prepoisoned Pt NPs. 

The spike circled in red is the only spike observed in 1000 s time interval.  
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We also tested the applicability of our approach as an analytical tool for screening 

NP sizes. If the observed current transients are due to individual NP collisions, we should 

be able to determine the Pt NP size distribution from the distribution of peak currents at 

constant N2H4 concentration. Three colloidal solutions containing Pt NPs of different 

sizes were tested. Figure 1.6 (A−C) shows TEM images of the Pt colloidal solutions, and 

the histograms in Figure 1.7 (A−C) show the NP size distributions determined from the 

TEM images. The average sizes of the NPs were determined to be 4.7 ± 1.0, 14.1 ± 2.3, 

and 25.7 ± 2.6 nm, respectively. Figure 1.6 (D−F) shows representative CA profiles 

recorded for the corresponding colloidal solutions. Other than the NP size, all of the other 

parameters were kept constant, so any differences in the current events were due to 

differences in NP size and size polydispersity. The CA plots recorded for the three 

solutions showed discrete current spikes with different current amplitudes (Figure 1.6, A-

C). The total charges passed per spike during a single NP collision event was 

concentrated over the range of 40−70, 80−185, and 155−329 pC, respectively for the 

three Pt colloidal solutions containing various sizes of NPs. The average charge per spike 

during a single NP collision scaled linearly with the average NP diameter as determined 

from TEM (Figure 1.8). 
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Figure 1.6:  (A-C) TEM images of citrate-stabilized Pt NP samples, each from a colloid 

of different nominal size according to Pt growth conditions and (D-F) 

corresponding CA plots for single Pt NP collisions at a Hg/Pt UME (radius 

12.5 µm) in 50 mM phosphate buffer (pH~7.5) containing 15 mM N2H4 and 

~3 pM NPs (Vapp, -50 mV vs Ag/AgCl; tdata, ~1.5 ms). 
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Figure 1.7:  Histograms showing statistical size distributions of NPs for three spherical 

Pt colloids of different diameter, as determined from (A−C) TEM and (D−F) 

CA plots by integration of the charge passed per spike during single NP 

collisions. 
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Figure 1.8:  Average charge passed per spike during single NP collisions vs average NP 

size determined from TEM. 

Using the reported equation for calculating the amplitude of the mass-transfer-

limiting current generated at an individual spherical metal NP in contact with a planar 

electrode,3 we estimated the corresponding sizes of the NPs from the CA plots. These 

calculations were based on the assumptions that the integrated charge passed per spike 

corresponds to the current amplitude and the potential is held at the mass-transfer-

limiting regime. Upon consideration of the surface deactivation processes that have been 

previously addressed in the Pt-catalyzed N2H4 oxidation literature, both in acidic29 and 

pH neutral30 conditions, we hypothesize that the calculated particle sizes are most likely 

underestimations. Aggregation is a very strong possibility under these high ionic strength 

conditions in the presence of a reactive species, N2H4, so the current spike events may 

primarily correspond to aggregates formed in solution.* 

                                                 
* The aggregation hypothesis is experimentally addressed later in Chapter 2. 
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The histograms in Figure 1.7 (D−F) show the size distributions of NPs obtained 

from the CA plots shown in Figure 1.6 (D−F). The average Pt NP sizes were 4.4 ± 2.0, 

11.6 ± 4.6, and 21.7 ± 7.0 nm, respectively, which are smaller and possess larger 

deviations than the TEM results but are within the range determined by TEM. We note 

that even though the equation used to estimate the Pt NP size based on the integrated 

charge fails to take into account the time-dependent decay of the current, we still 

observed a good correlation between the sizes determined from the CA plots and TEM. 

This could reflect the fact that when the Pt NP just makes contact with the Hg/Pt UME, 

the total surface area of the Pt NP is catalytically active and the resulting initial peak-to-

peak amplitude is probably equal to the diffusion-limited current. Though the NP 

becomes deactivated by possible amalgamation and the current eventually drops to the 

background level, this process probably is so sluggish that the initial peak-to-peak 

amplitude greatly influences the charge integral, which likely explains the good 

correlation between the sizes determined from the CA plots and TEM. In our case, the 

initial peak-to-peak amplitude could be slightly lower than the diffusion-limited current, 

as we assumed the system to be in the mass-transfer-limited region, but we still think it 

greatly influences the charge integral. Also, instrumental limits such as the sampling 

interval can affect the current amplitude. If the deactivation process is faster than the 

sampling interval, a lower current would be obtained, which would in turn affect the Pt 

NP radius estimated from the integrated charge. Though we used the fastest possible 

sampling interval (1.5 ms) in our experiments, the limited time response could still affect 

the measured current, possibly explaining why the charge-derived sizes are slightly 

smaller than those determined by TEM. We also determined the root-mean-square (rms) 
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noise and S/N ratio from the analysis of current transients. The rms noise was found to be 

in the range 0.41−0.71 pA with a steady low noise level maintained over long analysis 

times (>1000 s). As a result, the S/N ratio increased with increasing NP size, from ∼18 to 

351 and 1116 for 4.7, 14.1, and 25.7 nm Pt NPs, respectively. From this analysis, we 

estimate that the size of the smallest detectable Pt NPs using our approach is ∼1.6 nm. 

1.4 CONCLUSIONS 

In conclusion, we have successfully demonstrated the use of a Hg/Pt UME as an 

electrode platform for detecting and screening NP sizes. By employing Hg/Pt as an 

electrode, we were able to observe a consistent spike-shaped current response for single 

NPs collisions with a low background current, leading to a better S/N ratio and more 

precise quantitative analysis. Since we observed a very good correlation between the 

sizes determined by our approach and TEM, we think that our approach is definitely 

quicker and simpler than TEM for detecting and determining size distributions of Pt NPs. 

Besides being a quantitative tool for determining NP size and size distributions, our 

approach has potential use in electroanalysis for detecting various analytes and studying 

the kinetics of isolated single NP electrocatalysts. 
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COLLOID STABILIZATION FOR NANOPARTICLE IMPACT 

ELECTROANALYSIS 

Chapter 2:  Addressing Colloidal Stability for the Unambiguous 

Electroanalysis of Single Nanoparticle Impacts:  Establishing a Pt 

Colloid Standard for Nanoparticle Impact Electroanalysis* 

2.1 INTRODUCTION 

Nanoparticle impact electroanalysis (NIE) is an emerging methodology for 

electrochemical characterization of single nanoparticles (NPs) and in the development of 

ultra-low detection sensors for a host of analytes. we broadly define NIE as any method 

based on the electrochemical detection of discrete NPs in solution as they collide with the 

surface of an electrode.4,6–9 This ability to probe individual microscopic particles in 

solution with UMEs has inspired fundamental studies of single NP electrochemistry and 

NP/electrode interactions,31–36 directed particle transport,37–40 and the development of 

electrochemical bioassays with single-molecule sensitivity.41,42 Colloidal stability43 is of 

critical importance for the accurate interpretation of NP/electrode impacts. Many 

previous interpretations of NIE data are based on the assumption that the NPs remain 

stable after transfer from a pure aqueous or as-synthesized medium to the test electrolyte 

solution. However, to the best of our knowledge this assumption has not been tested by 

colloid characterization methods on the time scale of the NIE experiment (typically 5-10 

min). The ultimate goal of this investigation is to establish a stable NIE system wherein 

the current transients unambiguously result from single-NP collisions. 

Colloidal instability and its effects on the analysis of NP/electrode impacts have 

been explored recently by a few groups working on various different NIE systems.  For 

example, Compton and coworkers44 investigated the flocculation of Ag NPs in solutions 

                                                 
*Portions of this chapter were taken from a manuscript submitted to J. Am. Chem. Soc. (2016) by Robinson, 

D. A.; Kondajji, A. M.; Castañeda, A. D.; Dasari, R.; Crooks, R. M.; Stevenson, K. J. 
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of varied KCl concentrations by dynamic light scattering (DLS) and the more recently 

commercialized dark-field microscopy method of nanoparticle tracking analysis 

(NTA).45–47 For NPs dispersed in KCl concentrations greater than 20 mM, the authors 

noticed a large difference between the measured NP size distributions from DLS and 

NTA in comparison to that calculated based on the accumulated charge resulting from the 

direct electrochemical oxidation of each Ag NP as it collides with a carbon fiber UME. 

This difference was attributed to the ability of the NP impact method to differentiate 

between irreversible aggregates and reversible agglomerates in solution.44 Alpuche-

Aviles and coworkers employed DLS for colloidal characterization of dye-sensitized 

TiO2 NP aggregates that were detected based on the photocatalytic oxidation of methanol 

and subsequent charge transfer upon impact with a FTO UME.48 Most relevant to the 

present study, however, is the work of Koper and coworkers,49 who discovered evidence 

of aggregation in a NIE system based on electrocatalytic amplification (ECA), a detection 

strategy first demonstrated by Bard and coworkers.2 The ECA method for sensing 

individual NP/electrode collisions relies on the detection of a burst of current when a NP 

strikes an inert UME and catalyzes the oxidation or reduction of active molecules in 

solution.  Based on observations from NIE, cyclic voltammetry, and electron microscopy, 

the authors proposed that Pt NPs aggregated upon exposure to ECA solutions because of 

reactions between N2H4, the redox-active molecule, and the Pt surface; specifically the 

chemisorption of N2H4 on Pt possibly followed by desorption of stabilizing citrate 

ligands.  

Our own groups have characterized hybrid Pt-decorated iron oxide NPs (Pt-

IONPs) using NTA.40 The results showed that the as-synthesized Pt-IONPs were 

suspended as aggregates in deionized water and maintained their average hydrodynamic 

size after exposure to 15 mM N2H4 and 50 mM phosphate buffer. We also found that the 
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resulting frequency of Pt-IONP impacts with the disk UME, Au in that study, was in 

excellent agreement with theoretical predictions of diffusion-limited transport based on 

particle sizing and quantification by NTA. In the present case, we used time-resolved 

NTA to monitor changes in NP size and concentration, which makes it possible to 

systematically interrogate the rapid diffusion-limited49–51 aggregation kinetics of Pt NPs 

under different solution conditions. Direct comparison of data from the NTA and NIE 

experiments provides new fundamental insights into how colloidal interactions affect the 

analysis of NP/electrode impacts. This information serves to guide optimization of 

experimental conditions necessary for stabilizing a monodispersed Pt NP sample and 

ultimately allows us to confidently interpret ECA signals as truly representing single, not 

aggregated, NP impact events. 

2.2 EXPERIMENTAL 

Important:  Colloidal solution conditions were maintained to the highest level of 

purity from preparation to data acquisition. This includes the use of ultrapure water, 

adequate purification of Pt NPs after synthesis, and mitigation of salt leakage from the 

reference electrode when using a low-volume cell as implemented in this procedure, 

details described below in “nanoparticle impact electroanalysis” procedure. 

2.2.1 Chemicals 

Mercury(I) nitrate dihydrate (ACS reagent), chloroplatinic acid hydrate (H2PtCl6, 

≥99.9% trace metal basis), 64-65% hydrazine hydrate solution (reagent grade), and L-

ascorbic acid (ACS reagent) were purchased from Sigma-Aldrich. ACS grade phosphate 

buffer (SPB) salts, trisodium citrate, citric acid, concentrated sulfuric acid, and sodium 

borohydride were acquired from Fisher Scientific. All chemicals were used as received. 



25 

 

Sulfuric acid was used to adjust pH to 7.8 for each hydrazine-containing buffer. All water 

was purified to 18 MΩ·cm resistivity with a Barnstead Epure System. 

2.2.2 Calculation of Ionic Strength 

 Ionic strengths for the buffered solutions were calculated based on the total 

concentration of dissolved charged species, which was determined according to acid-base 

dissociation equilibrium and charge-balance.52 

2.2.2 Synthesis of Pt NPs 

The 3-5 nm Pt NP seeds were synthesized following the procedure reported by 

Eychmüller et al.24 A 36 mL portion of 0.2% H2PtCl6 was added to 464 mL of boiling 

purified water in a 750 mL flask. After 1 min, 11 mL of a solution composed of 1% 

sodium citrate and 0.05% citric acid was added. After 30 s, a 5.5 mL solution containing 

0.08% sodium borohydride, 1% sodium citrate, and 0.05% citric acid was quickly 

injected. After 10 min, the reaction flask was removed from heat and allowed to cool to 

room temperature.  

The 50 nm citrate-stabilized Pt NP were synthesized based on the seeded growth 

method of Eychmüller et al,24 with some slight changes. A 225 uL aliquot of 0.4 M 

H2PtCl6 was diluted with 145 mL of pure water in a 250 mL round-bottom flask and 

stirred at 1200 rpm. A 5 mL aliquot of the as-synthesized Pt NP seed suspension was 

added, followed quickly by the 2.5 mL addition of a solution containing 1% sodium 

citrate and 1.25% L-ascorbic acid. The stirred mixture was heated at an average rate of 

10°C/min to boiling and left to stir under reflux for an additional 20 minutes before heat 

was removed. The Pt NP product was separated by centrifugation and reconstituted in 45 

mL water. The centrifugation step was repeated twice more with fresh water to purify the 

NPs of residual reagents. The final obtained ~50 nm diameter Pt NP product was 



26 

 

dispersed in water to prepare the 230 pM stock NP suspension used throughout all NTA 

and NIE experiments. 

2.2.3 Nanoparticle Tracking Analysis 

Nanoparticle tracking analysis (NTA) was performed using the ns500 instrument 

from Nanosight, Ltd. The NTA method of optical single-NP detection is based on dark-

field scattering microscopy; light source is a blue 488 nm laser. The transport of each 

optically detected NP that diffuses through the detection volume is recorded by a camera. 

In post-acquisition processing the diffusive trajectories are analyzed by tracking 

algorithms to estimate size based on their Brownian motion53 assuming spherical NP 

geometry.54 NTA simultaneously provides an estimate of the NP concentration 

throughout the acquisition time by directly counting the total number of NPs in the fixed 

detection volume and averaging the sum of NP counts per acquired camera frame. The 

final results of NTA provide the overall NP size distribution acquired from a single video 

recording. These distributions were analyzed it different time increments and calibrated 

to the estimated mixing time, as discussed in further detail below.   

The Pt NP stock suspension was treated in an ultrasonic bath for 30 minutes prior 

to a new NTA experiment to fully reconstitute Pt NPs, which slowly concentrate to the 

bottom of over the course of a few days for the case of citrate-capped 50 nm Pt NPs in 

water. This settling behavior was confirmed to be reversible by sonication because NTA 

of the Pt NP standards in water reproducibly resulted in a mean diameter of 64(±8) nm. 

Each NTA sample was prepared by diluting a 20 µL aliquot of purified Pt NP stock 

suspension to 4 mL with the chosen hydrazine/buffer system and immediately transferred 

(within 5 s) to the NTA instrument inlet tube for fluidic sample loading. The time of 

sample loading was used to calibrate the sample mixing time. NTA measurements could 
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only be acquired after ~100 s of NP mixing because of the combination of NTA fluidics 

loading time and a delay period for allowing fluidic convection to subside. 

2.2.4 Electrochemical Instrumentation and Hg/Pt Ultramicroelectrode Fabrication 

All electrochemical experiments were performed with a two-electrode setup 

controlled by an electrochemical workstation (CH Instruments, Austin, TX, model 700). 

Prior to acquiring a series of NP impact measurements, Hg was electrodeposited on a 10 

µm diameter Pt UME disk following the method of Wehmeyer and Wightman.28 Briefly, 

a step potential of -0.5 V versus mercury-mercury sulfate reference electrode (CH 

instruments) was applied for 333 s to a home-made Pt UME immersed in 5.7 mM 

mercury nitrate in 0.5% HNO3 in 1 M KNO3. The resulting spherical cap Hg UME was 

rinsed gently with water before immersing in the hydrazine test solution for nanoparticle 

impact measurements. The same individual Pt UME disk was reused as the deposition 

substrate by reproducibly depositing and stripping the Hg spherical droplet before and 

after a day’s worth of nanoparticle impact experiments.  

2.2.5 Nanoparticle Impact Electroanalysis 

Prior to performing NP impact experiments on a new buffer system, the saturated 

calomel reference electrode (SCE) was immersed into a small compartment cell filled 

with 1.5 mL volume of the test solution. The reference cell was constructed from a glass 

tube with a high porosity glass frit sealed at its base. The entire reference cell assembly 

was lowered into a small vial containing 4 mL of the test solution until the glass frit base 

was fully submerged. The complete electrochemical cell was housed in a Faraday cage 

and purged with Ar before a NP impact experiment. A CA trace was recorded at the 

applied potential of 0 V vs. SCE for about 100 s to establish a smooth flat current vs. time 

baseline before injecting a 20, 15, 8, or 4 µL aliquot of the stock NP solution for a final 
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concentration of 1.1, 0.85, 0.45, and 0.23 pM, respectively. An aliquot of the stock Pt NP 

suspension was agitated in a sonication bath for at least 30 min prior to an injection. 

Quickly after injection the solution was gently bubbled with Ar for ~5 s to ensure proper 

distribution of Pt NPs in solution and then switched to Ar blanket over the cell. CA 

events for NP impact frequency analysis were sampled from a 400 s time interval after 15 

s post-injection delay time to allow bubbling-induced convection to subside. 

2.3 RESULTS AND DISCUSSION 

Commonly used solution conditions for ECA-based sensing of NP impacts 

involve mixtures of 10-15 mM N2H4 redox indicator with 10-50 mM phosphate buffer as 

the supporting electrolyte.3,18,35,40,41,49,55–61 Accordingly, we adopted similar solution 

conditions as a starting point for our own studies. The Pt NPs in this study were 

synthesized for compatibility with NTA to have a diameter of 50±10 nm as measured by 

scanning electron microscopy (SEM) (Figure 2.1).24 Because N2H4 had already been 

determined to act as a coagulant for 3-5 nm citrate-capped Pt NPs,49 we first investigated 

the effect of sodium phosphate buffer (SPB) on colloidal stability. As shown in Figure 

2.2, the hydrodynamic size distribution of Pt NPs in 40 mM SPB (pH 7.8) is similar to 

that of the sample suspended in water alone, 60±20 nm, which indicates that the SPB 

does not disrupt colloidal stability in the absence of N2H4. In contrast, the Pt NPs in 25 

mM SPB + 10 mM N2H4 (pH 7.8) have an average diameter of 80±40 nm. The 25 mM 

SPB solution containing N2H4 has a calculated ionic strength of 70 mM while that of the 

40 mM SPB solution is higher (100 mM). This result confirms that coagulation is not 

brought about by the pH buffer alone or ionic strength in general, and that N2H4 does 

indeed play a significant role in Pt NP aggregation. Figure 2.3 is a 3D plot resulting from 

kinetic NTA measurements that compares the concentration and size of 50 nm Pt NPs in 

50 mM SPB (pH 7.8) + 10 mM N2H4 for 12 min. This solution condition is the highest 
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ionic strength of all samples tested, so it is expected to aggregate the fastest. 

Corresponding 2-D plots of concentration and size as a function of time are included in 

Figure 2.4 for a more detailed representation of the distributions. The NTA plots show 

that the overall NP concentration decreases significantly with time while the size 

distribution simultaneously increases. Taken together, these two factors indicate Pt NP 

aggregation. More specifically, the trend shows that the NP concentration decreases to 

roughly half of the initial concentration (CNP,0 = 1.1 pM) ~100 s after NP mixing, while 

the mean NP diameter nearly doubles in size by the end of the 700 s analysis time. 

Importantly, as shown in Figure 2.4c, the changing NTA size distributions resolved into 

four discrete time intervals reveal that the NP size distribution becomes more 

polydisperse and includes diameters larger than 400 nm in the minority population after 

the total time scale of the analysis. 
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Figure 2.1:  SEM micrograph of 50 nm diameter spherical Pt NPs investigated by NIE 

and NTA. Inset table lists the mean NP diameters measured with SEM and 

the mean hydrodynamic diameters measured for 1.1 pM Pt NPs by NTA in 

pure deionized water by the average results of five replicate 90 s video 

acquisitions. The percent relative standard deviations (% rsd) refer to the 

average span of the distribution without propagated standard error of 

measurements, which was 8% rsd based on average mean diameter. The 

hydrophilic Pt NPs naturally coagulate to form aggregates such as these as 

the water from their dropcasted suspension evaporates on a hydrophobic 

carbon-coated TEM grid. 
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Figure 2.2: Size distributions acquired by NTA for Pt NP samples dispersed in three 

different solution conditions with approximated ionic strengths included in 

the figure legend. Samples were prepared immediately before performing 

acquisitions and the total NTA acquisition time was 12 minutes for each 

sample, with the exception of the pure water standard, whose distribution 

was compiled by averaging several acquisitions throughout the course of the 

entire investigation (a total period of several months). 

 

Figure 2.3: 3-D plot of NTA results showing change in both NP concentration and size 

distribution with time for 1.1 pM Pt NPs in 50 mM SPB, 10 mM N2H4, pH 

7.8. Data averaged from 3 replicate 12 minute trials. Distributions plotted 

with 10 nm bin size. Thickness of each 3-D curve represents the 50 s time 

interval for each acquisition. Time zero marks the moment of dilution for a 

small aliquot of purified stock NPs mixed with the N2H4/SPB solutions. 
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Figure 2.4: NTA results for 1.1 pM Pt NPs in 50 mM SPB, 10 mM N2H4, pH 7.8, 130 

mM ionic strength. Included in a) are relative NP concentration (top panel) 

and NP mean diameters/size distributions (bottom panel) with respect to 

time, linear fits and standard error of scatter data shown in red. Linear 

trendlines were extrapolated to initial values as referenced by NTA in pure 

water. The x error bars in the bottom panel represent the standard deviation 

of time between replicate measurements as indicated in the scattered NP 

concentration vs. time plot above. Vertical bars represent the span in size 

distribution between the maximum diameter of the 10% to that of the 90% 

area under the distribution curve. The size distribution at roughly 700 s is 

plotted in b) to show how we define the span with a lognormal curve fit 

shown in red. In part c) the NP size distributions were averaged into four 

time increments and presented as a stacked distribution increasing in time 

from top to bottom. The dashed box in the left panel indicates the section 

expanded on the right. 
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Because charge-screening is also expected to play a significant physical role in 

NP aggregation processes, we investigated the stability of the NPs in phosphate buffers of 

varied ionic strengths with NTA. As shown in Figure 2.5, the kinetic changes in both NP 

size and concentration are strongly influenced by the net ionic strength of the buffer in 

the presence of 10 mM N2H4. It is important to note that the ionic strength of the 0 mM 

SPB sample is about 10 mM; this is because hydrazine itself is a weak base (pKa = 8.1 

for N2H4/N2H5
+).62 To clarify, the 0 mM SPB sample was prepared by adjusting the pH 

of an aqueous N2H4 to pH 7.8 with H2SO4, resulting in a hydrazine sulfate buffer. The 

size distributions span a large range as shown in more detail in Figure 2.5b. The 

predominant evidence of rapid aggregation is observed for 25 and 50 mM SPB samples, 

considering both the NP concentration depletion kinetics (Figure 2.5a) and rate of particle 

growth. In contrast, the Pt NP solution without SPB stays at a consistent concentration 

and average size over the analysis time, indicating that the colloid remains sufficiently 

stable in the presence of the 10 mM hydrazine sulfate buffer. Slight aggregation is 

indicated for the 5 mM and 10 mM SPB samples according to the difference in overall 

NP diameter and concentration when compared to values measured in pure water or 10 

mM hydrazine sulfate alone. The relative increase in NP diameter is roughly +17 and 

+25% with the corresponding decrease in NP concentration being about -23 and -37% of 

CNP,0 for the 5 and 10 mM SPB conditions, respectively. Taking into consideration the 

observed variability of the NTA measurements and inherent bias towards tracking larger 

NPs more accurately due to higher scattering intensities, we surmise that the solution 

conditions involving SPB concentrations ≤ 10 mM were sufficiently optimized so that the 

overwhelming majority of the NPs maintain suitable colloidal stability for NIE of single 

NPs.  
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Figure 2.5: NTA results plotted as a function of time for 1.1 pM Pt colloids containing 

10 mM N2H4 and different SPB concentrations, [SPB], at pH 7.8. Time zero 

marks the moment of dilution for a small aliquot of purified stock NPs 

mixed with the N2H4/SPB solutions. (a) Fitted linear trends of average 

hydrodynamic diameters (left panel) and relative concentrations (right 

panel). The estimated net ionic strengths for each solution are included in 

the figure legend (left panel). Transparent regions around the linear fits 

represent 95% confidence level bands for regression analysis of the raw 

NTA scatter data. Dashed lines are extrapolations to the expected initial 

values based on NTA in pure water. (b) NP mean diameters/size 

distributions plotted with respect to time. The vertical bars represent the 

span in size distribution between the max diameter of the 10% to that of the 

90% integrated area of the distribution curve.
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Our group has previously reported on the optimization of electrode materials, Hg 

in particular, to enhance signal-to-noise and improve time resolution of the ECA response 

for NP impacts.55–57 The fundamental principles of our detection strategy are illustrated in 

Figure 2.6. No current is observed prior to NP impact (t1), because the UME, Hg in this 

case, does not oxidize the redox probe, N2H4, present in solution at the applied potential. 

At the moment of impact (t2), however, the single colliding Pt NP acts as a nanoelectrode 

for the electrocatalytic oxidation of N2H4.  This gives rise to a sharp current increase, 

followed by a slower decay that results from Hg poisoning of the catalytic Pt NP surface 

(t3).  

 

Figure 2.6: Current vs. time trace of ECA current spike corresponding to a single Pt NP 

impact with Hg UME with schematic representation included in bottom 

panel.* 

                                                 
* The NIE signals in this Chapter are plotted with a y-axis that is flipped with respect to the CA plots in 

Chapter 1 (see footnote for Figure 1.2). 
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The electrochemical NP impact method is sensitive to changes in the bulk particle 

concentration and size distribution, which establishes NIE as another viable method for 

reporting on NP aggregation kinetics. Representative CA traces of ECA collision events 

for three different buffer conditions are shown in Figure 2.7 and Figure 2.8 for 230 fM 

and 1.1 pM Pt NPs, respectively. Both CA traces present the same relative trend of 

decreased NIE signal frequency in higher ionic strengths. Much larger NIE signals in 

terms of both current magnitude and Hg deactivation time are observed for the 50 mM 

SPB sample, indicating the electrode impacts of large NP aggregates. We infer that the 

400 pA collision event shown at ~130 s may correspond to an aggregate while the two 

small signals around 100 and 200 s are more likely to represent NIE response of 

individual 50 nm Pt NPs (Figure 2.7, green trace). At higher Pt NP concentrations, a 

more pronounced aggregation effect is observed for the 50 mM SPB sample, displaying 

very large/broad NIE signals that complicate the analysis of smaller impacts (Figure 2.8). 

At the lowest ionic strength, the impact signal frequency and amplitude remain relatively 

consistent throughout the recorded time period, thus indicating that Pt NP size does not 

change very much over the time scale of the analysis because conditions are favorable for 

colloidal stability. 
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Figure 2.7: CA traces of current responses for NP impacts on Hg/Pt UME in three 

different phosphate buffer concentrations with 230 fM Pt NPs in 10 mM 

N2H4, pH 7.8. Green arrows point to positions of smaller transient current 

signals. 

 

Figure 2.8: CA traces of Pt NP impact events from 3 different buffer systems with 

identical solution conditions as NTA samples: 1.1 pM citrate-stabilized 50 

nm Pt NPs, 10 mM N2H4, pH 7.8. 
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NIE signal frequencies were analyzed at varied Pt NP concentrations (Figure 2.9) 

to understand the effect of aggregation on NP transport to the UME/solution interface. 

The overall NP/UME impact frequency is expected to be directly proportional to both NP 

concentration and average diffusion coefficient according to diffusion-limited transport to 

the spherical cap Hg UME (Equation 2.1). 

 𝑅𝑁𝑃 = 𝑓𝑁𝑃𝐶𝑁𝑃
−1 = 2πβ𝑁𝐴𝐷𝑁𝑃𝑎𝑈𝑀𝐸 (2.1) 

Here RNP represents the rate at which NPs collide with the Hg UME, fNP is the frequency 

of NP impacts at a given NP concentration (CNP), NA is Avogadro’s number, DNP is the 

NP diffusion coefficient, and a is the basal radius of the Hg spherical cap (5 µm for Pt 

disk UME substrate). The term β is a size dependent constant for the super-hemispherical 

cap family of UMEs based on the calculations by Alfred and Oldham.63 The Hg UME 

was reproducibly grown as super-hemispherical with a surface area that is on average 

1.84-fold larger than that of a perfect hemisphere with 5 µm radius, giving a β value of 

1.35 (Figure 2.10).  

For a stable dispersed colloid, fNP should increase linearly with NP 

concentration.40 As shown in Figure 2.9, the linear range associated with the 5 mM SPB 

sample extends to higher NP concentrations than that for 10 mM SPB, indicating that the 

NPs are more stable in the lower ionic strength solution. The overall trend of increasing 

colloidal stability with decreasing ionic strength correlates well with the NTA results in 

Figure 2. As shown in the bottom panel of Figure 2.9, the calculated NP diffusion 

coefficients based on the NIE slope (NP collision rate, RNP, Equation 2.1) for the two 

optimized systems of lower ionic strength correlate well with NTA for Pt NP samples 

measured under identical solution conditions and in deionized water. Shown for further 

comparison is the calculated DNP from Stokes-Einstein-Sutherland relation53,64 using 
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diameters of individual Pt NPs measured by SEM, which also lies within the range of 

error for the NIE experiments. It is important to consider that the NP collision rates 

obtained in previous studies of 3-5 nm Pt NPs were calculated to correspond to an 

apparent diffusion coefficient of ~1 × 10-8 cm2/s.3,55 This value is two orders of 

magnitude slower than theoretically predicted and one order of magnitude slower than 

what we obtain here for NPs that are ten times larger in diameter. We suspect that the 

major reason for the previously reported DNP value is most likely due to rapid NP 

aggregation because the experiments involved unoptimized solution conditions (e.g. 50 

mM phosphate buffer and 15 mM N2H4) that do not support citrate-stabilized Pt colloids. 

For the optimized 50 nm Pt colloids, however, the unprecedented agreement of the NIE 

system with NTA and SEM characterizations confirms that the observed ECA signals 

resulted from single NP impacts on a Hg UME.  
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Figure 2.9: NP impact rate analysis. Top panel: impact event frequency (event counts 

per 400 s sampling from 15-415 s post mixing) plotted with respect to NP 

concentration in the presence of 10 mM N2H4 with different SPB 

concentrations; vertical bars are standard error of 5 replicate NIE 

measurements. Bottom panel: NP diffusion coefficients approximated from 

SEM, NIE, and NTA. 
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Figure 2.10: Optical micrograph of Hg/Pt UME. The average and standard deviation of 

measured Hg spherical dimensions is shown in the inset table at the top right 

corner from sixteen separate optical measurements, half of which were 

performed on a freshly deposited Hg droplet and the other half were 

measured after acquiring multiple 15 minute NP collision measurements 

over the course of a few hours. The average Hg UME electrode area (A) is 

860 µm2 (±20% rsd). 
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2.4 CONCLUSIONS  

Fast aggregation of 50 nm citrate-stabilized Pt NPs ensues when the ionic strength 

of the hydrazine/phosphate buffer is ≥ 70 mM. The colloidal stability is maintained at 

ionic strengths < 20 mM if Pt NP concentrations are kept less than 1.1 pM. We conclude 

that overall cause of coagulation/aggregation for our systems is brought about by two 

general processes: 1) the chemically induced instability from N2H4 as previously 

proposed by Koper49 and 2) the physically promoted instability at higher electrolyte 

concentrations, consistent with DLVO theory of interparticle electrostatic double-layer 

and Van der Waals interactions.43,65 The effect of specific N2H4/Pt chemical interactions 

was not found to significantly contribute to NP aggregation at the lower ionic strengths, 

although we did discover that N2H4 does actively participate as a chemical coagulant if 

electrostatic stabilization becomes compromised by the ions in solution.  

When solution and NP parameters are optimized to prevent aggregation, the Pt 

NPs collide with the Hg/Pt UME at the expected average rate according to NTA 

experiments and theoretical predictions based on diffusion-limited transport of individual 

NPs to a UME surface. The experimental/theoretical agreement indicates that each single 

NP impact leads to an observable ECA current response, signifying that the NP “sticking 

probability” is essentially unity for a NP colliding with the Hg surface, in apparent 

contrast to other UME NIE detection systems.66 Such efficient NP sticking behavior is 

expected for the UME because of Hg’s well-known properties of rapidly wetting Pt upon 

physical contact67 due to surface/subsurface alloying.68 Because the resulting NP/UME 

collision rates for the optimized Pt NP samples are in agreement with fundamental 

theories of Brownian movement, we conclude that each Pt NP transported by diffusion to 

the Hg UME/solution interface becomes immediately wetted by the liquid metal upon 



43 

 

arrival, therefore making direct electrical contact and an observable single NP impact 

event.  

The combined results of the NIE and NTA colloidal characterizations in the 

optimized experiments confirm that observed electrochemical signals using phosphate-

buffered 10 mM N2H4 solutions of < 20 mM ionic strength are predominantly the result 

of electrocatalytic hydrazine oxidation on single Pt NPs upon impact with a Hg UME. 

The establishment of quantitative correlations between NIE and NTA is currently 

underway to develop cross-correlative analytical standards, which will significantly aid in 

ongoing pursuits to develop NIE for applications such as colloidal NP size 

characterizations,55 evaluations of catalytic activities at the single NP level,32,34 and 

strategies for ultrasensitive bioanalysis.41,59  
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BIFUNCTIONAL MAGNETIC/CATALYTIC COLLOIDS FOR 

NANOPARTICLE IMPACT ELECTROANALYSIS 

Chapter 3:  Uniform Epitaxial Growth of Pt on Fe3O4 Nanoparticles*  

3.1 INTRODUCTION 

Recent developments in the synthesis of inorganic colloids have brought about the 

investigation of a new class of functional material, known as hybrid nanostructures 

(HNs),69–71 which consist of a combination of two or more materials of different 

composition into a single integrated nanosized structure by solid-solid heterojunctions. 

Characterization of HNs often reveals evidence of synergetic behavior, which arises if the 

domains of the component materials are confined to the nanoscale so that they influence 

the properties of one another. In contrast to an integrated system of bulk materials 

whereby synergetic properties are limited to interfacial regions, cooperative effects are 

notably more significant in HNs since interfacial contacts are maximized with respect to 

the bulk.69,72–74 

Synergetic effects have proven influential in modifying the electrocatalytic 

activity of HNs towards heterogeneous fuel cell reactions, particularly in the case of 

metal/metal oxide HNs.75–85 In early investigations, interactions of metals with metal 

oxide supports were considered to be negligible until Tauster and coworkers introduced 

the concept of strong metal-support interactions (SMSI),86–88 pertaining to how different 

metal oxide supports influence chemisorption of CO and H2 onto noble metal 

nanoparticles. Since then, several articles have reported modification to the activity of 

catalytic metal domains by interactions with different bulk or nanostructured metal oxide 

                                                 
* Portions of this chapter were published in Robinson, D. A. and Stevenson, K. J. J. Mater. Chem. A 2013, 

1, 13443-13453. 



45 

 

supports, e.g. RuO2,
89 CeO2,

90 SiO2,
91,92 TiO2,

75–77,93–98 NbOx,
78,79,99 WO3,

80,81,100 

MnOx,
82,83,101 γ-Fe2O3,

84 and Fe3O4.
85,102  

A particularly substantial synergetic enhancement to the electrocatalytic oxygen 

reduction reaction (ORR) activity on platinum was reported by Sun and coworkers for 

monodispersed heterodimers composed of magnetite (Fe3O4) and platinum 

nanodomains.85 The catalytic improvement is attributed to a charge transfer from the 

magnetite domain to the platinum, as evidenced by x-ray photoelectron spectroscopy 

(XPS). The major disadvantage of these heterostructures with regard to catalysis is 

stability. The majority of Fe3O4 surfaces on Pt-Fe3O4 dimers are exposed to oxygen and 

therefore prone to irreversibly oxidize to the thermodynamically favored Fe2O3 species in 

aerobic environments.103–106 The stability of Fe3O4 is further compromised if the material 

is exposed to common fuel cell pH conditions, since dissolution of Fe3O4 occurs in both 

strongly acidic107 and alkaline108,109 media. A more recent study found that ~9 nm Fe3O4 

nanoparticles in pH 12-13 aqueous suspension completely oxidize after about 3 months at 

room temperature.110  

We propose that platinum-magnetite hybrid nanostructures (Pt-MHNs) based on a 

core-shell type design are more suitable for catalytic stability. Our rationale is that Pt 

coatings serve to protect the underlying Fe3O4 cores from reactive adsorbates and thus 

improve stability. The methods described herein are aimed at synthesizing such 

nanostructures without the use of long-chain organic capping ligands or polymers which 

passivate the Pt surface.111 Instead, our method relies on a unique form of controlled 

platinum deposition on amine-terminated nanoparticles (AT-MNPs), which involves the 

epitaxial growth of platinous backbone-polymerized complexes (PtBPCs) and their 

subsequent reduction to form Pt-MHNs with high Pt surface coverage. Thorough 
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characterization is provided for both the resulting Pt-MHNs and the PtBPC-MHN 

intermediate structures. An evaluation on the electrocatalytic activity and stability of Pt-

MHNs is presented along with direct experimental comparisons to Pt-Fe3O4 heterodimers 

and commercial Pt fuel cell nanocatalysts. Moreover, when amine-terminated SiO2 

microspheres are used as an alternative substrate to AT-MNPs, platinum-silica hybrid 

microstructures (Pt-SiHMs) are achieved. We therefore propose that the Pt coating 

method can be applied to virtually any amine-functionalized surface.  

3.2 EXPERIMENTAL 

3.2.1 Chemicals 

Potassium tetrachloroplatinate (K2PtCl4, 99.9%), iron(III) chloride hexahydrate 

(FeCl3·6H2O, 97%), iron(0) pentacarbonyl (Fe(CO)5, 99.999%), 3-

aminopropyltriethoxysilane (APTES, 99%), tetraethylorthosilicate (TEOS, 98%), and 

chloroform were obtained from Sigma-Aldrich. Hydroxylamine hydrochloride 

(NH2OH·HCl, ACS grade), anhydrous potassium acetate (KAc, ACS grade), sodium 

citrate dihydrate (ACS grade), sodium hydroxide (ACS grade), ammonium hydroxide 

(NH4OH, 30%, ACS grade), and ethylene glycol (EG, ACS grade) were purchased from 

Fisher Scientific. Absolute ethanol (ACS grade) was obtained from Pharmco-Aaper. 

Sodium borohydride (NaBH4, 98%), 1,6-hexanediamine (NH2C6H12NH2, 99.5%), oleic 

acid (97%), oleylamine (C18 content 80-90%), and platinum acetylacetonate (Pt(acac)2, 

98%) were purchased from Acros Organics. Carbon black (Vulcan XC72) was obtained 

from Cabot Corp. All water was purified to 18.2 MΩ·cm using a Barnstead Epure 

System. All chemicals were used as received. 
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3.2.2 Synthesis of AT-MNPs 

The synthesis of AT-MNPs was followed according to the method of Wang et 

al.,112 with some modifications. A solution of NH2C6H12NH2 (2.2 g), KAc (0.78 g) and 

FeCl3•6H2O (0.33 g) in EG (10 mL) was transferred into a Teflon-lined autoclave and 

reacted at 180 °C for 5 h. The precipitated AT-MNP product was then rinsed with ethanol 

and water (3 times each). 

3.2.3 Synthesis of PtBPC-MHNs 

AT-MNP (10 mg) was mixed with 160 mL water in a 250 mL round-bottom 

flask. The mixture was agitated into suspension by sonication for 15 min. in a 60°C 

sonication bath. A 20 mL aqueous solution containing 140 mg sodium citrate and a 

certain concentration of K2PtCl4 was then added. After 30 min. of sonication, a solution 

of H2NOH·HCl (70 mg) in 20 mL of 50 mM sodium phosphate buffer (pH 7) was added. 

After 2 h. The PtBPC-MHN product was isolated by centrifuge and rinsed once with 

0.010 M NaOH followed by 3 washings with water, using a permanent magnet to collect 

PtBPC-MHNs between rinses. Four separate syntheses with varied initial concentrations 

of K2PtCl4 (0.125 mM, 0.250 mM, 0.375 mM, and 0.500 mM) led to different PtBPC-

MHN products varying in Pt:Fe atomic ratio. A control synthesis was carried out using 

the same procedure as described above except without H2NOH·HCl.  

3.2.4 Synthesis of Pt-MHNs by Wet Chemical Reduction 

A 5 mg portion of PtBPC-MHNs and 60 mg sodium citrate were sonicated in 30 

mL water for 10 min. A solution containing NaBH4 (20 mg) in 10 mL water was then 

added and the mixture was sonicated for 1 h. Pt-MHN product was magnetically isolated 

and washed with water 3 times. 



48 

 

3.2.5 Preparation of Pt-MHN/C by Thermally Driven Reduction  

A PtBPC-MHN suspension (8 mg in 8 mL of ethanol/water 1/1 v/v) was mixed 

with a suspension of Vulcan XC72 (32 mg in 32 mL of ethanol/water 1/1 v/v) and 

sonicated for 1 h. The final mixture was then dried by rotary evaporation and heated 

under air at 190°C or 240°C for 5 h. A 10 mg portion of the sample that was annealed in 

air at 240°C was reacted with NaBH4 (20 mg) in in 50 mL ethanol/water 1/1 v/v for 1 h 

under sonication. The Pt-MHN/C product was rinsed 3 times with 1/1 v/v ethanol/water. 

3.2.6 Synthesis of Pt-Fe3O4 Heterodimers 

Pt-Fe3O4 heterodimers were synthesized following the procedure described by 

Wang et al.,85 with some slight modifications. First, 5 nm Pt seeds were prepared 

according to the literature.113 For the synthesis of 5-17 nm Pt-Fe3O4 dimer nanoparticles, 

1-octadecene (20 ml) and oleic acid (1 ml) were mixed and degassed by schlenk line 

techniques using N2 gas, then heated to 120°C. Under a N2 blanket, Fe(CO)5 (0.14 ml, 1 

mmol) was added. After 10 min, oleylamine (1 ml) was added followed by 3 nm Pt seeds 

(20 mg, 2 ml hexane dispersion in 10 mg/ml). The solution was heated to 300°C and kept 

at this temperature for 20 min before cooling down to room temperature. The product 

was precipitated by ethanol and isolated by centrifugation.  Pt-Fe3O4 NPs were purified 

by 3 repeated cycles of dispersing in hexane, precipitating with ethanol, and 

centrifugation. A 10 mg portion of the purified Pt-Fe3O4 NPs was mixed with 40 mg of 

Vulcan XC72 in 10 mL of chloroform and sonicated for 1 hr. The sample was dried by 

rotary evaporation and annealed at 185°C for 5 h. 

3.2.7 Synthesis of PtBPC-SiHMs and Pt-SiHMs  

Silicon dioxide microparticles with diameter of 2.0 (± 0.1) μm were obtained 

from Polysciences, Inc. The product was purified by repeated dispersing in ethanol and 
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isolation by centrifugation, discarding the supernatant after each centrifuge cycle. For 

amine functionalization,114,115 a 0.10 mL portion of 30% NH4OH was added to 10 mL of 

a 1 mg/mL suspension of silica nanoparticles under rapid stirring, followed by the 

addition of 0.50 mL of a 10% v/v solution of APTES in ethanol. The mixture was stirred 

rapidly for 24 h. The same procedure carried out above for the synthesis of PtBPC-MHNs 

was applied for PtBPC-SiHMs, using 100 mg of amine-functionalized silica particles 

instead of 10 mg AT-MNPs and a 0.375 mM solution of K2PtCl4. The product was 

isolated by centrifugation. Reduction of was carried out by adding a solution containing 

20 mg of NaBH4 in 10 mL water to a suspension of PtBPC-SiHMs (10 mg) and sodium 

citrate (60 mg) in 30 mL water, followed by sonication for 1 h. Product was isolated and 

rinsed repeatedly by centrifugation. 

3.2.8 Nanoparticle Characterization 

Scanning transmission electron microscopy (STEM) and energy dispersive x-ray 

spectroscopy (EDX) were performed using a Hitachi-S5500 microscope operated at 30 

kV equipped with a Bruker Quantax 4010 EDX detector. High resolution imaging was 

carried out with an FEI TECNAI G2 F20 X-TWIN transmission electron microscope 

(TEM). Samples were prepared for electron microscopy by dropping nanoparticle 

suspensions onto Formvar-coated TEM grids and drying at 50°C. Powder x-ray 

diffraction (XRD) was performed on a Rigaku R-axis Spider diffractometer using Cu Kα 

radiation. A Mettler-Toledo TGA/DSC was used for thermogravimetric analysis (TGA). 

The air flow was maintained at 60 mL/min. Initially, the sample was held at 110°C for 10 

min. to evaporate any residual solvents. The samples (~ 2 mg each) were than heated to 

900°C at a rate of 20 °C/min. The final mass % remaining was used to calculate the metal 

loading on electrodes used in electrocatalysis experiments. Elemental analysis was 
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conducted using a GBC 908AA flame atomic absorption (FAA) spectrometer equipped 

with Pt and Fe source lamps. Samples for FAA were prepared by digesting PtBPC-MHNs 

in aqua regia and diluting to the proper concentrations. X-ray photoelectron spectroscopy 

(XPS) was performed on a Physical Electronics PHI 5700 equipped with a dual anode 

source operating on the Mg filament (1253.6 eV). All high-resolution peak positions were 

calibrated to C1s at 284.5 eV and peak areas were calculated using a standard 

Gaussian/Lorentzian fit with a Shirley background correction. 

3.2.9 Reagents and Instruments for Electrocatalysis Studies 

Potassium hydroxide (KOH, ACS grade, Fisher Sci.), perchloric acid (HClO4, 

ACS grade, Fisher Sci.), and Nafion® solution (5% wt. in lower aliphatic alcohols/H2O 

mix, Sigma-Aldrich) were used as purchased without further purification. Commercial 

platinum fuel cell catalyst (Pt/C, 20 wt. % Pt on carbon black, ETEK) was thermally 

activated under reducing atmosphere before use. The Pt/C catalyst powder was placed 

into a quartz tube furnace, which was subsequently purged with forming gas. The 

temperature was ramped to 350°C over the course of 2 h under gas flow and was kept at 

this temp. for an additional 2 h. Catalyst inks116 were prepared by sonicating 2 mg of 

carbon-supported catalyst powder in 2 mL 0.05 wt % Nafion solution in ethanol for 30 

min. The catalyst ink (10 μL) was dropcast onto a glassy carbon rotating disk electrode 

(GCRDE, 5 mm diameter, Pine Instruments) and allowed to dry slowly under a glass vial, 

forming a thin film containing 10 μg of catalyst.  

Electrochemical measurements were performed using a Metrohm Autolab 

PGSAT302N potentiostat equipped with high speed rotator (Pine Instruments). A gold 

wire and Hg/HgSO4 (sat. K2SO4, CH Instruments) electrodes were used as the counter 

and reference electrodes, respectively. Catalyst films on GCRDEs were used as the 
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working electrodes. ORR experiments were performed in O2-saturated 0.10 M KOH 

solutions using an RDE setup with a high speed rotator from Pine Instruments. The 0.10 

M KOH solution was bubbled with O2 for at least 10 min. before linear sweep 

voltammograms (LSVs) were recorded as cathodic sweeps at 5 mV/s scan rate and 1600 

rpm rotation. Electrochemically active surface area (ECSA) analysis was performed 

using argon-purged 0.10 M HClO4 solution as the electrolyte. ECSA values were 

calculated from charge based on integration of the H desorption peak currents (with 

respect to time) from cyclic voltammograms acquired at 0.1 V/s. Kinetic currents, 

calculated from the LSVs using the Koutecky-Levich equation,117 were normalized to Pt 

ECSA and Pt mass loadings (determined by TGA and FAA) to report specific activity 

and mass activity, respectively. All potentials are reported vs. the regular hydrogen 

electrode (RHE) in 0.10 M KOH, which is shifted +1.417 V vs. the Hg/HgSO4 reference 

(Hg/HgSO4(sat. K2SO4) + 0.65 V = NHE; NHE + 0.059 × pH = RHE). 

3.3 RESULTS AND DISCUSSION 

3.3.1 Synthetic Scheme 

The aqueous synthesis of Pt-MHNs is outlined as a two-step scheme in Figure 

3.1. Synthesis of Pt-MHNs begins with amine-terminated magnetite nanoparticles (AT-

MNPs) sized at 27 (±5) nm, which were prepared following the procedure reported by Li 

and coworkers.112 The method employs 1,6-hexanediamine (NH2C6H12NH2) as both 

stabilizing ligand and amine functionalizing agent. The amine functional groups serve as 

sites for Pt2+ ion chemisorption and amine complex formation upon the addition of 

K2PtCl4 in water, as shown in step 1. The introduction of hydroxylamine (NH2OH) under 

sonication and heating then promotes polymeric growth of ([Pt(NH2OH)4][PtClxOH4-x])n. 
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The epitaxial growth process for these so-called platinous backbone-polymerized 

complexes (PtBPCs) initiates at [Pt(NH2C6H12NH2)n]
x seed complexes adsorbed on the 

Fe3O4 surface. Further growth and evolution of the PtBPCs leads to the formation of an 

encapsulating outer layer. It is important to note that the role of NH2OH in step 1 is not to 

serve as a reducing agent, as previously reported for coating Au on Fe3O4 

nanoparticles,118 but to promote PtBPC encapsulation. The PtBPC-magnetite hybrid 

nanostructure (PtBPC-MHN) intermediates described herein were formed preferentially 

over solitary salt precipitates as K2PtCl4 was allowed to saturate the AT-MNP surface 

with Pt2+ ions before adding NH2OH to initiate polymerization. The PtBPC-MHNs were 

then isolated before performing a reduction step to form Pt-MHNs (Figure 3.1, step 2). 

Different reduction strategies were tested, including chemical reduction by sodium 

borohydride (NaBH4) and thermal reduction on carbon support. 

 

Figure 3.1: Synthesis and proposed general structure of PtBPC-MHN and Pt-MHN. 
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3.3.2 Characterization of PtBPC-MHN Intermediates 

Pt2+ adsorption to Fe3O4 nanoparticles was controlled by altering the 

concentration of K2PtCl4 reagent. Separate syntheses were carried with varied K2PtCl4 

starting concentrations:  0.125 mM, 0.250 mM, 0.375 mM, and 0.500 mM. The resulting 

Pt/Fe atomic ratio was proportional to the K2PtCl4 concentration, as analyzed by flame 

atomic absorption (FAA) spectroscopy (Figure 3.2). Analysis by energy dispersive x-ray 

spectroscopy in conjunction with scanning transmission electron microscopy 

(STEM/EDX) led to good agreement with FAA, indicating that Pt is uniformly 

distributed throughout the sample. As a control, the synthesis was repeated with the 

exclusion of NH2OH reagent. No evidence of adsorbed Pt2+ was found by STEM/EDX of 

the product from the control procedure (Figure 3.3), indicating that NH2OH is essential 

for PtBPC-MHN formation.     

Powder x-ray diffraction (XRD) and x-ray photoelectron spectroscopy (XPS) 

were used to elucidate the PtBPC-MHN structure. Only the XRD pattern corresponding 

to Fe3O4 crystal facets is present (Figure 3.4), which indicates that the PtBPC layer of the 

MHN is primarily amorphous. The Pt-4f  XPS spectrum for the PtBPC-MHN 

intermediate is in the range corresponding to Pt2+ states119 (part c). The comparison of the 

N-1s and Pt-4f peak areas shown in Figure 3.4(b-c) (adjusted by their relative sensitivity 

factors: 0.499 and 6.08, respectively) results in a N:Pt atomic ratio of 2.01:1, in excellent 

agreement with the expected ratio of 4:2 for the stoichiometry of [Pt(NH2OH)4][PtCl4].  
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Figure 3.2: Composition of PtBPC-MHNs plotted as a function of K2PtCl4 

concentration. FAA and STEM/EDX are merged as one set with double y-

axis scales for both Pt/Fe atomic ratio and Pt/MNP atom/nanoparticle ratio. 

 

Figure 3.3: STEM of nanoparticles resulting from (a) PtBCP-MHN synthesis and (b) 

control synthesis without NH2OH. (c) Corresponding EDX spectra for both 

species, spectra normalized by Fe KA peak maximum. 
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Figure 3.4: (a) XRD patterns for AT-MNPs and PtBPC-MHNs, (b-c) XPS spectra of 

PtBPC-MHNs for (b) N-1s and (c) Pt-4f regions. 
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3.3.3 Reduction by TEM Beam 

PtBPC-MHNs were observed to form ~2 nm size Pt domains during transmission 

electron microscopy (TEM) imaging due to the reducing power of the electron beam. 

Shown in Figure 3.5 are the AT-MNP precursors and the resulting Pt-MHNs. All Pt 

nanocrystals were observed to be exclusively bound to Fe3O4 nanoparticle surfaces. EDX 

analysis confirms that Pt loading is proportional to the concentration of Pt ion precursor 

as relative Pt peak intensity increases with respect to the Fe peak (Figure 3.5f). 

Interplanar lattice spacings for both Pt (111) and Fe3O4 (311) were observed by high 

resolution TEM (Figure 3.6). The observation of Pt (111) facets indicates that the 

platinum atoms were no longer part of a Pt2+ complex intermediate, but were completely 

reduced by the high intensity electron beam to Pt0 nanoparticles. 
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Figure 3.5: (a) TEM of AT-MNPs, (b-e) TEM of Pt-MHNs formed immediately after e-

beam triggered reduction of PtBPC-MHNs previously synthesized in the 

presence of (b) 0.125 mM, (c) 0.250 mM, (d) 0.375 mM, and (e) 0.500 mM 

K2PtCl4 and (f) Corresponding EDX spectra for each Pt-MHN species, 

spectra normalized by Fe KA peak maximum. 
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Figure 3.6: High-resolution TEM of a) one Pt-MHN formed after electron beam 

induced reduction of PtBCP-MHNs and b) magnified image of section 

outlined in blue. Interplanar lattice spacings are labeled for both Fe3O4 and 

Pt. 

3.3.4 Wet Chemical Reduction Method 

Pt-MHNs were also synthesized by chemical reduction of PtBPC-MHNs using 

NaBH4 as the reducing agent in the presence of citrate stabilizer in aqueous media. 

Shown by scanning transmission electron microscopy (STEM) in Figure 3.7, the resulting 

Pt-MHN product consists of polydispersed dendritic Pt nanostructures with larger 

domains than those observed after E-beam reduction. The Pt is not tightly packed or 

evenly deposited over the Fe3O4 surfaces so the underlying morphology of the Fe3O4 

nanocrystal precursors is hardly recognizable. Some Fe3O4 particles have a higher 

percentage of exposed surface rather than Pt-covered.  This is in contrast to the uniformly 

distributed Pt nanoparticle monolayers observed for Pt-MHNs formed under the electron 

beam.  The Pt-4f7/2 binding energy (70.8 eV) is shifted 0.4 eV lower than the reference 

value for bulk Pt (71.2 eV).119 This 0.4 eV decrease in binding energy has been 
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previously reported for other Fe3O4-Pt nanocomposites and is attributed to charge transfer 

between the Fe3O4 and Pt domains.85,120,121 The Fe3O4 domain polarizes the 

nanocomposite and enriches the Pt domain with negative charge. This polarization effect 

is further supported by the work function difference122 between Fe3O4(111) at 5.52 eV123 

and Pt(111) at 5.93 eV,124 which is a difference of ~0.4 eV, equivalent to the observed 

spectral shift in binding energy. 

 

Figure 3.7: Characterization of Pt-MHNs synthesized by wet chemical reduction of 

PtBPC-MHNs from 0.375 mM K2PtCl4 synthesis: (a) bright field STEM of 

Pt-MHN, (b) XRD patterns for PtBPC-MHN precursor and Pt-MHN, and 

(c) XPS Pt4f spectrum for Pt-MHN. Pt-4f7/2 peak position of bulk Pt0 is 

marked for reference. 
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3.3.5 Thermally Driven Reduction under Ambient Atmosphere 

A thermal treatment method was applied to effectively control the growth of Pt on 

the Fe3O4 surface. PtBPC-MHNs were loaded onto carbon black supports and heated 

under ambient atmosphere at two different temperatures, 190°C and 240°C. A third Pt-

MHN product was prepared by reacting the 240°C-treated sample with NaBH4 in 

solution. As shown in Figure 3.8a, Pt-MHNs were mostly found as aggregates partially 

adhered to the carbon support due to their strong ferrimagnetic interparticle attractions125 

and hydrophilicity. However, the final Pt-MHN product is composed of Fe3O4 core 

particles with high Pt surface coverage, in contrast to the Pt-MHNs resulted from NaBH4 

reduction alone. For further structural characterization, EDX line scan and area map 

profiles were performed on a single Pt-MHN (Figure 3.8b-e). The EDX profiles show 

that Fe signal is more concentrated toward the core of the particle while X-ray emissions 

corresponding to Pt originate from the outer region, confirming a Fe3O4@Pt core@shell-

type structure. Structural interrogation of carbon supported Pt-MHN products (Pt-

MHN/Cs) was performed using powder XRD (Figure 3.9a). XRD of the Pt-MHN/C after 

190°C baking in air shows some weak Pt diffraction band intensity while the sample 

treated at 240°C shows more intense Pt signal with respect to Fe3O4, signifying the 

increased reduction of Pt and formation of Pt nanoparticles with increasing temperature. 

The XRD pattern of 240°C-annealed Pt-MHN/C after NaBH4 reduction treatment is rich 

with broad Pt diffraction peaks, indicating that it is the most developed Pt-MHN/C of 

those analyzed with respect to Pt0 content.  

Pt-4f XPS data further supports the trend of thermally driven Pt reduction on the 

Fe3O4 nanocrystalline surfaces (Figure 3.9b), as new shoulders appear at lower binding 

energy for the heat treated samples. The peaks/shoulders at more positive binding 
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energies correspond to oxidized Pt2+-BPCs, while those at lower binding energies refer to 

reduced Pt nanoparticles formed on the Fe3O4 surface. The deconvoluted spectra are 

provided in Figure 3.10, indicating the multiple Pt chemical states incorporated in the 

thermally treated samples. The relative intensity of peaks at lower binding energy is 

higher for the sample baked at 240°C vs. the one treated at 190°C, indicating that thermal 

treatment at higher temperature leads to more Pt reduction. After reacting the 240°C-

annealed sample with NaBH4, the resulting Pt-4f peak shapes are sharper and shifted 

more negative than those of the Pt/C reference, representing a fully reduced Pt-MHN 

species. The Pt-4f7/2 maximum for the final Pt-MHN/C product (pink curve) is positioned 

at 70.6 eV, which is ~0.6 eV lower in binding energy than metallic platinum. The 

magnitude of this shift in binding energy is 0.2 eV larger than that observed for the 

sample described earlier (Figure 3.4c) along with previously reported hybrid Pt-Fe3O4 

nanostructures.85,120,121 The cause of the increased shifting in binding energy can be 

rationalized by applying the same principles used to describe charge transfer at the metal-

semiconductor interface.73 The work of Verykios and Ioannides, in particular, provides a 

theoretical analysis to a somewhat analogous system modeled after spherical Pt 

nanoparticles halfway embedded into a TiO2 semiconductor support.126 The authors’ 

theoretical approach established a Pt nanoparticle size dependence in relation to the 

number of electrons transferred per Pt atom at the interface; i.e. the smaller the size of the 

Pt nanoparticle, the greater the magnitude of charge transfer.126 A similar dependence 

may be responsible for the deviation in electronic properties observed among different Pt-

MHN species. Upon comparison to the Pt-MHNs formed by chemical reduction alone 

(Figure 3.7) and the 5 nm diameter Pt nanoparticles of Pt-Fe3O4 heterodimers (Figure 

3.11), the Pt nanodomains shown in Figure 3.8 are much smaller in terms of average 
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thickness between the Pt-Fe3O4 interface and outer exposed Pt surface. This confinement 

results in a relatively higher magnitude of charge transfer, which leads to further shifting 

of the Pt-4f core states to lower electron binding energy. The mechanism for thermally 

driven reduction of PtBPC-MHNs is unclear, since many possible redox reactions could 

take place between the Pt(II) complex species and potential reducing agents. Such 

reactions may involve reduction of the Pt2+ by coordinating NH2OH ligands118,127 and/or 

the Fe3O4 surface itself, which in turn may oxidize to Fe2O3. The standard reduction 

potentials for the PtCl4
2-/Pt(s) and 3Fe2O3(s)/2Fe3O4(s) reactions are 0.755 V128  and 0.66 

V129 vs. NHE, respectively, giving a net redox potential of ca. +0.10 V for the reaction 

described by Equation 3.1. Despite this positive value, the reaction does not 

spontaneously occur in step 1 during the 60 °C synthesis of the PtBPC-MHN 

intermediate due to Fe3O4 surface stabilization by the 1,6-hexanediamine ligands. This 

stabilization may be compromised at more elevated temperatures, allowing the reaction to 

proceed. 

 PtCl4
2-+2Fe3O4(s) +H2O→Pt(s)+3Fe2O3(s)+ 2H++4Cl- (3.1) 

The XRD results do not indicate that any substantial amount of Fe3O4 oxidation occurs 

during the thermal treatment (Figure 3.9a). But powder XRD is not sensitive enough to 

detect only a few surface layers of Fe2O3, so reaction 1 cannot be ruled out. A Pt(II) 

complex may also disproportionate to Pt(IV) species and metallic Pt. For example, 

tetrachloroplatinate ion disproportionates to hexachloroplatinate and metallic platinum 

according to Equation 3.2. 

 2[PtCl4
2−] → [PtCl6

2−] + Pt(s) + 2Cl− (3.2) 

Any of these three processes (reduction by amine ligands, Fe3O4 surface reaction, or 

disproportionation) could contribute to the reduction of the PtBPC-MHNs.  
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While the thermal treatment only achieved partial reduction of the total Pt 

content, it did successfully promote Pt nanoparticle nucleation and growth at the Fe3O4 

surface. Pt(0) atoms that are resulted upon chemical reduction by NaBH4 then 

supplement these nucleation sites, thus growing larger Pt nanodomains (Figure 3.8). In 

contrast, the mechanism of nucleation for the previous Pt-MHN sample formed solely by 

NaBH4 reduction is quite different, since many Pt nanoparticles spontaneously nucleate 

upon fast reduction without epitaxial interfacial attachment to Fe3O4, leading to the more 

disordered Pt-MHNs (Figure 3.7).  
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Figure 3.8: STEM/EDX characterization of Pt-MHN/C: (a) STEM image of Pt-MHN 

aggregates on carbon support after 240°C thermal treatment and chemical 

reduction by NaBH4. (b) High magnification of single Pt-MHN with 

corresponding (c) EDX line profile and (d-e) Pt/Fe EDX mapping. 
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Figure 3.9: Characterization of Pt-MHNs synthesized by different methods: (a) XRD 

patterns for PtBPC-MHNs, Pt-MHN/Cs formed by thermal treatment in air 

at 190°C and 240°C, and fully reduced Pt-MHN/C formed after wet 

chemical reduction of the 240°C-treated species by NaBH4. Fe3O4 and Pt 

XRD line patterns with Miller index labels are included for reference. (b) 

XPS Pt-4f spectra for PtBPC-MHN, Pt-MHN/C species, and Pt/C 

commercial catalyst. Pt-4f7/2 binding energy of bulk Pt0 is marked for 

reference. 
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Figure 3.10: Deconvoluted Pt-4f XPS spectra corresponding to PtMHN/C samples after 

thermal treatment in air at a) 190°C and b) 240°C. 

 

 

Figure 3.11: STEM image and size distribution histograms for Pt-Fe3O4 heterodimers 

(Pt-MHDs). 
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3.3.5 Electrocatalytic Evaluation of Pt-MNCs 

The catalytic activity of Pt-MHNs for ORR was studied by rotating disk 

voltammetry in O2-saturated 0.10 M KOH, using glassy carbon working electrodes 

coated with thin films of Pt-MHN/C catalysts. The rotating disk linear sweep 

voltammograms of Pt-MHNs and their precursors are presented in Figure 3.12. The poor 

catalytic activity of the divalent PtBCP-MHN/C species is almost identical to that of the 

nonplatinized AT-MNP/C, which is expected since the platinum is bound to the Fe3O4 

core particles as stable Pt2+ complexes. After the 240°C treatment in air, the Pt-MHN/C 

improves in electrocatalytic activity, but the onset potential is still relatively too far 

negative and the mass transfer limited current density (jl) remains far below what is 

expected for completing the net  four-electron reduction,130 according to the Levich 

equation:117,131 

 𝑗𝑙 = 0.62𝑛𝐹𝐷2/3𝜔1/2𝑣−1/6𝐶 (3.3) 

where n is the number of electrons transferred, F is the Faraday constant, D is the 

diffusion coefficient for dissolved O2 (1.9 × 10-5 cm2/s),132 ω is rotation rate (1600 rpm or 

167.7 rad/s), v is the kinematic viscosity (0.01 cm2/s), and C is the saturated O2 

concentration in 0.10 M KOH (1.2 × 10–6 mol/cm3).116,133 The ORR activity for Pt-

MHN/Cs that were synthesized by chemical reduction is notably higher than that for Pt-

MHN/Cs that were only treated thermally in air. The final Pt-MHN/C product resulting 

from both thermal and subsequent NaBH4 reduction is the most active catalyst for ORR, 

having the most positively-shifted onset potential and highest limiting current density. 

 An RDE experiment was also performed on a commercial Pt/C fuel cell catalyst 

for direct comparison of electrocatalytic ORR activity to that of Pt-MHN/C. As shown in 

Figure 3.13a, both catalysts generate the same mass transfer limited current density. The 
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jl value was used to calculate a value of 3.8 for n by Equation 3.3. This suggests that both 

catalysts efficiently promote complete 4 electron reduction of oxygen according to 

Equation 3.4. 

 O2 + 2H2O + 4e−  → 4OH− (3.4) 

The kinetic currents at 0.85 V vs. RHE were calculated according to the Koutecky-

Levich equation;117 then normalized by the electrochemically active Pt surface area 

(ECSA) and Pt mass loading for specific activity (Figure 3.13b) and mass activity (Figure 

3.13c), respectively. The Pt ECSA was calculated from the overall charge associated with 

hydride desorption determined by cyclic voltammetry in 0.10 M HClO4 (Figure 3.14). Pt 

mass loading was calculated based on thermogravimetric analysis (TGA) (Figure 3.15) of 

Pt-MHN/C in combination with the %Pt composition results from FAA.  

As shown in Figure 3.13b, the Pt-MHN/C catalyst is about two times more active 

than the Pt/C commercial catalyst in terms of specific activity. In contrast to specific 

activity, the mass activity of Pt-MHN/C is lower than the Pt/C catalyst (Figure 3.13c). 

This is due to the aggregation of Pt-MHNs observed by STEM (Figure 3.8a). The 

interaction between hydrophilic PtBCP-MHNs and the relatively hydrophobic carbon 

support particles is weaker than interparticle interactions that PtBCP-MHNs have with 

one another; therefore large PtBCP-MHN aggregates are formed. During thermal and 

chemical reduction treatments, the developing Pt nanoparticles of one Pt-MHN sinter 

with those of neighboring Fe3O4 cores, forming large aggregates and leaving much of the 

Pt surfaces buried. Also shown in Figure 3.8a is the relatively low amount of contact sites 

between the catalyst and the conductive carbon support. Both low conductivity and 

buried Pt surfaces are most likely responsible for the relatively low mass activity and low 

ECSA in Figure 3.13. The ECSA of the commercial Pt/C catalyst is about 4 times higher 
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than that of the Pt-MHN/C catalyst film, which in turn accounts for the ~25 mV negative 

shift in ORR onset potential from that of the Pt/C catalyst.134 Charge transfer between the 

Fe3O4 and Pt domains is primarily responsible for the enhancement in ORR activity. 

Similar ligand effects have been reported for many other hybrid metal-on-metal oxide 

systems.76,77,82,83,97–99,101 Pt nanoparticles on Fe3O4 supports are more electron-rich than 

isolated Pt,85,120 as evidenced by XPS spectroscopy (Fig. 6b). One might consider such 

electronic enrichment to be harmful for ORR since d-electron vacancies on Pt promote 

adsorption of O2.
135 While it is important that the binding of O2 and intermediates be 

sufficiently strong to promote charge transfer and O-O bond cleavage, a Pt surface that 

binds oxygen too tightly is also more susceptible to the blocking effect, whereby 

spectator oxygenated adsorbates prevent O2 from adsorbing on catalytic Pt sites.136,137 

Therefore, it is desirable to slightly reduce the oxygen binding energy and, in turn, 

increase availability of Pt surface sites to achieve higher ORR activity.  

The catalytic stability of Pt-MHN/C was also evaluated by an electrochemical 

method. Chronoamperometric analysis was performed on the catalyst films by applying a 

potential step of 0.85 V in O2-saturated 0.10 M KOH and monitoring the relative change 

in catalytic current over time (Figure 3.16). The electrocatalytic current for the Pt/C 

commercial catalyst and Pt-MHN/C remains constant over the span of 9000 seconds. The 

stability of 5-17 nm Pt-Fe3O4 heterodimers (Figure 3.11) supported on carbon black (Pt-

MHD/C) was also tested for comparison. As shown in Figure 3.16, the Pt-MHD/C 

catalyst deactivates over time. This occurs because the Pt domain of Pt-MHDs does not 

protect Fe3O4 from oxidation and/or dissolution, thus the synergetic enhancement of 

electrocatalytic activity provided from Fe3O4 decreases as the material degrades. This is 

not the case for Pt-MHNs, because the high surface coverage of Pt serves to protect the 
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Fe3O4 core domains. Further stabilization against Pt deactivation may be imparted by the 

Fe3O4. Pt particles deposited solely on amorphous carbon lose their activity over time in 

acidic/alkaline environments due to corrosion of the support, which leads to sintering 

and/or diffusion of the Pt particles.138 Oxide supports have been shown to help fortify Pt 

catalysts against such deactivation processes, since Pt nanoparticles are firmly anchored 

to the oxide surface.83,139 Exceptional stability is conferred to the Pt-MHNs, owing to the 

strength of Pt-Fe3O4 metal-support interactions.  

 

Figure 3.12: Rotating disk voltammograms (cathodic scan, 1600 rpm, 5 mV/s, O2-sat. 

0.10 M KOH) for AT-MNP/C, PtBPC-MHN/C, and three different types of 

Pt-MHN/C species, synthesized under different conditions as labeled in the 

legend.  
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Figure 3.13: (a) Rotating disk voltammograms (cathodic scan, 1600 rpm, 5 mV/s), (b) Pt 

specific activity, and (c) Pt mass activity for ORR by Pt-MHN/C and Pt/C 

commercial catalysts at 0.85 V vs. RHE. The kinetic current values 

calculated from the data in (a) were normalized by the Pt ECSA and mass 

loading for specific and mass activity, respectively. 
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Figure 3.14: Cyclic voltammograms (100 mV/s, argon-purged 0.10 M HClO4) for Pt/C 

commercial catalyst and Pt-MHN/C. Inset showing ECSA values for each 

catalyst film. 

 

Figure 3.15: TGA for Pt-MHN/C and Pt/C commercial catalyst. Weight percentage 

plotted as a function of temperature. 
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Figure 3.16: Stability tests for Pt/C, Pt-MHN/C and Pt-MHD/C catalysts; current % vs. 

time for a potential step of 0.85 V vs. RHE and rotation rate of 200 rpm. All 

scans are for O2 sat. 0.10 M KOH. 

3.3.6 Synthesis and characterization of Pt-SiHMs 

The application of the Pt coating procedure is not limited to Fe3O4 nanoparticle 

surfaces since any amine-functionalized surface can serve as nucleation sites for PtBPC 

growth. As proof of this concept, we selected amine-terminated silica microspheres to 

serve as host substrates in place of AT-MNPs, thus forming hybrid microstructures of 

SiO2 and PtBPC, followed by NaBH4 reduction to form Pt-SiO2 hybrid microstructures 

(Pt-SiHMs).  STEM/EDX mapping reveals that a very thin layer of Pt adsorbs to the 

surface of the SiO2 microbeads following the first and second steps of the synthesis 

(Figure 3.17). The Pt-4f XPS spectrum for the first step is similar to that observed for 

previously for PtBPC-MHNs, indicating a similar Pt2+ complex structure. The Pt-4f 

spectrum of the reduced Pt-SiHM species, however, is not shifted to lower binding 

energy as was the case for Pt-MHN (Figure 3.9), since the SiO2 does not electronically 

enrich the Pt shell as in the case of Pt-MHNs.  
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Figure 3.17: STEM/EDX mapping of Pt on a) PtBPC-SiHMs and b) Pt-SiHMs. c) EDX 

and d) XPS spectra (Pt-4f) for PtBPC-SiHMs and Pt-SiHMs. 
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3.4 CONCLUSIONS 

In this work we have introduced two new types of Pt-Fe3O4 nanohybrid 

structures. One structure is comprised of a linear system of complexed Pt2+ species 

adsorbed to the Fe3O4 nanocrystal surface. The controlled reduction of this hybrid results 

in the high-density coating of the Fe3O4 nanodomains with a semicontinuous layer of ~2-

3 nm Pt. The latter Pt-Fe3O4 hybrid was found to exhibit charge transfer from the Fe3O4 

to the Pt domains, as evidenced by the shifting of Pt core electrons to lower binding 

energy. This electronic enrichment of Pt served to enhance Pt surface activity for the 

electroreduction of oxygen, resulting in a two-fold increase of specific activity with 

respect to commercial Pt nanocatalysts. The Pt-MHNs are also shown to be more stable 

ORR catalysts than Pt-Fe3O4 heterodimers.  

In light of our findings with Fe3O4 and SiO2 substrates, we propose that the 

electroless Pt deposition method described in this paper can be generally applied to 

virtually any amine-functionalized surface. The versatility of this approach is significant 

for the fuel cell catalysis community, as it can be adopted as a general strategy to control 

Pt deposition over a great range of catalyst support materials. We predict that similar 

procedures can be developed for the design of Pd-MHNs, since the linear coordination 

chemistry of square planar Pd2+ complexes is quite similar to that of Pt2+ complexes.140 

The Pt-MHNs must be supported on a conductive material such as carbon black to be 

active, due to the low conductivity of Fe3O4. Pt-MHNs with higher colloidal stability 

would be more likely to be uniformly distributed throughout the chosen conductive 

support. We propose that the mass activity can be improved by applying smaller, 

superparamagnetic Fe3O4 cores instead of the larger, ferrimagnetic particles used in this 

study, since interparticle magnetic attraction drives their aggregation.125  
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Chapter 4:  Increasing the Collision Rate of Nanoparticle Impact 

Electroanalysis with Pt-Decorated Iron Oxide Nanoparticles* 

4.1 INTRODUCTION 

Recent coevolutionary progress in the colloidal synthesis and characterization of 

inorganic nanoparticles (NPs) has enabled researchers to recognize, understand, and tailor 

certain properties of interest in order to produce specialized NPs that can be employed to 

perform one or more important functions for a target application. The degree of 

multifunctionality can be further increased by interfacing two or more different inorganic 

nanomaterials together into one nanostructure, a so-called hybrid NP.69 Herein we 

demonstrate that specially designed colloidal magnetic/catalytic hybrid NPs, each 

composed of a superparamagnetic iron oxide nanoparticle (IONP) core densely decorated 

with smaller Pt NPs embedded on the surface, are particularly useful bifunctional 

nanoscale probes for the development of a novel microfluidic sensing platform that 

integrates electrocatalytic amplification4 of individual NP/electrode collisions with 

magnetic NP actuation.141,142 

IONPs have received considerable attention as their intrinsic magnetic properties 

can be exploited for a variety of functions, predominantly those pertaining to biomedical 

science and technology.141,142 One specific property of interest is IONP magnetization by 

applying an external magnetic field, which results in exertion of a translational 

magnetophoretic  force on the suspended IONP.143 This is a highly desirable asset for 

applications that can benefit from controlled magnetophoresis of NPs, including 

microfluidic lab-on-a-chip sensors.144 Biofunctionalized magnetic NPs or microbeads can 

be integrated into various microfluidic sensing platforms to serve as target capture agents, 

                                                 
* Portions of this chapter were published in Robinson, D. A.; Yoo, J. J.; Castañeda, A. D.; Gu, B.; Dasari, 

R.; Crooks, R. M.; Stevenson, K. J. ACS Nano 2015, 9, 7583-7595. 
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which are then subsequently manipulated by an external magnetic field to isolate, 

concentrate, and/ or rapidly transport the target molecules to the detection volume or 

surface. This fundamental strategy of integrating magnetic particle actuation with 

microfluidic devices has been demonstrated to significantly reduce analysis times and 

limits of detection in nucleic acid assays and immunoassays.144,145 

Pt NPs are generally renowned for their exceptional activity and versatility in 

heterogeneous catalysis.146 This quality has inspired the development of electrochemical 

affinity biosensor methodologies147 that incorporate Pt NP labels for electrocatalytically 

amplified response.41,61,148–151 A great advantage of using colloidal Pt NPs as sensing 

labels is that they can be detected individually from aqueous suspension by nanoparticle 

impact electroanalysis.6 Xiao and Bard first reported the chronoamperometric (CA) 

detection of discrete Pt NP impact events with an ultramicroelectrode (UME) by 

electrocatalytic amplification (ECA).2 Since then, the most popular and well-studied 

system for detecting individual NP/electrode impacts by ECA (a.k.a. ECA collisions) has 

relied on Pt NPs as the nanocatalysts and hydrazine oxidation as the electrochemical 

indicator reaction.3,18,34,35,41,49,55–58,60,152 Crooks and coworkers recently showed that this 

methodology could be adopted to detect individual DNA hybridization events in a 

microfluidic electrochemical cell,41 thus demonstrating single-molecule level sensitivity 

with a bioassay based on NP impact electrochemistry. 

While the sensitivity of the aforementioned detection platform is very impressive, 

the lowest concentration of analyte that can be detected in a reasonable amount of time is 

severely limited by diffusive NP transport. Considering the NP impact system without 

any DNA modification, the frequency of detected NP collisions is dependent not only on 

the bulk NP concentration but also NP mass transport kinetics, which are primarily 
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controlled by diffusion (with some convective contribution in the case of microfluidic 

channels where the solution flows orthogonal to the plane of the microelectrode 

surface).58 The major inherent drawback in the method is that the working electrode must 

be kept at microscale dimensions in order to detect a single NP collision event with 

adequate signal-to-noise (S/N). This is necessary to keep the background noise low (sub-

picoamp) so that the CA signal (picoamps) corresponding to a NP collision event is 

discernable. The reliance on slow diffusive NP transport to a microscale detection area 

sets a relatively high limit of detection (LOD) that has been reported to range from 10-14 

to 10-11 M Pt NPs, depending on experimental conditions, colloidal size distributions, and 

the accuracy of the method for which NP concentrations are quantified.3,18,34,35,41,49,55–

58,60,152 

In order to increase the relative collision rate and improve the LOD of single 

particle collision-based detection methods, we developed a strategy to apply a focused 

magnetic field to drive magnetophoretic migration of probe NPs to the microelectrode. It 

should be noted that the combination of magnetic field manipulation and particle impact 

electroanalysis has been recently investigated by us38 and other groups,153–155 the most 

relevant of which is that of Crooks and coworkers, who recently reported particle impact 

electroanalysis of insulating magnetic microbeads in a microfluidic channel detected by 

the blockage of redox indicator flux to the microband electrode.38  

Some aspects of the approach reported here are similar to those described in the 

earlier report,38 but there are key differences.  First, we rely here on ECA, so the NPs are 

much smaller than in our previous report. Such NPs are more desirable to achieve 

ultrahigh sensitivity in affinity-based bioassays. Second, we also report an optimized 

synthetic protocol to achieve hybrid Pt-IONPs with good colloidal stability in 
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physiological buffer systems, along with supplemental mechanistic insight into the 

synthesis. Integration of the magnetic function (to increase collision frequency) with the 

electrocatalytic signaling function in a single NP provides a viable format for low-level, 

and perhaps single molecule, biosensing. Third, we used NP tracking analysis (NTA) to 

measure the NP diffusion coefficients and concentrations used in ECA collision 

experiments, thereby providing a more accurate quantification of NP collision rate 

compared to previously reported methods. The resulting collision rate was found to 

correlate much more closely to theoretical predictions than preceding reports relying on 

Pt colloids in the presence of the hydrazine indicator.3,18,34,35,41,49,55–58,60,152 

4.2 EXPERIMENTAL 

4.2.1 Chemicals 

Potassium tetrachloroplatinate (K2PtCl4, 99.9%), iron(III) chloride hexahydrate 

(FeCl3·6H2O, 97%), 3-hydroxytyramine hydrochloride (dopamine, ACS grade), Nafion® 

solution (5% wt. in lower aliphatic alcohols/H2O mix), and chloroform were obtained 

from Sigma-Aldrich. Hydroxylamine hydrochloride (NH2OH·HCl, ACS grade), sodium 

borohydride (NaBH4, 98%), sodium oleate (purified), sodium phosphate monobasic 

monohydrate (ACS grade), sodium phosphate dibasic anhydrous (ACS grade), sulfuric 

acid (H2SO4, ACS grade), nitric acid (HNO3, ACS grade), hydrochloric acid (HCl, ACS 

grade) and acetone (ACS grade) were purchased from Fisher Scientific. Absolute ethanol 

(ACS grade) was obtained from Pharmco-Aaper. Hydrazine sulfate (ACS grade), 

nitrosonium tetrafluoroborate (NOBF4, 97%), and oleic acid (97%) were purchased from 

Acros Organics. Carbon black (Vulcan XC72, VC) was obtained from Cabot Corp. All 
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water was purified to 18.2 MΩ·cm using a Barnstead Epure System. All chemicals were 

used as received. 

4.2.2 Synthesis of OA-IONPs  

All synthesis glassware was washed with aqua regia, neutralized, rinsed 

thoroughly, and dried before use. Iron-oleate complex was synthesized according to the 

method reported by Park et al.156 For a typical synthesis of Fe1-xO/Fe3O4 core/shell 

nanocubes, iron oleate complex (1.8 g, 2 mmol) and oleic acid (212 μL, 1 mmol) were 

dissolved in 13 mL of 1-octadecene in a 50 mL 3-necked flask by heating to 80 °C. The 

mixture was then degassed by alternating vacuum and N2 purging by standard Schlenk 

line technique. The reaction mixture was then heated without stirring at a rate of 4-5 

°C/min by applying 70 W power to a heating mantle. When the temperature of the 

mixture reached 240 °C, the power was increased to 80 W so that the temperature 

increased a rate of 2-3 °C/min. The reaction was left to react at 300-305 °C for 1 hour 

before the heating mantle was turned off. After cooling to room temperature, 40 mL of 

hexanes was added to suspend product, followed by 15 mL ethanol to cause the Fe1-

xO/Fe3O4 nanocubes to precipitate out of suspension. The product was collected by 

centrifugation and purified by suspending in hexanes and precipitating again with 

ethanol. This process was repeated two more times to remove impurities.  

4.2.3 Removal of Oleate Ligands from OA-IONPs  

The procedure reported by Dong et al. was followed for ligand removal and phase 

transfer of the iron oxide nanoparticles, with some modifications.157 For a typical 

reaction, 40 mg of OA-IONPs was suspended in a mixture of 8 mL hexanes and 40 μL 

oleic acid followed by precipitation upon the addition of 4 mL ethanol. The precipitate 
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was collected by an external magnet and then resuspended in 8 mL hexanes. NOBF4 (20 

mg) was sonicated in 8 mL chloroform for about thirty seconds. The resulting saturated 

solution was added to the OA-IONP/hexanes suspension and sonicated for 15 seconds. 

The resulting precipitate was collected by magnet and redispersed in 4 mL DMF. Toluene 

was then added to precipitate the iron oxide nanocubes. After rinsing two more times 

with toluene to remove organic impurities, the IONPs were washed three times with a 

solvent mixture of 25% water and 75% ethanol to remove excess salts. 

4.2.4 Dopamine Modification to Prepare AT-IONPs 

Immediately following the last rinsing step above, the resulting wet IONP sample 

(~40 mg, assuming complete magnetic recovery) were suspended in a solution containing 

dopamine (32 mg) in 20 mL water and 8 mL ethanol. The reaction mixture was agitated 

in a sonication bath for 3 hours at room temperature. The resulting AT-IONPs were 

collected with a magnet and rinsed three times with ethanol, dried at room temperature 

under a gentle stream of nitrogen, then redispersed in distilled water. 

4.2.5 Synthesis of Pt2+-IONPs 

AT-IONP (10 mg) was mixed with 70 mL water in a 250 mL round-bottom flask. 

The mixture was agitated into suspension by sonication for 15 min. in a 60°C sonication 

bath. A 20 mL aqueous solution containing 30 mg of K2PtCl4 was then added. After 30 

min. of sonication, a solution of NH2OH·HCl (70 mg) in 10 mL of 50 mM sodium 

phosphate buffer (pH 7.5) was added. After 2 hours reacting under constant sonication at 

60°C, the Pt2+-IONP product was isolated by centrifuge and rinsed once with 0.010 M 

NaOH followed by three washings with water, using a permanent magnet to collect Pt2+-

IONPs between rinses. A series of control syntheses were carried out using the same 
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procedure as described above except using:(a) naked IONPs without adding 

NH2OH·HCl, (b) naked IONPs with NH2OH, (c) AT-IONPs without NH2OH, and (d) 

AT-IONPs with NH2OH. 

4.2.6 Synthesis of Pt-IONPs  

A 10 mg portion of Pt2+-IONPs was sonicated in 90 mL water for 10 min. A 

solution containing NaBH4 (40 mg) in 10 mL water was then added and the mixture was 

sonicated for 2 hours at room temperature. Pt-IONP product was magnetically isolated 

and washed with water 3 times before use. 

4.2.7 Nanoparticle Characterization  

Scanning transmission electron microscopy (STEM) and energy dispersive x-ray 

spectroscopy (EDX) were performed using a Hitachi-S5500 microscope operated at 30 

kV equipped with a Bruker Quantax 4010 EDX detector. High resolution imaging was 

carried out with a JEOL 2010F transmission electron microscope (TEM). Samples were 

prepared for electron microscopy by dropping nanoparticle suspensions onto Formvar-

coated TEM grids and drying at 50°C. Powder x-ray diffraction (XRD) was performed on 

a Rigaku R-axis Spider diffractometer using Cu Kα radiation. X-ray photoelectron 

spectroscopy (XPS) was performed on a Kratos AXIS Ultra DLD spectrometer equipped 

with a monochromatic Al X-ray source (Al α, 1.4866 keV). All spectral peak positions 

were calibrated to adventitious carbon C1s at 284.5 eV and peak areas were calculated 

using CasaXPS software with a standard Gaussian/Lorentzian fit and Shirley background. 

Magnetometry measurements were acquired using aqueous concentrated 0.5% v/v AT-

IONP and Pt-IONP samples at room temperature with a vibrating sample magnetometer 

(VSM, Lake Shore 7307). Nanoparticle tracking analysis (NTA) was performed using a 
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NanoSight NS500 Instrument operating in scatter mode using a 638 nm laser at 40 mW 

power. Samples were diluted 100-fold from their 40 pM stock suspension and allowed to 

sit for at least one hour before analysis. A total of ten one-minute video acquisitions were 

taken for each sample, automatically flowing a different portion of the sample into the 

detection volume in between each measurement. The plots in Figure 6 were produced 

after averaging all ten NTA acquisitions per sample. 

4.2.8 Electrochemical Methods  

All non-microfluidic electrochemical measurements (cyclic voltammetry and 

chronoamperometry) were performed using a CH700 potentiostat from CH instruments. 

Unless otherwise noted, a gold wire and Ag/AgCl (sat. KCl, CH Instruments) electrodes 

were used as the counter and reference electrodes, respectively. For the voltammetric 

electrocatalytic evaluation of Pt-IONPs for hydrazine oxidation, catalyst films on rotating 

disk glassy carbon electrodes (Metrohm) were used as the working electrodes. All VC-

supported catalyst inks were prepared by sonicating 20 wt. % Pt NP with 80 wt. % VC in 

0.05 wt. % Nafion® in 1/1 v/v ethanol-water for 30 minutes to make a total 1 mg/mL 

catalyst ink, from which a 6 μL aliquot was dropcast onto a polished glassy carbon 

electrode (3 mm diameter) in 2 microliter intervals while drying under rotation at 700 

rpm to result in a thin uniform film containing 6 μg of catalyst. Pt electroactive surface 

area (ECSA) measurements were performed on the Pt-IONP catalyst film by first 

recording a CV at 20 mV/s scan rate in N2-purged 0.10 M KOH to obtain the background 

current associated with Fe2+/Fe3+ redox couple. Next, the electrolyte solution was bubbled 

with CO gas for 650 s while holding the electrode potential at -0.6 V vs. Hg/HgSO4. 

After purging the solution with N2 gas for 30 m, a second CV was acquired. The anodic 

scan of the former CV was subtracted from the latter to isolate the CO stripping peak. 
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The background-corrected CO stripping peak was integrated with respect to time to 

determine the charge (6.14 μC) used to estimate Pt ECSA on the catalyst film. The 

kinetic current contribution (iK) from electrocatalytic hydrazine oxidation (1.50 mM N2H4 

in 50.0 mM phosphate buffer, pH 7.5) on the Pt-IONP catalyst film held at 0 V vs. 

Ag/AgCl was determined from the intercept of the Koutecky-Levich plot117 shown in 

Figure S5b. The Pt surface specific electrocatalytic activity (34.9 mA/cm2) was 

calculated by dividing iK (0.509 mA) by the Pt ECSA value (0.0146 cm2). 

Chronoamperometric Pt-IONP collision experiments were first performed using a 

Au UME as the working electrode. The Au UME was fabricated by sealing a Au micro 

wire (25 μm diameter) in melted glass capillary. Au UME was polished with 0.05 μm 

Al2O3 powder, sonicated in 1:1 ethanol:water mixture, then cycled in 0.1 M H2SO4 from -

0.8 to 1.15 V vs. Hg/HgSO4 (sat. K2SO4, CH instruments) at 0.4 V/s until Au oxide peaks 

were consistent (about 50 cycles). A 14 mL aliquot of 15 mM N2H4 in 50 mM SPB (pH 

7.5) was first introduced to a 20 mL vial and bubbled with argon. After about 80 seconds 

of CA acquisition, an aliquot (ranging from 20 to 250 μL) of the Pt-IONP stock 

suspension (40 pM) was injected via pipet into the vial. In order to ensure proper 

distribution of Pt-IONPs in solution, the solution was bubbled with argon for 10 s after 

injecting NPs. The electrochemical cell (20 mL glass vial) was housed within a Faraday 

cage (CH instruments). Current was recorded at constant potential of 0 V vs. Ag/AgCl 

throughout the 1000 second analysis time. Collision events were counted in the time 

range between 300 and 900 seconds for frequency analysis. 

For the microfluidic electrochemical cell, standard photolithographic method was 

used to fabricate both the channel and the gold microband electrode (Au MBE).73 The 

channel dimension is 10 mm (l) × 25 μm (w) × 19 μm (h) and a 4 mm (d) punch was used 
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to punch out both the inlet and the outlet. The base of the fluidic channel consisted of a 

glass slide, onto which a 25 μm (w) Au MBE had been microfabricated. The 

polydimethylsiloxane (PDMS) monolith and glass base were then bound together. After 

annealing the PDMS and the Au electrode, 60 uL and 20 uL of 100 mM phosphate buffer 

(pH 7.4) was injected into the inlet and the outlet. A small Ag/AgCl leakless reference 

electrode was placed in the outlet reservoir and used as both the reference and counter 

electrodes in a two-electrode configuration. Electrochemical measurements were 

performed on the microfluidic device housed within a Faraday cage constructed from 

copper plate and mesh. CV and CA scans were recorded using a Chem-Clamp 

voltammeter-amperometer (Dagan Corp.) and a PAR 175 Universal Function Generator 

from Princeton Applied Research. The acquired data was translated using a custom 

program written in LabView 2010 (National Instruments). The Au microband electrode 

was cleaned by scanning from -0.2 to 1.2 V vs. Ag/AgCl at 100 mV/s until the scans 

equilibriated. Afterward, solutions in both reservoirs were removed and replaced with 

hydrazine solution (15 mM N2H4, 50 mM phosphate, pH 7.4) that was purged with 

nitrogen in advance. To record the background cyclic voltammogram, the potential was 

swept from -0.2 to 0.2 V vs. Ag/AgCl at 20 mV/s. For the background it-curve, the 

potential was held at 0 V vs. Ag/AgCl for 600 s with the sampling interval of 15 ms. For 

collision experiments without the magnet, appropriate amount of Pt-IONPs were injected 

into the hydrazine solution and vortexed. The solution in the inlet was replaced with the 

same volume of the hydrazine solution with the NPs and current was recorded over 600 s 

time period. For the collision experiments with the magnet, the device was taped down on 

the magnetic platform so that the middle of the magnetic lens is positioned 450 μm 

downstream of the Au MBE. The Pt-IONP suspension in hydrazine with buffer was 
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injected followed by recording current over a 600 s time period. The magnetic lens was 

fabricated following the procedure reported by Wheeler and coworkers.158  

4.3 RESULTS AND DISCUSSION 

4.3.1 Synthesis and Surface Modification of IONPs  

The aqueous synthesis of hybrid Pt-IONPs is schematically outlined in Figure 4.1, 

beginning with core/shell wüstite/magnetite nanocubes that were synthesized using a 

modified version of the iron(III) oleate decomposition method reported by Hai et al.159 

As shown in Figure 4.2, the powder x-ray diffraction (XRD) pattern of the IONPs 

contains diffraction angles/intensities corresponding to both magnetite (Fe3O4) spinel and 

wüstite (Fe1-xO) rock salt crystallites.160 The presence of Fe1-xO phase contained within 

the interior of the nanocubes is evidenced by the varied degrees of contrast observed by 

scanning transmission electron microscopy (STEM) (Figure 4.3). Comparable XRD 

characteristics and electron micrographs have been reported in previous characterizations 

of Fe1-xO/Fe3O4 core/shell nanoparticles.159,161–166  

The first step of the Pt-IONP synthesis involves the removal of capping ligands 

by reacting the oleate-capped iron oxide nanoparticles (OA-IONPs) with nitrosonium 

tetrafluoroborate salt (NOBF4).
157 The resulting ‘naked’ IONPs form excellent 

dispersions in polar organic solvents such as N,N-dimethylformamide,  but have limited 

stability in aqueous solutions.157 To improve their dispersibility in water and terminate 

the iron oxide surface with amine functional groups, a second step was implemented to 

produce amine-terminated iron oxide nanoparticles (AT-IONPs) by the surface 

modification of ‘naked’ IONPs with dopamine. The dopamine ligand preferentially binds 

to the iron oxide surface via the coordination of its chelating catechol functional group,167 
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which renders the IONPs more hydrophilic and promotes further modification by 

providing exposed amine groups on the NP surface.168 The ligand removal procedure and 

subsequent dopamine surface modification do not appear to significantly affect the size 

distribution of the iron oxide nanocrystals, as the resulting AT-IONPs remain 18(±2) nm 

in size and cubic in shape (Figure 4.3a, 4.3b).  

 

Figure 4.1: Schematic representation of the synthesis of Pt-IONPs. 
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Figure 4.2: Powder XRD patterns for AT-IONP, Pt2+-IONP, and Pt-IONP along with 

corresponding diffraction angles for Fe3O4, Fe0.91O, and Pt. 
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Figure 4.3: STEM images and corresponding size histograms for (a) OA-IONP, (b) AT-

IONP, and (c) Pt-IONP. Included in (c) is the size distribution for the 

attached Pt domains on Pt-IONP. 
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4.3.2 Characterization of Pt2+-Coated Intermediate  

Steps 3 and 4 in Figure 4.1 were developed based on our previous work.169 In step 

3, the terminal amine groups serve as ligands to bind Pt2+ to the IONP surface by ligand 

exchange with [PtCl4]
2- to form square planar Pt2+ amine complexes. Subsequent addition 

of hydroxylamine (NH2OH) produces an additional species of Pt2+ amine complexes, 

which have the effect of agglomerating around the IONP to form a thin coating over its 

surface after sonication at 60 °C for 2 h. The resulting Pt2+-coated iron oxide NPs (Pt2+-

IONPs) can be rinsed several times with aqueous solutions of pH 5-12 without dissolving 

the Pt2+ ions, demonstrating the remarkable stability of the NH2OH-ligated Pt2+ 

complexes and the interactions keeping them adhered to the IONPs. The role of NH2OH 

in noble metal NP synthesis is usually to act as a reducing agent. Such is the case for the 

synthesis of Au,118,127,170 Ag,171 and Pd NPs.172 For Pt, however, NH2OH does not act as a 

reducing agent at neutral pH, but rather coordinates as a ligand in a fashion analogous to 

ammonia to produce a series of relatively stable platinum salt compounds.173–175  

The results of x-ray photoelectron spectroscopy (XPS) in the Pt 4f region of the 

intermediate formed in step 3 confirm that the majority of Pt species remains in the Pt2+ 

oxidation state, with some Pt4+ species also present (Figure 4.4, top panel). The only 

diffraction peaks observed by powder XRD of the Pt2+-IONP intermediate are those 

corresponding to Fe1-xO and Fe3O4, which indicates that the Pt2+ coating is amorphous 

(Figure 4.2). The thin Pt2+ coating was observed to nucleate small Pt0 nanoparticles on 

the Fe3O4 surface during characterization by electron microscopy due to the reducing 

power of the electron beam.176 As shown by the STEM image in Figure 4.4d, the cubic 

morphology of the IONP cores was preserved underneath their Pt NP shells.  
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A series of control reactions were carried out for step 3 to gain some mechanistic 

insight into the formation of the Pt2+-IONP intermediate. All synthetic conditions were 

kept consistent while omitting the preceding dopamine modification of IONPs, the 

addition of NH2OH, or both (Figure 4.5). If naked IONPs are reacted directly with 

K2PtCl4 precursor by sonication at 60 °C, the synthesis results in the premature reduction 

of Pt2+ to Pt0, yielding polydisperse dendritic Pt nanostructures unevenly distributed 

throughout the sample (Figure 4.5a). The structural integrity of the IONP precursor 

appears to be significantly compromised after this reaction, which may be due to 

oxidation, partial dissolution, and/or restructuring of the IONPs resulting from galvanic 

exchange between Pt2+ and Fe2+ of the mixed valence unprotected iron oxide NPs. If the 

same reaction is carried out in the presence of NH2OH, the adsorbed Pt remained in its 

unreduced Pt2+ state (Figure 4.5b). As shown in Figure 4.5c, a similar result was observed 

after reacting AT-IONPs directly with K2PtCl4 in the absence of NH2OH, except with 

less Pt2+ adsorbed. Both NH2OH and catechol-anchored dopamine evidently act as 

inhibitors to the electrochemical reduction of Pt2+, possibly owing to the high stability of 

their respective Pt2+ complexes in comparison to PtCl4
2-. The use of both AT-IONPs 

(instead of naked IONPs) and NH2OH in the synthesis led to the highest accumulation of 

adsorbed Pt2+ species uniformly coating the iron oxide nanocubes, as evidenced by 

energy dispersive x-ray spectroscopy (EDX) and STEM (Figure 4.5d). 

Further XPS analysis was performed to investigate the change in elemental 

composition, starting from the AT-IONP precursor and ending with the Pt-IONP final 

product. The XPS data and quantitative summary are shown in Figures 4.6 and 4.7, 

respectively. The atomic ratio of O to Fe is 1.47 for the AT-IONP precursor, suggesting 

that the IONP surface is terminated with both Fe3O4 and Fe2O3. A 7-fold supplement to 



92 

 

the relative composition of nitrogen was found to result from the reaction in step 3. The 

chemical composition of the Pt2+-NH2OH complexes of the Pt2+-IONP intermediate 

remains unclear, but quantitative XPS analysis results in a N:O:Pt atomic ratio of 2:2:1, 

which is consistent with the findings of our previous report169 and suggests a 

stoichiometric ratio of two NH2OH ligands per one Pt2+ coordination center. The Cl 

distribution observed by XPS was found to vary relatively little in comparison to N and 

O, indicating that Cl only makes a minor contribution (Cl:Pt ~ 0.3:1) to the composition 

of the adsorbed Pt2+ complexes. Therefore, we propose that the Pt2+ coating over the 

MNP surfaces is primarily composed of [Pt(NH2OH)2Clx(H2O)y(OH)z]
n complex species 

that are linked together by intermolecular hydrogen bonding, electrostatic interactions, 

and/or by intermolecular crosslinking of the ambidentate NH2OH ligand. 
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Figure 4.4: Fitted Pt 4f XP spectra for Pt2+-IONP intermediate (top panel) and Pt-IONP 

final product (bottom panel). Spectra intensities were normalized by 

corresponding Fe 2p3/2 peak maximum. Vertical dashed lines indicate Pt 

4f7/2 peak position. 
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Figure 4.5: STEM images (left panel) and corresponding EDX spectra (right panel) for 

different hybrid Pt-IONP samples synthesized under different reaction 

conditions:  (a) using naked IONPs without hydroxylamine, (b) using naked 

IONPs with hydroxylamine, (c) using AT-IONPs without hydroxylamine, 

and (d) using AT-IONPs with hydroxylamine. All EDX spectra were 

normalized by the Fe Kα peak intensity. 
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Figure 4.6: XP spectra for (a) survey region, (b) Fe2p, (c) O1s, (d) N1s, and (e) Cl2p 

regions for AT-IONP, Pt2+-IONP, and Pt-IONP. 
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Figure 4.7: Summary of XPS quantitative analysis with relative elemental composition 

normalized by Fe atomic % and multiplied by 3 to relate to stoichiometry of 

Fe3O4. The data for the adsorbed species was calculated by subtracting the 

AT-IONP dataset from that of Pt2+-IONP. 

4.3.3 Structural Characterization of Pt-IONP Product 

Reacting the purified Pt2+-MNP intermediate with NaBH4 reduces Pt2+ to Pt0 and 

triggers formation of small Pt NPs (~2 nm) that decorate the iron oxide surface (Figure 

4.3c). The interplanar lattice spacings for Fe3O4 (422) and Pt (111) planes are observed 

through HR-TEM imaging of the lighter and darker contrast regions of the particle, 

respectively (Figure 4.8a). The EDX spectrum of a single Pt-IONP is shown in Figure 

4.8b along with corresponding elemental mapping of Fe and Pt, which confirms that the 

Pt-IONP is composed of an iron oxide core supporting several Pt NPs that densely cover 

its surface. Powder XRD of the Pt-IONP sample reveals a very broad peak corresponding 

to the diffraction angle of Pt(111) (Figure 4.2). The average diameter of the Pt crystallite 
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domains was estimated to be approximately 2 nm using the Scherrer formula,177 which 

provides good agreement with sizing by electron microscopy (Figures 4.3c and 4.8a). 

The Pt 4f XP spectrum for Pt-IONP is shown in the bottom panel of Figure 4.4. 

The 4f7/2 core electron binding energy for Pt0 of the Pt-IONP sample is 71.2 eV, which is 

the typical value for bulk Pt.119 This result was unexpected, however, considering the 

strong metal-support interactions that were previously observed for Pt-Fe3O4 hybrid NPs, 

as evidenced by a significant shift of the Pt0 4f7/2 core electron binding energy to a lower 

value (70.6-70.8 eV).85,120,169 This XPS spectral shift was ascribed to a charge transfer 

from the Fe3O4 to the Pt domains, thus electronically enriching the Pt atoms and 

screening the effective nuclear charge to result in a shift to lower core electron binding 

energy. In our previous work, dopamine was not used to modify IONPs before platinum 

deposition. Instead, IONPs were synthesized with 1,6-hexanediamine as the capping 

agent.169 In the current system, the amine functionalizing species (dopamine) is likely to 

undergo substantial polymerization under the slightly alkaline reaction conditions178,179 

and encapsulate the IONPs with a polydopamine coating.180,181 The polydopamine layer 

may separate the Fe3O4 surface of the IONPs from the decorating Pt NPs, thus preventing 

interfacial charge transfer. This is just one possible explanation for why a core electron 

shift to lower binding energy was not observed. Further rigorous microstructural 

characterization is necessary to fully elucidate the metal-support interactions of Pt-

IONPs.182   
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Figure 4.8: (a) HR-TEM of single Pt-IONP with zoomed in view on lower panel 

showing Pt and Fe3O4 lattice fringes labeled with interplanar lattice spacing. 

(b) STEM of single Pt-IONP with EDX elemental mapping and 

corresponding spectrum. 
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4.3.4 Catalytic and Magnetic Characterization of Pt-IONPs  

The electrocatalytic activity of Pt-IONPs for the hydrazine oxidation reaction in 

pH 7.5 phosphate buffer was qualitatively investigated by performing cyclic voltammetry 

(CV) on carbon-supported Pt-IONP (Pt-IONP/C) thin films deposited on glassy carbon 

working electrode (Figure 4.9a). For the case of the platinum-free AT-IONP/C film, no 

appreciable electrocatalytic anodic current is generated until the potential is swept 

positive of 0 V vs. Ag/AgCl. In contrast, the current associated with hydrazine oxidation 

on hybrid Pt-IONPs is apparent at ~ -0.45 V vs. Ag/AgCl, which is a slightly more 

negative potential than that observed for a Pt UME (Figure 4.9b). Rotating disk linear 

sweep voltammetry (LSV) was performed at various rotation speeds to determine the 

kinetic current (iK) associated with electrocatalytic oxidation of N2H4 at the Pt-IONP/C 

catalyst film at 0 V vs Ag/AgCl (Figure 4.10a). The corresponding Koutecky-Levich plot 

shown Figure 4.10b was constructed to extrapolate a value for iK (0.509 mA). The Pt 

electroactive surface area (ECSA) of the Pt-IONP/C catalyst film was estimated from 

anodic CO stripping voltammetry (Figure 4.10c,d). CO stripping voltammetry in alkaline 

conditions was chosen over hydride adsorption/desorption for determining Pt ECSA 

because the iron oxide portion of Pt-IONPs readily dissolves in strong acidic media. As 

shown in Figure 4.10c, before any exposure to CO, the cyclic voltammogram of the Pt-

IONP/C film presents one anodic peak at -0.1 V (vs Hg/HgSO4) and one cathodic peak at 

-0.3 V, both corresponding to the Fe2+/Fe3+ redox couple of iron oxide. After exposure to 

CO and subsequent purging of excess CO with N2 bubbling, an increase in current is 

apparent at -0.2 V. The current associated with the Fe2+/Fe3+ anodic peak was 

subsequently subtracted from the one acquired after CO exposure to isolate the current 

corresponding to adsorbed CO oxidation (Figure 4.10d). Pt ECSA was calculated based 
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on the charge from the integral of the peak area with respect to time and the specific 

charge (420 μC/cm2) for a monolayer of adsorbed CO. Pt surface specific activity was 

calculated to be 34.9 mA/cm2 of exposed Pt in the presence of 1.5 mM N2H4 in 50 mM 

sodium phosphate buffer (pH 7.5). 

The magnetic properties of AT-IONPs and Pt-IONPs were characterized by 

vibrating sample magnetometry (VSM). As shown in Figure 4.11, the saturation 

magnetization (Ms) of the AT-IONP sample (116 emu/g Fe) is relatively high compared 

to core/shell Fe1-xO/Fe3O4 NPs of similar size159,164 and approaches the Ms of bulk Fe3O4 

(92 emu/g Fe3O4 or 128 emu/g Fe).183 The magnetization is substantially lower for Pt-

IONPs (Ms = 39 emu/g Fe), which indicates a magnetic shielding effect contributed by 

the dense layer of Pt NPs covering each IONP surface. No hysteresis is observed between 

the forward and backward VSM scans, indicating that both samples are 

superparamagnetic at room temperature. 
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Figure 4.9: Cyclic voltammograms for oxidation of hydrazine in 50.0 mM sodium 

phosphate buffer at pH 7.5 on (a) carbon-supported AT-IONP and Pt-IONP 

catalyst films on glassy carbon electrode, 1.5 mM hydrazine (red and green 

lines), no hydrazine (black line), 5 mV/s scan rate and (b) Au and Pt UMEs, 

15.0 mM hydrazine, 50 mV/s scan rate. Vertical lines at 0 V vs. Ag/AgCl 

designate the potential applied in chronoamperometric NP collision 

experiments. 
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Figure 4.10: Electrocatalytic activity of Pt-IONPs for hydrazine oxidation:  (a) Linear 

sweep voltammetry (υ = 20 mV/s) at various rotation rates for Pt-IONP 

catalyst film on GC RDE in the presence of 1.5 mM N2H4 and 50 mM SPB, 

(b) corresponding Koutecky-Levich plot from electrocatalytic current at 0 V 

vs. Ag/AgCl, (c) cyclic voltammograms of Pt-IONP catalyst film in N2-

purged 0.1 M KOH before (dashed line) and after (solid line) exposure to 

650 s of CO bubbling while held at a constant potential of -0.6 V vs 

Hg/HgSO4, and (d) background corrected CO stripping peak that was 

integrated to determine Pt ECSA. 
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Figure 4.11: Magnetization as a function of applied magnetic field from room 

temperature VSM of AT-IONPs and Pt-IONPs. 

4.3.5 Colloidal Stability of Pt-IONPs 

Dilute aqueous Pt-IONP dispersions were evaluated by NTA in pure water and 

under similar conditions to the NP impact experiments. The particle size distribution 

shown in Figure 4.12 pertains to equivalent spherical diameters (ESD) as calculated from 

the experimentally determined range of diffusion coefficients according to the Stokes-

Einstein relation. NTA results indicate that the Pt-IONPs are dispersed in pure water (pH 

5-6) as relatively small aggregates with an average diffusion coefficient (DNP) of 4.2×10-8 

cm2/s, which is calculated to correspond to an average ESD of 110(±30) nm. The 

agglomerate of ten Pt-IONPs shown in the STEM image of Figure 4.3c is a suitable 

representation of an aggregate of adequate size to belong within the ESD majority. We 

speculate that the tendency of the Pt-IONPs to aggregate is a consequence of the absence 

of stabilizing surfactants, which were deliberately avoided during and after synthesis to 

ensure that Pt surface sites remain exposed and active for catalyzing the electrooxidation 

of hydrazine. 
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All previously reported particle collisions that were detected using hydrazine 

oxidation as the indicator have relied on Pt or Au NPs that were originally synthesized 

using citrate as the capping ligand. Koper and coworkers discovered that hydrazine 

rapidly induces aggregation of citrate-capped  Pt NPs,49 which challenges the general 

assumption that the majority of observed ECA signals corresponds to individual Pt NP 

impacts. Since then, authors have noted the significance of hydrazine-induced NP 

aggregation to transient detection of Pt particle impacts and have applied this knowledge 

to designate outlying current signals of larger magnitude as ECA collisions of NP 

aggregates,55,58 but such designations were never experimentally validated. 

Therefore, we have begun to utilize NTA for evaluating the colloidal stability of 

NPs in the presence of the electrochemical indicator and electrolyte/buffer to properly 

correlate NP size with impact rates. The ESD/DNP distributions do not vary significantly 

among dispersions of Pt-IONPs prepared with pure water, sodium phosphate buffer 

(SPB) alone, and SPB + N2H4 (Figure 4.13). Importantly, the experimental solution 

conditions for ECA collision analysis (15.0 mM N2H4 and 50.0 mM SPB) do not trigger 

the formation of larger aggregates of Pt-IONPs, because the particle size distributions and 

concentrations remain comparable to the values obtained in water. The Pt-IONP 

concentrations for ECA collision analysis were calculated using the value of the stock Pt-

IONP concentration (40 pM), which was determined by NTA of the sample prepared in a 

solution containing 15.0 mM N2H4 and 50.0 mM SPB, pH 7.5. 
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Figure 4.12: NTA results for a Pt-IONP sample diluted from a stock solution by a factor 

of 100 in ultra-high purity water to a concentration of 400 fM (by Pt-IONP 

aggregate):  (a) snapshot from video acquired to track NP Brownian motion, 

(b) nanoparticle diffusion coefficient (DNP) and equivalent spherical 

diameter (ESD) distributions. 

 

Figure 4.13: Pt-IONP hydrodynamic size distributions under different solution conditions 

as determined by NTA. All samples were prepared by 100-fold dilution of 

an aqueous stock Pt-IONP suspension  using either pure water, 50.0 mM 

SPB, or 15.0 mM N2H4 + 50.0 mM SPB as the diluents. 
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4.3.6 ECA Collision Analysis of Pt-IONPs at Au UME  

Pt-IONP ECA collisions were first detected using a 3-electrode setup with a 25 

μm-diameter gold disk UME as the working electrode in the presence of 15.0 mM 

hydrazine. To observe collision events by ECA, both the NPs and electrochemical 

indicator must be present in solution, as schematically presented in Figure 4.14a. Before 

adding any Pt-IONPs to the solution, a smooth, relatively low, and decreasing 

background current (Figure 4.14b) is observed due to the sluggish oxidation of hydrazine 

at a Au UME held at 0 V vs. Ag/AgCl and Au surface fouling. When no hydrazine 

indicator is included, the CA scan for a suspension of 140 fM Pt-IONPs in phosphate 

buffer results in a flat steady-state background current (with the exception of the intense 

noisy section at ~100 s attributed to the opening of the Faraday cage to inject a small 

volume of Pt-IONPs to the solution.)  

The red CA trace was acquired for a solution containing both 15.0 mM N2H4 and 

140 fM Pt-IONPs. Each small sharp increase in anodic current marks the steady-state 

electrocatalytic oxidation of hydrazine at a Pt-IONP aggregate that has made electrical 

contact with the Au UME. The CA signals are primarily saw-tooth shaped with a quick, 

sharp increase in the anodic current followed by a slower rate of decrease. The 

continuously decaying background current appears to be largely accountable for the 

difference in the ECA signal shape from the ideal staircase response (Figure 4.14a), but 

the slow deactivation of the adsorbed Pt-IONPs over time is also likely to contribute. 

This deactivation effect has also been noted previously for hydrazine-induced ECA 

sticking collisions of citrate-capped Pt NPs on Au or carbon fiber UMEs.34 The 

background-subtracted CA traces in Figure 4.14c more appropriately represent the ECA 

collision responses and the relatively slow rates of adsorbed Pt-IONP deactivation.  
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The effect of Pt-IONP concentration on the frequency of particle/electrode 

collision events is also presented in Figure 4.14c. As shown in Figure 4.14d, a clear linear 

trend relates the observed ECA collision frequency, fNP, of Pt-IONP aggregates to their 

respective bulk concentration, CNP. The slope of the calibration curve is 0.107(±0.004) s-1 

pM-1, which is the experimentally derived Pt-IONP collision rate (Rcoll). The theoretical 

prediction of Rcoll was calculated to be 0.13(±0.06) s-1 pM-1 according to the steady-state 

diffusive flux of Pt-IONP aggregates to a disk UME,  

 𝑅𝑐𝑜𝑙𝑙 = 𝑓𝑁𝑃𝐶𝑁𝑃
−1 = 4𝑁𝐴𝐷𝑁𝑃𝑟 (4.1) 

where NA is Avogadro’s number, r is the radius of the disk UME, and DNP is the Pt-IONP 

diffusion coefficient acquired from NTA, 4(±2)×10-8 cm2/s. The experimentally 

determined DNP was calculated to be 3.5(±0.1)×10-8 cm2/s, fitting well within the broad 

range of DNP values resulting from NTA. The standard error associated with ECA 

collision curve is far lower than that reported by NTA. We are careful not to misinterpret 

this result as representing the relative analytical precision between the two methods. The 

broad range of diffusion coefficients resulted from NTA is a more statistically 

meaningful representation the Pt-IONP aggregate DNP distribution because the tracking 

analysis pools from a much larger sample population: ~ 1000 NP tracks per analysis. This 

contrasts with the total number of NP impacts counted for a single 600 s CA analysis 

time, which ranged from 3 to 50 counts for 57 to 700 fM Pt-IONP concentrations, 

respectively. The error bars are especially small for the lower NP concentrations, because 

only a very small number of particles can be detected in the allotted time, thus the 

variability between 3 replicate CA scans is relatively low compared to measurements at 

higher concentrations (Figure 4.14c).  
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As mentioned earlier, the experimental collision rate matches well with the 

calculated prediction (Equation 4.1), which assumes that NP adsorption is not kinetically 

hindered at the electrode/solution interface. This result is contrary to what has been 

reported previously for citrate-capped Pt NP collision experiments performed under 

comparable conditions, in which the experimentally determined collision rates were 

found to be at least one order of magnitude lower than expected for diffusive 

transport.3,55,152 We must note that unlike these earlier studies our NP concentrations are 

accurately measured using NTA, and, as discussed earlier, the NPs are stable (i.e., do not 

undergo hydrazine-induced NP aggregation) on the time scale of the analysis.49   
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Figure 4.14: Chronoamperometric detection of Pt-IONP adsorption events on 25 μm 

diameter Au UME in the presence of 15.0 mM hydrazine, 50.0 mM sodium 

phosphate buffer, pH 7.5:  (a) single Pt-IONP aggregate detection scheme 

with idealized current vs. time response (b) full current vs. time trace 

(including overlaid control experiments in which either Pt-IONP or 

hydrazine indicator was not included) and zoomed in section of transient 

current spikes resulting from individual NP impact events, (c) background-

subtracted current vs. time traces at three varied Pt-IONP concentrations, 

and (d) Plot of Pt-IONP adsorption frequency, fNP, (from NP collision count 

per 600 s) as a function of Pt-IONP concentration, CNP. 
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4.3.7 ECA Collision Analysis of Pt-IONPs in Magnetic Microfluidic Device 

A schematic of the microfluidic device is shown in Figure 4.15. Pt-IONPs are 

transported along the microchannel by pressure-driven flow. A gold microband electrode 

(MBE) is positioned at the bottom of the channel, its long axis configured perpendicular 

to the direction of flow. A “magnetic lens” was constructed by adopting the design of 

Wheeler and coworkers.158 As shown in Figure 4.16, the magnetic lens is positioned 

below the microfluidic device so that the magnetic field is focused at the Au MBE. The 

ability of the magnetic lens to attract the Pt-IONPs was assessed by optical microscopy of 

a relatively high concentration (40 pM) of Pt-IONPs flowing through a microfluidic 

device (Figure 4.17). The magnetic lens was found to be effective towards attracting and 

accumulating Pt-IONPs to a small area at the bottom of the channel. This experiment 

provided visual guidance for alignment of the magnetic lens with the Au MBE. 

The CA plots in Figure 4.18 show the ECA events occurring in the presence of 

the applied magnetic field at varied concentrations. The corresponding plot of collision 

frequency with respect to Pt-IONP concentration is shown in Figure 4.19. At Pt-IONP 

concentrations below 60 fM, the size of the ECA collision event signals are comparable 

to those observed without the application of a magnetic field (5-50 pA range), while 

substantially larger ECA collision signals (>150 pA) are observed at the highest 

concentration (110 fM). We attribute these bigger collision events to larger aggregates at 

higher concentrations, because larger aggregates are assumed to produce collision signals 

with relatively greater current magnitude due to the overall increase in Pt surface area per 

aggregate. The formation of larger aggregates is likely accelerated by interparticle 

attractive forces due to the influence of the magnetic field (not accounted for in the NTA 

measurements). Magnetic field-induced agglomeration has also been reported by 
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Compton and coworkers154 while investigating the “cathodic particle coulometry” of ~24 

nm-diameter uncapped Fe3O4 nanoparticles at similar concentrations (10-8 g mL-1 or 100-

1000 fM) as the Pt-IONP sample herein discussed (110 fM). As shown in Figure 4.20, the 

average current magnitude of ECA impact signals is enhanced by about a factor of 5 in 

comparison to those recorded in the microfluidic cell without magnetization of the Pt-

IONPs, indicative of magnetically induced aggregation. The average calculated Pt ECSA 

for each colliding Pt-IONP is also presented in Figure 4.20. These individual ECSA 

values were approximated based on the Pt surface specific activity (350 mA/cm2 in 15.0 

mM N2H4), as determined in Section 4.3.4. Without the magnetic lens in place, the 

average Pt ECSA per suspended Pt-IONP aggregate is roughly 0.001 μm2, whereas the 

average Pt ECSA from the ECA collision events of Pt-IONPs under the influence of the 

applied magnetic field was estimated to be about 0.006 μm2.  

Another complication at higher Pt-IONP concentrations is surface saturation of 

the Au MBE with Pt-IONPs.  This results in a depletion of the available surface area for 

subsequent collisions, thereby significantly decreasing the frequency of collision events 

at longer times. Accordingly, we suspect that both the effect of magnetically-induced 

aggregation and electrode saturation collectively contribute to the relatively large range 

of error associated with the 110 fM sample concentration. For the very low level 

biosensing applications we have in mind for this approach, this is not a serious problem.  

Although the relationship between collision frequency and concentration isn't highly 

linear (R2 = 0.89) (possibly also due to the aforementioned phenomena), the collision rate 

was estimated as ~0.64 s-1 pM-1 from the correlation in Figure 4.19. Upon comparison to 

the collision rate without any applied magnetic field (0.11 s-1 pM-1), we infer that the rate 

is enhanced approximately 6-fold due to the application of the magnetic lens.  
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Figure 4.15: Schematic of microfluidic device with attached magnetic lens. 

 

 

Figure 4.16: Photographs of (a) magnetic lens and (b) microfluidic device sitting atop the 

magnetic lens. 
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Figure 4.17: Photographs of Pt-IONP accumulation resulting from attraction to the 

magnetic lens. The channel width is 500 μm and the Pt-IONP concentration 

is 40 pM. Gravity-driven flow was accomplished by adding 60 μL of 

solution in the inlet and 20 μL in the outlet. 

 

Figure 4.18: Chronoamperometric detection of magnetic field driven Pt-IONP adsorption 

events on 25 μm × 25 μm Au MBE in microfluidic device with attached 

magnetic lens in the presence of 15.0 mM hydrazine, 50.0 mM sodium 

phosphate buffer, pH 7.5. 
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Figure 4.19: Summary of Pt-IONP impact frequency analysis:  nanoparticle impact 

frequency with respect to concentration for UME and microfluidic 

experiments with and without magnetic lens applied. Embedded table lists 

corresponding slopes (NP/UME collision rates) and R2 coefficients.  
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Figure 4.20: (a) Histograms of EA collision current magnitudes and (b) corresponding 

average Pt ECSA for particle impact experiments of 60 fM Pt-IONPs in 15 

mM N2H4 and 50 mM SPB (pH 7.5) with and without the magnetic lens 

applied. 

4.4 CONCLUSIONS 

A stepwise synthetic method was developed to achieve hybrid Pt-decorated iron 

oxide nanoparticles that are dispersible as colloidally stable aggregates in dilute aqueous 

suspensions. The mechanism of adsorption of Pt2+ complex precursors onto IONP 

substrates and subsequent transformation to Pt-IONPs was investigated by a combination 

of spectroscopic and microscopic methods, thus revealing the necessary roles of 

hydroxylamine and dopamine towards the formation of a uniform coating of Pt2+ on the 

Pt2+-IONP intermediate structure. The hybrid NPs exhibit the intended dual 

electrocatalytic and superparamagnetic properties. NTA was utilized to appropriately 

characterize colloidal stability and quantify NP suspensions for ECA collision analysis. 
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Individual impacts of Pt-IONPs on the Au UME were detected via electrocatalytic 

amplification in the presence of hydrazine. The Pt-IONP collision frequency followed a 

linear dependence with concentration and correlated well with theory, which is 

unprecedented for an ECA-based collision system. The collision rate of Pt-IONPs on the 

Au MBE in a microfluidic electrochemical cell was found to match that of the Au UME 

experiments. The relative frequency of Pt-IONP impact events increased 6-fold upon the 

application of a tightly focused magnetic field to the Au MBE, establishing proof-of-

concept that bifunctional magnetic/catalytic nanoparticles can be utilized for enhancing 

mass transport to the working electrode. 

Future optimizations will focus more on the electrode than the bifunctional NPs in 

order to achieve a higher collision rate and lower LOD. The major issue with the present 

configuration is that the magnetic field is focused to a width of ~500 μm while the width 

of the microelectrode is only 25 μm, which suggests that only about 5% of the Pt-IONPs 

captured by the magnetic lens actually interact with the Au MBE and generate a current 

signal. We are currently investigating strategies for negotiating a better match between 

the applied magnetic field flux density profile and the working electrode with the 

expectation of significantly improving Pt-IONP capturing efficiency. After an optimized 

integrated microfluidic magnetic device is established using the Pt-IONPs as probes, our 

next goal is to adopt NP biomodification strategies in order to transform this unique NP 

sensing methodology into a general platform for the quantitative analysis of biomolecule 

targets of interest with very low limits of detection. 
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MECHANISM OF HYDRAZINE-INDUCED AGGREGATION 

Chapter 5: Mechanistic Aspects of Hydrazine-Induced Pt Colloid 

Instability and Monitoring Aggregation Kinetics with Nanoparticle 

Impact Electroanalysis 

5.1 INTRODUCTION 

Here we expand on our findings in Chapter 2 and continue our investigation into 

the colloidal instability of citrate-capped Pt nanoparticles (NPs) in solution conditions 

necessary for electrocatalytic amplification (ECA). Almost a decade ago, Bard and 

coworkers pioneered the ECA strategy2 for detecting single NP electrocatalysts in 

solutions containing reactive molecules as ECA detection probes. In amperometric ECA 

studies, an ultramicroelectrode (UME) is necessary for reduced current noise, and the 

best results are obtained when the UME substrate is electrochemically inert to the ECA 

probe molecules at the applied potential. A sharp burst in current is observed when the 

catalytic NP contacts the UME due to the resulting electrocatalytic oxidation or reduction 

of the reactive species in solution. The characteristic shape of the ECA impact signal 

depends on the composition and physical properties of the electrode material.  

Of the various ECA detection strategies developed over the course of the past 

nine years, the most commonly employed scheme involves citrate-stabilized Pt NPs as 

the catalysts and hydrazine as the reactant species. Koper and coworkers reported the first 

evidence of Pt NP aggregation while conducting ECA experiments with hydrazine and 

phosphate buffer at pH 8 using 3-5 nm Pt NPs and Au UMEs.49 The authors showed that 

the Pt NPs were distributed as large branched aggregates on Au and pointed out large 

distributions of the measured current step ECA events that increase in polydispersity with 
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increasing hydrazine concentration. Koper attributed the aggregation to specific 

interactions of hydrazine at the citrate/Pt interface and noted that the fractal dimension of 

the aggregates appeared to fit the growth model of diffusion-limited aggregation 

(DLA).49  

The DLA model was developed based on the experimental observations of 

Meakin and coworkers when studying polystyrene, SiO2, and citrate-capped Au 

colloids.50 Universal rate regimes were established for all three aggregating systems and 

correlated to the observed fractal dimension, which was common to all aggregated 

species regardless of chemical composition. The theory of universality for understanding 

colloid aggregation kinetics was then developed based on fractal dimension of the 

aggregate structures as independent from the chemical nature of the colloid.51,184 

Aggregation rates in these systems are typically measured with minute-scale time 

resolution by traditional light scattering methods, which do not include direct NP 

quantification in the measurements.    

Shumaker-Parry and coworkers recently elucidated the surface structure of citrate 

adsorbed to single crystal Au surfaces and Au NPs by combined infrared and x-ray 

photoelectron spectroscopic analysis. They proposed that citrate adopts a unique bilayer 

structure with “dangling” dihydrogen citrate ions (monovalent species) coordinated by 

hydrogen-bonds, which sits atop a neutral charged hydrogen-bonded network at the 

citrate/Au interface.185 The authors went on to suggest that the stability of this citrate/Au 

structure was crucial for Au NP growth during synthesis as well as the total stability of 

the colloid. In another recent study, Johnston and coworkers reported conditions in which 

a citrate-stabilized Au colloid preferentially assembles into small chain-like clusters.186 

The authors modeled their system based on DLVO principles and proposed that attractive 
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bridging interactions at the terminal ends of a small NP-chain directed the linear 

coagulation mechanism. 

Nanoparticle tracking analysis (NTA) has recently been reported as a useful tool 

to characterize isosymmetric Au NPs187,188 and asymmetric nanorods187,189 in solution, 

with potential application to developing new immunoassay nanotechnologies that employ 

protein-conjugated Au NPs as detection probes.187,188 NTA has also been evaluated for 

the analysis of NPs in complex matrices such as food and environmental samples.190,191 

Because NTA is a relatively new form of analytical instrumentation, many research 

groups have included it in multi-instrumental cross-correlative comparisons involving NP 

quantification and characterization.191–193 NTA simultaneously provides quantification of 

particle concentration and hydrodynamic diameters in a single acquisition, in contrast to 

commonly employed ensemble-based methods such as dynamic light scattering. 

Our group recently addressed the importance of using lower ionic strength buffers 

to prevent hydrazine-induced Pt NP aggregation and obtain reliable impact results for 

individual 50 nm citrate-capped Pt NPs, using Hg/Pt as the UME.55 In that study, we used 

kinetic NTA measurements to aid in the optimization of Pt colloids for single-NP 

detection by ECA nanoparticle impact analysis. We observed from the NP impact 

frequency that aggregating Pt NPs were found to collide with the Hg UME at a much 

slower rate than the optimized stable samples. The stable colloids, on the other hand, 

demonstrated Langevin-derived diffusion-limited mass transport to the Hg UME, as 

correlated to NP hydrodynamic sizing by NTA and SEM measurements.  

Here we dig deeper into understanding the observed stability of the citrate-

stabilized Pt colloid by studying aggregation kinetics with NTA size and zeta potential 

experiments. Our group recently demonstrated the use of NTA as a tool to aid in the 
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optimization of Pt colloids for single-NP detection by nanoparticle impact electroanalysis 

(NIE). In that report we employed NTA to monitor Pt NP size as a function of time under 

different solution conditions, some resulting in rapid Pt NP coagulation. The general 

mechanism for coagulation was found to involve the participation of both hydrazine 

(N2H4) redox probe and the pH buffer species as coagulants. Chemically-induced colloid 

instability was attributed to chemisorption or partial decomposition of N2H4 on the 

catalytically active Pt NP surface, in line with earlier findings by Koper and coworkers.49 

However, we were able to stabilize the citrate-capped Pt NPs by simply reducing the net 

ionic strength of the buffer. This NTA-guided systematic approach for optimizing colloid 

stability led to the discovery of solution conditions that were compatible for our single-

NP sensing strategy based on electrocatalytic amplification (ECA), a NIE detection 

scheme first reported by Bard and coworkers.2,3 The resulting NP impact rate analysis 

was found to correlate well with sizing by NTA and scanning electron microscopy 

(SEM), as evidenced by Pt NP diffusion coefficient (DNP) approximations based on the 

Stokes-Einstein-Sutherland relation.53,64 The experimentally determined Pt NP impact 

rate of the most stable sample, while giving an expected result according to Einstein’s 

kinetic relations, contradicts previous theoretical models of Pt NP impact rates in the 

N2H4 solutions. The earlier suggested model, reported by Bard and Zhang, was based on 

impact rate analysis of citrate-capped Pt NP samples that were detected by ECA in high 

ionic strength conditions. These experiments gave apparent diffusion coefficients that 

were two orders of magnitude slower than predicted based on diffusive transport to the 

UME. We proposed that the observed slow collision rates in earlier studies were 

attributed to hydrazine-induced particle coagulation, which is accelerated in high salt 

concentrations.  
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Here we further address the mechanistic aspects of Pt NP aggregation in ECA 

solutions based on microscopic kinetic Pt NP concentration studies and zeta potential 

measurements using nanoparticle tracking analysis (NTA).45,46 We apply NTA 

determined zeta potential measurements to model the interparticle interaction energy 

based on Derjaguin-Landau-Verwey-Overbeek (DLVO) theory and discuss the effect of 

citrate and Pt nanostructure on the colloidal stability is discussed. We then test citrate 

desorption on Pt with open-circuit potential (OCP) measurements and discover evidence 

of preserved citrate-Pt stability in the presence hydrazine undergoing catalytic 

decomposition on the electrode. Next we revisit the kinetics of Pt NP aggregation with 

NTA monitoring over longer time scales than previously reported and discover that the Pt 

NPs used in these experiments favor the aggregative assembly into linear chain structures 

as observed by scanning electron microscopy. This finding adds a new consideration to 

the overall discussion of “universality” in colloid aggregation, specifically the effect of Pt 

NP surface structure on aggregative assembly. 

5.2 EXPERIMENTAL 

5.2.1 Materials 

Mercury(I) nitrate dihydrate (ACS reagent), chloroplatinic acid hydrate (H2PtCl6, 

≥99.9% trace metal basis), 64-65% hydrazine hydrate solution (reagent grade), and L-

ascorbic acid (ACS reagent) were purchased from Sigma-Aldrich. ACS grade phosphate 

buffer (SPB) salts, trisodium citrate, citric acid, concentrated sulfuric acid, and sodium 

borohydride were acquired from Fisher Scientific. All chemicals were used as received. 

Sulfuric acid was used to adjust pH to 7.8 for each hydrazine-containing buffer. All water 

was purified to 18 MΩ·cm resistivity with a Barnstead Epure System.  
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5.2.2 Synthesis of Pt NPs 

The 50 nm Pt NPs used in this investigation were part of the same batch that was 

synthesized for a previous investigation, see Section 2.2.2  

5.2.3 Nanoparticle Tracking Analysis 

Nanoparticle tracking analysis (NTA) was performed using the ns500 instrument 

from Nanosight, Ltd. The NTA method of optical single-NP detection is based on dark-

field scattering microscopy; light source is a blue 488 nm laser. The time resolved size 

measurements were performed following the experimental procedure as reported earlier 

(Section 2.2.3). Zeta potential measurements were performed at an applied electrokinetic 

driving voltage of 24 V for samples in water, 8 V for 25 mM Tris sulfate and 10 mM 

sodium phosphate buffers, and 12 V for all other samples.  

5.2.4 Open Circuit Potential Measurements  

All electrochemical experiments were performed with a two-electrode setup 

controlled by an electrochemical workstation (CH Instruments, Austin, TX, model 700). 

Saturated calomel electrode was used as reference. The OCP experiment is depicted 

schematically in Figure 5.5.  

5.2.5 Electron Microscopy 

Scanning transmission electron microscopy (STEM) was performed using a 

Hitachi-S5500 microscope operated at 30 kV equipped with a Bruker Quantax 4010 EDX 

detector. Samples were prepared for electron microscopy by dropping nanoparticle 

suspensions onto Formvar-coated TEM grids and drying at 60°C over the course of 3 

days to fully evaporate water. 
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5.2.6 Nanoparticle Impact Electroanalysis 

The NP impact data analyzed in this study was previously reported in Chapter 2 

along with the experimental protocol. The NP frequency was calculated by applying a 

custom moving sum-average with Excel spreadsheet. Specifically, the frequency for the 

first ten impacts was calculated by dividing the sum total by the elapsed time after Pt NP 

introduction. All other events after the 10th impact were counted as a total of 10 events 

divided by the time in between the first event of the set and first event of the next ten 

impacts. This data processing was also applied in the backward direction starting at the 

end time and the two forward/backward results were averaged together to construct the 

plot in Figure 5.11a. The scatter data in part b) of Figure 5.11 was fit to the 

Smoluchowski coagulation equation as a custom function in Origin 2016 data analysis 

package. 

5.3 RESULTS AND DISCUSSION 

5.3.1 Time-Resolved NTA: Pt NP Concentration Measurements 

Pt NP concentrations were monitored over time by NTA for three different buffer 

species:  sodium phosphate buffer (SPB), Tris sulfate buffer (TSB), and hydrazine sulfate 

buffer (HSB), as shown in Figure 5.1. TSB was chosen as a relevant system of interest to 

hydrazine because the Tris amino base has the same pKa as hydrazine (8.1). It also works 

out that the ionic strength of both buffer species is equivalent to their respective formal 

concentrations at the pH maintained for these experiments. Therefore, the average 

valency of ions in solution is also equivalent for both buffers prepared at the same total 

ion concentration, so any difference in aggregation phenomena between the two 

conditions cannot be attributed to relative degree of electrostatic charge-screening at the 

electrical double layer. The left panel shows that for 10 mM ionic strength, the Pt colloid 



124 

 

maintains its initial concentration in the presence of all three buffering species. We also 

performed these experiments with 25 mM ionic strength (not shown) to obtain a similar 

result as that for the 10 mM condition. As shown in the right panel of Figure 5.1, the 

colloid also remains at a consistent concentration at 50 mM ionic strength for chemically 

inert SPB and TSB (Figure 5.1b,d). In HSB, however, the Pt NP concentration does in 

fact decrease significantly over time (Figure 5.1f), reducing to half of the initial 

concentration after 7-8 minutes. The aggregation rate is apparently linear at this time 

scale, and we obtain an aggregation rate of -4.3×107 NPs mL-1s-1
 from the slope of the 

curve. The Pt colloid in 50 mM HSB therefore represents a unique experimental 

condition whereby aggregation is specifically induced by hydrazine, even when the ionic 

species for comparison (TSB) is a primary amine with similar basicity and assumedly 

comparable amine-Pt binding affinity. This result suggests that the reactivity of hydrazine 

at the Pt NP surface does indeed play a significant role in promoting aggregation. 
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Figure 5.1: Pt NP concentration measured over time by NTA. Ionic strength is 10 mM 

for panels a, c, e; and 50 mM for b, d, and f with respective buffer 

concentrations as labeled. The linear fit in part f was forced to intercept at 

C0 (1.1 pM Pt NPs). Buffers were freshly prepared at pH 7.8 prior to 

acquisition. 
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5.3.2 NTA Zeta Potential and Size Measurements 

To further understand the specific role of hydrazine in Pt NP aggregation, we 

employed the electrokinetic tracking features of NTA to measure zeta potentials of the 

individual particles in solution. The zeta potential is the potential at the slipping plane of 

the electrical double layer (EDL) on an individual NP surface in accordance with the 

Gouy-Chapman-Stern model. The experimentally determined zeta potential values 

therefore serve as estimations for the activation energy of the pair interparticle 

interactions that are responsible for citrate-promoted charge stabilization of the Pt colloid.  

Figure 5.2 shows the measured zeta potentials for a variety of solution conditions relevant 

to the ECA detection strategy, each plotted with respect to the approximated ionic 

strength. As expected, the Pt colloid in deionized water is the most stable sample, with a 

high average zeta potential of -100 mV. The Pt NP zeta potential decreases to less than 

half of this value for all other conditions tested in the range of ionic strength from 10 to 

30 mM. The three buffer systems that were previously analyzed by NP concentration in 

the left panel of Figure 5.1 (10 mM ionic strength) were also investigated. The average 

and standard deviation (measure of NP polydispersity and standard error) of the 

individual Pt NP zeta potential distributions for all three of these solution conditions are 

virtually identical (-46 ±14 mV). This zeta potential for citrate-capped Pt NPs is 

sufficient for colloid stabilization, as verified earlier in the concentration measurements 

from Figure 5.1. At higher buffer ionic strength (~25 mM; corresponding to 25 mM TSB 

and 10 mM SPB), the average zeta potential for the Pt NPs is decreased by ~20 mV with 

respect to the 10 mM ionic strength conditions and the zeta polydispersity increases as 

indicated by the vertical bars in Figure 5.2.*  

                                                 
* The zeta potential measurements performed in these high ion concentrations (>10 mM) are expected to be 

less reliable than those obtained in lower ionic strength because the electrokinetic driving voltage had to be 
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The zeta result for the mixed hydrazine/buffer species condition of 5 mM SPB + 

10 mM N2H4 is statistically similar to that of the three stable NP samples in 10 mM ionic 

strength (Figure 5.2), which further supports our previously reported conclusions that the 

colloid is stable at this condition of important relevance to ECA detection of single Pt 

NPs. The measured mean NP diameters are quite similar for all conditions tested. 

However, a slightly higher degree of aggregation is indicated for the SPB supported 

colloids according to the 4 nm difference between 3.85 mM SPB and the monoprotic 

weak base buffers, HSB* and TSB. The hydrazine-containing sample has the largest NP 

size overall despite the fact that its ionic strength is much lower than the 10 mM SPB 

sample. This finding further supports the hypothesis that hydrazine is promoting 

aggregation by chemically interacting with the Pt NPs in solution, although almost 

completely kinetically hindered in this condition. 

 

                                                                                                                                                 
reduced from 24 V (used for water and 10 mM ionic strength solutions) to 8 V in order to prevent a short 

circuit. The 8 V setting is the minimum recommended setting from the NTA manufacturer for obtaining 

reliable zeta measurements. 
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Figure 5.2: NTA-measured Pt NP zeta potentials plotted as a function of ionic strength. 

Various solution conditions were investigated as labeled in the legend. The 

corresponding mean Pt NP hydrodynamic diameters and standard deviations 

(standard error) are listed in the legend. Buffers were freshly prepared at pH 

7.8 prior to acquisition. 

5.3.3 DLVO Predictions and Effect of Pt NP Structure 

The DLVO model of interparticle interactions is one of the most heavily applied 

theories to assess the stability of colloidal dispersions, and has been shown to correlate 

well with experimental measurements in various colloid systems. The DLVO 

approximation for the interaction energy between two approaching particles is based on 

the summation of the attractive Van der Waals (VVDW) and electrical double layer (VEDL) 

contributions to obtain the pair interparticle potential (VT) according to Equation 5.1. 

 𝑉𝑉𝐷𝑊 + 𝑉𝐸𝐷𝐿 = 𝑉𝑇 (5.1) 

0 5 10 15 20 25 30
0

-20

-40

-60

-80

-100

       Buffers       Conc. Diameter

      (mM) (nm)

 SPB      3.85 63.9 ±0.8

 10.0 64.3 ±0.6 

 HSB 10.0 59.3 ±0.5

 TSB 10.0 58.7 ±0.5

 25.0 60.4 ±0.9

 

 SPB/N2H4 5.0/10.0 67 ±2 

 Water 60.8±0.9

Z
e
ta

 P
o

te
n

ti
a
l 
(m

V
)

Ionic Strength (mM)



129 

 

The Derjaguin approximation65,194 serves as a simple model to estimate the Van der 

Waals interaction energy as a function of interparticle separation distance (H) for hard 

spheres of equivalent radius (r) according to Equation 5.2, 

 𝑉𝑉𝐷𝑊 = −
𝐴12

12ℎ1
[

1

1+ℎ2
+

ℎ1

1+ℎ1+ℎ3
+ 2ℎ1 ln {ℎ1 (

1+ℎ2

1+ℎ1+ℎ3
)}] (5.2) 

where ℎ1 =
𝐻

𝑟
;  ℎ2 =

𝐻

4𝑟
;  ℎ3 =

𝐻2

4𝑟2 and A12 is the Hamaker constant for the metal-solution 

interface.195 One can also approximate the interaction energy of two overlapping double 

layers between two spherical NPs using Equation 5.3, 

 𝑉𝐸𝐷𝐿 = 2𝜋𝜀𝑟𝑒𝑙𝜀0𝜁2𝑟 ln[1 + exp(−𝜅𝐻)] (5.3) 

where 𝜀𝑟𝑒𝑙 is the relative permittivity of the solvent, 𝜀0 is the permittivity of free space, ζ  

is the experimentally measured zeta potential from NTA, and 𝜅 is the inverse Debye 

length, calculated by Equation 5.4. 

 𝜅 = [
1000𝑒2𝑁(2𝐼)

(𝜀𝑟𝑒𝑙𝜀0𝑘𝐵𝑇
]

1

2
  (5.4) 

Here e is elementary charge, N is Avogadro’s number, and I is the ionic strength. 

Equation 5.3 is only valid when 𝜅𝑟 > 5, such is the case for low potentials at high ionic 

strengths. At high zeta potentials, such as that observed for the 50 nm citrate-capped Pt 

NPs when dispersed in deionized water (Figure 5.2), 𝜅𝑟 < 5 and the expression for VEDL 

then becomes 

  𝑉𝐸𝐷𝐿 =
4𝜋𝜀𝑟𝑒𝑙𝜀0

𝐻+2𝑟
(

𝑘𝐵𝑇𝑟𝑌

𝑒
)

2

exp (−𝜅𝐻)  (5.5) 

with 

  𝑌 = (8 tanh (
𝑒𝜁

4𝑘𝐵𝑇
))/(1 + [1 − (2𝜅𝑟 + 1)/(𝜅𝑟 − 1)tanh2 (

𝑒𝜁

4𝑘𝐵𝑇
) (5.6) 

Figure 5.3 shows the calculated prediction for VT as a function of separation 

distance between two 50 nm Pt NPs at two different ionic strengths. The VEDL at 10-3 mM 

ionic strength (blue solid curve) was calculated using Equations 5.5 and 5.6 because the 
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calculated 𝜅𝑟 value is 3. The inverse of 𝜅 gives a Debye screening length of 10 nm for 

this low electrolyte solution. VEDL for 10 mM ionic strength (blue dashed curve) was 

calculated using the expression for 𝜅𝑟 > 5 (Equation 5.3). As shown in Figure 5.3, VT is 

predicted by DLVO theory to be a repulsive barrier at 10-3 mM ionic strength. For 10 

mM ionic strength, however, the calculation predicts significant screening of the Pt 

surface charge to result in a net energy that is equivalent to VVDW, essentially indicating 

that the 10 mM ion concentration is higher than the critical concentration of 

coagulation.196–198 Our experimental results do not fit the traditional DLVO prediction of 

rapid coagulation for these colloid species. Experimental disagreements with DLVO 

theory are well documented in the colloid literature, and the various factors that the 

approximation does not take into account continues to be a heated topic of discussion.199 

A more appropriate theoretical model must include another repulsive contribution 

to the VT equation to explain our observations. We reason that the key to stability 

enhancement most likely involves the structure of the absorbed citrate on the Pt surface. 

We suspect this structure involves a substantial degree of H-bonding, such as that 

determined by Shumaker-Parry for Au,185 but including enhanced stability from Pt NP 

hydrophilicity and more favorable binding energetics with the OH group of citrate due to 

the presence of Pt surface oxides. The Pt NPs used in this study have a nanostructured 

surface roughness of ~5 nm due to the aggregative growth mechanism during synthesis,24 

which we expect to promote a higher relative surface coverage of Pt oxide with respect to 

bulk polycrystalline Pt. Interestingly, Eychmüller and coworkers, who originally reported 

the synthesis of these Pt NPs, found it necessary to include a dielectric shell of 5 nm 

thickness in their computations of Pt NP extinction spectra in order to fit the experimental 

results.24 If Pt nanostructure promotes H-bonded networks with citrate, then perhaps the 
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thickness of this steric/charge stabilizing shell really is ~5 nm. The -100 mV zeta value 

measured in pure water for our NPs is relatively high in comparison to citrate-capped Au 

and Ag NPs of similar size but smoother surface. We suspect that Pt NP surface structure 

promotion of the H-bonding model with extended multi-citrate layer thickness accounts 

for this zeta discrepancy. The top panel of Figure 5.4 shows an STEM image of two 

citrate NPs. The area of low contrast surrounding the NPs was observed to develop over 

time during image acquisition and was acquired after the layer had completed expansion. 

We speculate that this shell is primarily composed of citrate and water that was trapped 

with the porous structure of the Pt NP during the synthesis and expelled upon irradiation 

from the electron beam. The coating material may also include oxidation products from 

the reducing agents, such as polymeric borate species200 from sodium borohydride. 
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Figure 5.3: Pair interparticle potentials calculated for Pt NPs based on equations 5.1-

5.6: Van der Waals attraction, VVDW (red), electrical double layer repulsion, 

VEDL (blue), and total interaction energy, VT (green) for 10-3 mM ionic 

strength (solid lines) and 10 mM ionic strength (dashed lines). Inset panel is 

expanded view for the 10 mM ionic strength condition. VEDL was calculated 

using the corresponding measured zeta potential values from Figure 5.2, 

with the zeta from deionized water applied for 10-3 mM ionic strength. VVDW 

was approximated using a A12 value of 4×10-20 J based on the “crossed 

polarized wires” experimental determinations by Derjaguin and 

coworkers.201  
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Figure 5.4: Scanning transmission electron micrographs of citrate-stabilized Pt spherical 

NPs. Top panel shows two Pt NPs at high magnification and the film that 

develops around the NPs over time under exposure of the electron beam. 

Bottom three panels show representative images of chain-like Pt NP 

aggregates. 
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5.3.4 OCP Experiments 

OCP experiments were performed on a Pt wire to assess the stability of the citrate 

surface structure upon exposure to hydrazine solutions, Figure 5.5a depicts the scheme 

for surface pretreatment experiments and Table 5.1 lists the corresponding OCP 

measurements. First, the OCP of a clean, flame-annealed Pt wire was measured in 50 mM 

SPB under ambient conditions to obtain a value of 260 mV vs. SCE, which is estimated 

to be ~0.95 V vs. RHE in pH 7.8 based on the Nernst equation (RHE = 0 V – 0.0591×pH 

vs. NHE). This potential is expected value based on the onset of oxygen reduction 

reaction on Pt.49 After cleaning the electrode again, was then immersed in 100 mM HSB 

for 1000 s (Step 1, Figure 5.5a), giving an OCP of -510 mV which is poised between the 

electrocalytic onsets for O2 reduction and N2H4 oxidation. Importantly, macroscopic 

bubbles were observed to form on the surface of the electrode during this time period, 

indicating Pt-catalyzed hydrazine decomposition. The N2H4 decomposition reaction can 

occur by two alternative pathways, the direct pathway to form hydrogen and nitrogen gas 

as shown in Equation 5.7, and the alternative pathway leading to the formation of 

nitrogen gas and ammonia (Equation 5.8).  

 𝑁2𝐻4 → 𝑁2 + 2𝐻2 (5.7) 

 𝑁2𝐻4 → 4𝑁𝐻3 + 𝑁2 (5.8)  

Hydrazine decomposition on polycrystalline Pt and Pt NPs has been shown to 

significantly favor the ammonia production pathway in both acidic202 and alkali199 

conditions. So while Pt is an excellent catalytic surface for efficient N2H4 decomposition, 

the reaction follows the less desirable NH3 path making Pt a poor choice of catalyst for 

the efficient production of H2 from N2H4 fuel.203 We therefore assume that the observed 

bubbles are primarily composed of gaseous N2 and NH3. The bubbles formed at a gradual 
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rate and the OCP was not observed to fluctuate significantly over the course of a single 

measurement. In step 2 of Figure 5.5a, the Pt wire from N2H4 solution was quickly 

transferred to SPB to obtain a lower OCP than seen for the clean Pt surface. The potential 

vs. time at this step was observed to fluctuate during the acquisition time (See Table 5.1 

caption) and vary between experiments. The cause of the observed fluctuation is unclear 

and could be due to several possible processes occurring on deactivated Pt surfaces.29  

 Shown in Figure 5.5b is the description of the citrate treatment method, the first 

step involving the saturation of the Pt wire surface with a Na citrate solution. After a 

gentle rinse, the electrode was transferred to 50 mM SPB to measure the effect of the 

citrate coating on the electrode potential (Table 5.1). We attribute the -178 mV difference 

between the OCPs measured for the clean and the citrate-treated Pt wires to the influence 

of the charged citrate layer adsorbed on the electrode. The potential shift is higher than 

the measured zeta potential for the Pt NPs (-100 mV) because the OCP measurement 

represents the potential at the compact double layer, which is well known to be greater in 

value than the zeta potential. We then tested the effect of 100 mM HSB on the adsorbed 

citrate by the same method used for the clean Pt. Bubbles also gradually formed for the 

citrate-coated Pt wire in the 1000 mM HSB condition, so the wire was still catalytically 

active for N2H4 decomposition despite the citrate saturated surface. The equilibrium 

potential is shifted ~100 mV positive of that observed for clean Pt, indicating that N2H4 

oxidation on Pt is hindered by attached citrate. For the OCP result for step 2 of Figure 

5.5b, we observed a negative shift that is roughly comparable in value to what we saw for 

the clean Pt wire experiment (~100-200 mV difference), so there isn’t any apparent 

evidence from this experiment of citrate removal from the electrode after exposure to 

N2H4. 



136 

 

These experiments were also performed for the 10 mM N2H4 solutions that we’ve 

studied previously with NTA and NP impact experiments (Chapter 2). We see similar 

results for both 10 mM N2H4 conditions with and without 50 mM SPB added, suggesting 

that ionic strength during the N2H4 pretreatment does not have an effect. There is no 

difference between the initial citrate-coated and post-treated Pt OCP values for the 10 

mM N2H4 conditions, indicating that the citrate remains adsorbed to the electrode.  

The observed bubble formation and OCP shift for 100 mM N2H4 warrant a 

discussion on the possibility of nanobubbles204–206 forming from the products of catalytic 

N2H4 decomposition on these structured Pt NP surfaces. The properties of both the Pt 

surface and the encompassing citrate layer are expected to contribute to nanobubble 

stabilization, regardless of the decomposition product. We propose that a H-bonded 

citrate film allows the diffusion of most N2H4 to the NP surface and influences mass 

transport to some extent by electrostatic attraction of N2H5
+. This electrostatic effect 

could either enhance or hinder hydrazine transport to the Pt active sites by 

electromigration (enhanced transport) and electrostatic trapping of incoming N2H5
+ at the 

charged carboxylate groups of citrate. We expect that most hydrazine molecules penetrate 

through the citrate “membrane” deep into the interstitial sites of the nanostructured Pt 

NP. The gaseous products that form, however, may become trapped in between the Pt 

surface and the H-bonded polymeric citrate coating layer. The nanobubble stabilizing 

mechanism is a working hypothesis at this juncture and beyond the scope of this text, but 

our groups are currently working towards solving this complex mystery. We speculate 

that if nanobubbles are stabilized to some extent on these Pt NPs, they could very well 

influence the coagulation and direct it to occur at the most active Pt nanograins. We think 
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that the Pt catalyzed hydrazine decomposition mechanism is the most likely explanation 

for the observed specific hydrazine-induced aggregation result from NTA in Figure 5.1f. 

 

 

Figure 5.5: Schematic representation of Pt surface pretreatment OCP experiments. Pt 

OCP was referenced to SCE.  
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Table 5.1: List of solution conditions outlined in Figure 5.4 and measured OCP values. 

Experiments with listed error were performed in triplicate measurements or 

more. For the post-treatment experiments in 100 mM HSB, the standard 

deviation in the OCP over a 1000 s time period was propagated with the 

standard error.  

5.3.5 Aggregation Kinetics 

Figure 5.6a shows Pt NP size distributions over time as monitored by NTA for the 

aggregation inducing 50 mM SPB + 10 mM N2H4 condition. In Figure 5.6b, we see the 

corresponding mean NP diameters plotted over a time of one hour. After 30 minutes of 

aggregate growth, we identify a linear growth region corresponding at an average 

aggregation rate of 3.8 nm min-1. Figure 5.6c shows the natural log of the aggregate 

diameter divided by the initial 50 nm diameter, ln(d/dp), as a function of ln(t/τ), where t is 

time and τ is the time constant for the rate of coagulation, which was determined to be 
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roughly 240 s, which is the time when the NP concentration decreases to have its initial 

value (Figure 5.7a). The ln-ln plot in Figure 5.6c clearly shows two different rate 

regimes, the earlier one slow followed by an abrupt transition to a faster rate regime after 

30 minutes. The slow growth region indicates reversible coagulation. For the fast rate we 

obtain fractal dimension (δ) of 1.0 from the inverse slope207,208 of the plot in Figure 5.6c, 

indicating linear structure of the Pt NP aggregates. The inset electron micrograph in 

Figure 5.6b shows a small linear chain of four Pt NPs that aggregated naturally during 

solvent evaporation on the hydrophobic carbon film coated TEM grid. Other Pt NP 

chains are shown in Figure 5.4.0. The SEM images in Figures 5.7 and 5.8 show the 

aggregate structures formed in the presence of two ECA buffers that we’ve investigated 

previously with NTA and NP impact rate analysis. For these experiments, a piece of 

stainless steel foil was lowered into the ECA solution and left to adsorb the Pt NP 

aggregates that formed over the course of 2 hours. Figure 5.7 shows a mixture of primary 

50 nm Pt NPs and small aggregates containing no more than 5 primary NP units that 

adsorbed on the metal surface in 10 mM N2H4 + 5 mM SPB solution. In Figure 5.8, we 

see larger aggregates that formed in the higher ionic strength 10 mM N2H4 + 50 mM SPB 

solution, as expected. Chain-like NP aggregates appeared in both figures along with some 

that adopted more closely packed arrangements. 

We suggest that our NPs are directed to assemble linearly by stronger bridging 

interactions and large electrostatic repulsive contributions from the densely adsorbed 

citrate on the surface, in line with Johnston’s proposed mechanism.186 However, one must 

also consider the heterogeneity of the Pt nanograins on the NP surface. Some of this 

crystallites may be much more active than others for N2H4 decomposition. We are not 

sure exactly how this relates to aggregation. It could create pressure-driven repulsion if 
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the rate of decomposition is sufficiently fast and bubbles are released at a continuous 

frequency. In this sense we are proposing that the Pt NPs may be behaving like 

nanomotors.209 If the gas is building up from within the Pt NP, then this could eventually 

rupture the stabilizing citrate layer at a specific site and further promote linear assembly. 

Our team is still only contemplating this complex puzzle at this point. An 

alternate explanation for the nanobubble hypothesis is the hydrazine is becoming a part of 

the H-bonded citrate network, as proposed by Li and coworkers.210 Indeed, N2H4 could 

very well function as both H-bond donor and acceptor. The N2H4 may be donating H to 

the carboxyl groups of citrate and create a strong bridging interaction,186 thus cross-

linking the Pt NPs by interparticle H-bonding to induce aggregation.  
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Figure 5.6: NTA monitored Pt NP aggregation kinetics in 10 mM N2H4 + 50 mM SPB 

solution over a one-hour time period: a) three-dimensional plot of 

hydrodynamic particle size distributions over time, b) mean and mode 

diameters as a function of time, and c) corresponding double logarithmic 

plot relating ratio of aggregate/primary Pt NP diameters (d/dp) to time 

expressed as t/τ. The inset STEM image in b) shows a chain of 4 primary 50 

nm Pt NPs. Aggregation rate regimes are indicated by the figure labels in 

panel c for reversible coagulation/fragmentation (red) and chain-like 

assembly (blue). [Diameters at 20 and 25 minutes were excluded as outliers 

by residuals analysis for fits in b); c).]   
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Figure 5.7: SEM of Pt NPs adsorbed on stainless steel foil after from solution of 10 mM 

N2H4 + 5 mM SPB, pH 7.8 over the course of one hour at 1.1 pM Pt NP 

concentration.  



143 

 

 

Figure 5.8: SEM of Pt NPs that adsorbed on stainless steel foil from solution of 10 mM 

N2H4 + 50 mM SPB, pH 7.8 over the course of one hour at 1.1 pM Pt NP 

concentration.  

5.3.6 Monitoring Aggregation Kinetics with Nanoparticle Impact Electroanalysis 

The chronoamperometric trace in Figure 5.9 shows the ECA impact events for a 

single measurement with 1.1 pM Pt NPs in 10 mM N2H4 + 50 mM SPB. As we pointed 

out previously, the NP impact frequency decreases significantly over time, as shown in 

Figure 5.10a. For the spherical cap UME used in this study, the impact frequency is 

proportional to NP concentration according to Equation 5.9. 

 𝑅𝑁𝑃 = 𝑓𝑁𝑃𝐶−1 = 2πβ𝑁𝐴𝐷𝑎𝑈𝑀𝐸  (5.9) 
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RNP is the impact rate, fNP is the frequency of NP impacts at a given NP concentration (C), 

NA is Avogadro’s number, D is the NP diffusion coefficient, and a is the basal radius of 

Hg cap (5 µm for Pt disk UME substrate). The term β is a size dependent constant based 

on the calculations by Alfred and Oldham.63 For our Hg UME, β = 1.35.  

Figure 5.10a shows the NP impact frequency as a function of time for five 

replicate measurements. We estimated CNP by rearranging Equation 5.9 using the 

measured impact frequency and an average diffusion coefficient of ~1 × 10-7 cm2 s-1 (50 

nm diameter)53,64 to calculate the scatter plot in Figure 5.10b (blue), which is shown as 

relative concentration (C/C0)  with C0 = 1.1 pM, the experimentally determined value in 

water by NTA. The measured C/C0 values from NTA are included for comparison. The 

scatter plots were fitted using the general Smoluchowski coagulation function211 

(Equation 5.10). 

  
𝐶

𝐶0
=

1

1+
𝑡

𝜏

 (5.10) 

Here 1/τ represents the coagulation rate and τ is the time when the total particle 

concentration, C, is decreased to half of its initial value. As shown in Figure 5.10b, both 

datasets match well to show the rate of coagulation, with NP impact electroanalysis 

giving a slightly slower coagulation rate and better fit with Equation 5.10 (see 

Experimental). This analysis shows that NP impacts can be calibrated to concentration, 

even for nonlinear fast coagulating conditions. 

 

 

  

 



145 

 

 

Figure 5.9: Chronoamperometry of Pt NP impacts in 10 mM N2H4 and 50 mM SPB, pH 

7.8. Pt NP concentration is 1.1 pM. The sharp current fluctuations at ca. t ~ 

60 s mark the time when Pt NPs were introduced into the hydrazine/buffer 

solution (4 mL) as a 20 uL injection caused by opening the door on the 

Faraday cage. 

 

Figure 5.10: Nanoparticle impact electroanalysis (NIE) of aggregating Pt NPs. Shown in 

blue are the NP impact frequency, a), and relative concentration (averaged 

into discrete time intervals for every 35 NP impacts), b), plotted as a 

function of time from five replicate trials with 1.1 pM Pt NPs (C0), 10 mM 

N2H4 and 50 mM SPB, pH 7.8. The vertical error bars in b) are the standard 

error and the horizontal bars are the time range extending from the midpoint 

time. The data shown in red comes from NTA and was constructed similarly 

from three replicate NTA trials. The curve fits for both experiments were 

derived from Equation 5.10. Calculated τ values are indicated in the figure 

labels. Adjusted R2 values are also shown. 
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5.4 CONCLUSIONS 

The combined results of these experiments support that the stability of citrate on 

Pt involves much more than just electrostatic interactions. A structure based on 

intermolecular H-bonding appears to be the most likely explanation for the exceptional 

stability of these large Pt NPs in 50 mM ionic strength with buffer salt in the absence of 

hydrazine. The stability was evidenced by the range of reversible metastability 

(agglomeration) before linear directed assembly of Pt NP chains. The mechanism of Pt 

NP aggregation includes specific reactive contributions from hydrazine. Hydrazine 

decomposition is occurring to some extent at the citrate-coated Pt surface. Citrate remains 

adsorbed on a Pt wire surface after treating with 10 mM and 100 mM N2H4 and we 

reason this is most likely true for the NPs as well. Although citrate stays stuck to the Pt 

and does not undergo substantial ligand-exchange with hydrazine, we expect that the 

membrane-like structure is disrupted by evolved gaseous decomposition products and 

ruptures, causing instability and promoting coagulation. The heterogeneity of the 

nanostructured Pt NP surface is expected to influence the aggregation mechanism and 

induce polarity by bridging interactions, which we expect to involve both a higher degree 

of interparticle H-bonding at the terminal primary NPs of the chain in the presence of 

hydrazine and the physicochemical contributions from Pt-catalyzed hydrazine 

decomposition products. In the last section, we demonstrated proof of concept using 

nanoparticle impact electroanalysis based on electrocatalytic amplification as a method 

for quantifying Pt NPs with suitable time resolution for studying kinetics of Pt colloid 

aggregation.  
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SUMMARY AND FUTURE CONSIDERATIONS 

In Chapter 1, Hg ultramicroelectrodes were demonstrated as a non-fouling and 

robust material for boosting signal-to-noise in the electrochemical detection of NP 

impacts by electrocatalytic amplification. In Chapter 2, the Hg-optimized NP impact 

detection method was shown to be a viable method for monitoring the colloidal stability 

of Pt NPs in the ECA solution conditions, as validated by nanoparticle tracking analysis. 

The experimentally observed diffusion-limited NP impact frequencies were also shown to 

be in agreement with prediction based on the Stokes-Einstein relation for both the stable 

Pt colloids in Chapter 2 and the metastable Pt-IONP aggregates in Chapter 4. The trend 

of NP impact frequency actually matching the expected result is unprecedented for 

related ECA systems, where impact frequencies were previously found to be two orders 

of magnitude slower than expected, such as the case in Chapter 1 with the 3-5 nm Pt NPs. 

The major cause of this discrepancy was identified as the relative colloidal stability 

between optimized and unoptimized NIE systems. The choice of electrode material (Hg 

vs. Au) and the chemical composition of the colloid were found to have little effect 

observed NP impact rates.* This finding signifies that the NP impact rate can be 

understood in terms of universal kinetic principles of diffusion.  

The experimental confirmation of this Langevin-derived model of NIE kinetics as 

described in Chapter 2 and the proof of concept experiment in resolving Pt NP 

aggregation kinetics (Section 5.3.6) provides the first steps towards standardization and 

                                                 
* Recall that in Chapter 2 the NPs were composed of Pt only and Hg UME was used as the working 

electrode, whereas in Chapter 4 the more exotic yet also colloidally stable Pt-IONP aggregates behaved 

similarly (conforming to theoretical prediction) using Au instead of Hg as the UME. 
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calibration of the method and can be adopted into experimental protocols for evaluating 

the analytical performance of more interesting detection strategies such as those 

involving biomodified NPs. The experiments in Chapter 5 revealed the effect of NP 

surface structure on coagulation/aggregation mechanisms. Our team is currently working 

to standardize biofunctionalized NPs for NIE, and those systems represent an even 

greater challenge with of increased complexity. The knowledge of each NP’s 

electroactive surface area, which can be determined by further analysis of results 

contained in Chapter 2, is important for evaluating a biosensor strategy that involves NP 

surface functionalization. One major dilemma at this time for developing a NIE biosensor 

is that NP surface modification, while introducing specificity for bioanalysis, also 

deactivates the NP surface and inhibits electrochemical detection. The colloidally 

optimized Pt NPs described in Chapter 2 represent standards which can significantly aid 

as reference samples for ongoing efforts to maintain catalytic and colloidal stability after 

biomodification 

 The culmination of experiments described in Chapters 3 and 4 led to the proof-

of-concept for magnetically increasing NP impact frequency to improve the limit of 

detection in nanoparticle impact electroanalysis. The observed enhancement to NP 

impact frequency is brought about by the introduction of a magnetophoretic contribution 

to the overall rate expression, adding a new level of complexity in comparison to 

diffusion-limited transport. Before the transport effects of Pt-IONP magnetization can be 

properly elucidated, the experimental setup must be modified accordingly. As it stands, 

the major unresolved issue is that the applied magnetic field must be properly focused 

and aligned so that each magnetized Pt-IONP is directed to make electrical contact with 

the working electrode. Strategies for achieving more efficient magnetically-directed NP 
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transport are currently under investigation, including the fabrication of a magnetizable 

Hg-capped ultramicroelectrode and the preparation of bifunctional NPs with improved 

monodispersity and catalytic activity. 
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