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4
Influence of hydrazine-induced

aggregation on the electrochemical

detection of platinum nanoparticles

Abstract

To study the catalytic activity of single nanoparticles (NPs) electrochemically, we in-

vestigated the applicability of a novel method for nanoparticle detection as a means

to immobilize individual NPs. This method consists of analyzing the current steps that

can be measured at an ultramicroelectrode (UME) when a colloid of NPs is injected

into an electrolyte containing an electroactive species, that is turned over at the NP

but not the UME surface. We have measured these current steps for the hydrazine

oxidation at Pt NPs landing on a lithographically fabricated Au UME, showing a mean

step size comparable to theory and prior measurements. We found a reduced land-

ing frequency with respect to values reported in the literature and those predicted from

theory, while the current step distribution showed a long tail of large current steps. This

could be explained by the particle aggregation, which would lower the effective NP con-

centration and therefore lower the landing frequency and would result in higher current

steps when aggregates reach the electrode. Cyclic voltammetry (CV) measurements

of the Pt-modified Au UME showed a signal characteristic of the presence of Pt, while

electron microscopy revealed aggregated NPs, after landings were performed in the

presence of hydrazine or hydrogen gas. Conversely, no aggregates were found after

particles were injected in absence of such reducing agents, while CV still suggested

the presence of Pt, indicating individual particles. The finding, that landing nanopar-
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ticles in the presence of hydrazine yields NP aggregates on the surface, means that

this particular method is currently not suited for the preparation of individually immob-

ilized particles to facilitate catalysis studies at individual nanoparticles.

4.1 Introduction

Metal nanoparticles (NPs) are employed in a wide variety of scientific subjects and

technical applications.[1, 2] In applications such as catalysis such particles present,

above all, a large surface-to-weight ratio that is instrumental to cost abatement when

using expensive metals. Moreover, the exact shape and size of a metal particle can

influence its characteristics. For instance, surface plasmons of gold particles change

in energy with the particle dimension,[3] and in heterogeneous catalysis there is an on-

going debate about the dependence of catalytic activity on particle size and shape.[4–

6] In catalysis, it is assumed that for every reaction there exists an optimal particle size

that is presently determined through analysis of large particle populations in macro-

scopic screening experiments.[7, 8] The results of these measurements are compared

to the particle size distribution that is determined through e.g. TEM imaging. The ability

to measure the activity of individual particles would circumvent the statistics involved

in ensemble studies and point out exactly which part of the size distribution is most

active. In other areas of catalysis, great advances have been made to study the activ-

ity of individual catalyst particles. The interactions inside individual zeolite particles

have been elucidated in heterogeneous catalysis,[9] while the biocatalytic properties

of individual enzymes have also been revealed using confocal microscopy.[10] Elec-

trocatalytic measurements are very promising in this respect, because very small elec-

trochemical currents can be detected. Measurements on individual catalyst particles

in electrochemistry have been performed on a single Pt nanoparticle electrodeposited

on the tip of thin carbon fibre UME,[11, 12] on nanoparticles attached to the side walls

of carbon nanotubes,[13] and on an extremely small number of enzymes immobilized

on a Au UME.[14]These measurements open up a path to the study of single particles

with size distributions found in applied catalysis.

Recently, a new electrochemical method has been introduced to monitor individual

nanoparticles by detecting their arrival at the conducting surface of an ultramicroelec-

trode (UME). The idea of the method is illustrated schematically in figure 4.1. The

UME is placed in a solution containing some electroactive species as well as catalytic

nanoparticles (NP), and held at a potential at which the electrochemical reaction does

not occur at the UME surface, but does occur at the surface of the nanoparticles if they
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Figure 4.1: (A) The principle of nanoparticle detection mediated by the oxidation of
hydrazine is schematically displayed: At a given potential, hydrazine will not be oxid-
ized at a Au surface, while a Pt particle attached to gold will catalyze this reaction. (B),
Current-Voltage plots of the hydrazine oxidation measured at Pt and Au rotating disk
electrodes, depicting the difference in the onset potential of hydrazine oxidation on Pt
(dashed) and Au (full) electrodes. These measurements were performed at 700 RPM
and 50 mV s-1in a 50 mM phosphate buffer of pH 8, containing 5 mM hydrazine.

make contact with the UME electrode surface at random. An appropriate combination

of electrode material, nanoparticle material and electrochemical reaction ensures that

the UME surface gives no electrochemical signal, so that all the electrochemical activ-

ity must come from colliding nanoparticles. After being introduced to the system, the

nanoparticles will randomly approach the electrode surface and so far two types of

UME-NP interactions have been observed: a current step[15–18], and a current spike

that decays to background level.[19–27] A staircase response is indicative of a cumu-

lative immobilization of active particles on the UME surface. This type of response was

observed for the first time in the Bard group, upon adding a dilute solution of Pt NPs to

a neutral electrolyte containing a low concentration of hydrazine (N2H4) and a Au UME

held at a potential where hydrazine is oxidized at Pt but not at Au. [16]

A spike-type response, on the other hand, signifies a fleeting interaction, either

because the particle is oxidized completely, or because it briefly performs a reaction

before departing from the surface. In the Compton group, current spikes were meas-

ured for the direct oxidation of Ag NPs at a carbon UME.[21] In these spikes a charge

was passed corresponding to the ionization of nanoparticles when the electrode was

held at a potential above the oxidation of the silver metal. In another measurement,[19]
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a Pt UME was passivated by oxidizing its surface at a high potential, and subsequently

iridium oxide particles where added that catalyze the oxygen evolution reaction. Cur-

rent spikes were observed suggesting that the nanoparticles were only briefly contact-

ing the surface.

The frequency at which these landings occur has been reported to depend linearly

on NP concentration with average molar collision frequencies of 1.5x104 - 2.5x104

s-1pM-1cm-2 [16] and 3.9x104 s-1pM-1cm-2.[21]

Figure 4.2: A) Linescan of a typical AFM measurement of Pt nanoparticles freeze-
dried on silicon. B) Pt NP- height distribution measured using AFM, revealing the
mean particle size.

This method for detecting nanoparticles could very well be applied to the study

of the catalytic activity of individual particles. In order to realize this, it is necessary

to verify that substrates, after showing a specific number of ‘landing events’ during

electrochemical detection, have an equivalent number of homogeneously distributed

nanoparticles stuck to the electrode surface. If so, one could aim to control the number

of landings so as to study the electrocatalysis of a controlled number of nanoparticles.

Therefore, in this chapter we show ex-situ measurements after landing experiments

in order to ascertain what is present on the metal surface. We report the detection of

Pt nanoparticles using a Au ultramicroelectrode (UME); subsequently we show elec-

tron micrographs and cyclic voltammograms to characterize the composition of the

electrode surface before and after measuring landing events. These measurements

suggest that a landing event detected by hydrazine oxidation does not necessarily cor-

respond to the arrival of an individual nanoparticle. In fact, we present evidence that
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the presence of a strong reducing agent, such as hydrazine and hydrogen, may induce

aggregation of ligand-capped nanoparticles in solution.

4.2 Experimental

4.2.1 Materials

Sulfuric acid (UltraPur), sodium di-hydrogen phosphate and di-sodium hydrogen phos-

phate (both, pro analysi) salts and tri-sodium citrate dihydrate (pro analysi) were pur-

chased from Merck, hydrazine hydrate (98%), chloroplatinic acid hydrate (99.9%) was

purchased from Sigma-Aldrich. Sodium Borohydride (98+%) was purchased from Ac-

ros Chemicals. Before starting a measurement, argon gas with a purity grade of 6.0

was bubbled through the electrolyte (prepared using MilliQ water of 18 M cm resistiv-

ity) to remove the majority of atmospheric oxygen. In measurements using hydrogen

gas, hydrogen of 5.0 purity grade (BIP Grade, AirProducts) was bubbled through the

electrolyte solution.

4.2.2 Lithographical fabrication of microelectrodes

The electrodes used in this experiment were lithographically produced Au UMEs on

a chip, the fabrication of which has been detailed in Appendix A. In summary, we

pattern electrodes and their electronic leads in a bi-stack of PMGI and PMMA using

an electron beam pattern generator at 100 kV (EBPG5000+, Vistec).The pattern is

filled with 2 nm of an adhesive Ti layer and a Au layer of 70 nm by electron beam

evaporation. To protect all but a controlled electrode surface area from the electrolyte,

we first cover the entire chip with a thick (400nm) SiN passivation film by Plasma

Enhanced Vapor Deposition. In a subsequent electron beam lithography step, the 100

x 50 µm2 area containing the electrodes is de-protected by Reactive Ion Etching of the

SiN in a plasma of CHF3 and O2. This last step exposes eight nanoelectrodes (varying

in size from 50x500 nm2 to 1000x500 nm2) and one microelectrode of 100 x 20 µm2.

The successful outcome of the microchip fabrication was verified by Scanning Electron

Microscopy (SEM, FEI Nova 200 NanoSEM) and cyclic voltammetry.

Electrolyte is provided in a flow-cell setup from a 200 mL volume containing the

electrolyte and a reference electrode. By applying slight argon overpressure to the

electrolyte, it flows through 30 cm of Halar or Teflon tubing into a PEEK cell that is

firmly depressed onto the chip with a Viton O-ring. During measurements, the elec-

trolyte is flowing (typical flow-rate ~1 ml/min) for the first two minutes after injection, to
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ensure that the nanoparticle concentration near the chip is equal to that in the solution,

afterwards the argon pressure is released to stagnate the electrolyte flow.

4.2.3 Electrochemical Measurements

The current flowing through the electrode is measured using a Stanford SR570 I-

V amplifier, the output of which is read by the same analog-to-digital converter (NI

USB-6251) that is used to apply a potential between the UME and a reference elec-

trode that also functions as the counter electrode. In most experiments the reference

electrode was a mercury-mercurous sulfate electrode (MSE; Radiometer Analytical

XR230), while in some cases a Pt flag (~4.5 cm2) was used as a reference electrode.

Data collection is performed using LabView. The measurement was performed inside

a Faraday cage to minimize interference to the signal. Landing measurements were

performed in a phosphate buffer at pH 8, with a concentration of 10 mM. These con-

ditions are close to those reported in earlier, similar experiments[16] and were chosen

because extreme pH values and high buffer salt concentrations tend to aggregate

nanoparticles in solution. When going through a range of buffer concentrations (from

1 mM to 100 mM phosphate) and pH values (pH 6 and pH 8), we have not found a

significant change in experimental behaviour and therefore measurements at only one

value (10 mM) are shown herein.

For comparison with the literature, measurements were also performed using a

commercial Au UME with a diameter of 25 µm (CHI106, CH Instruments), in a glass

cell with 100 mL of electrolyte. Measurements were performed using the same in-

strumentation as mentioned above, in a two-electrode setup with a commercial MSE

reference electrode as the second electrode.

Rotating Disk Electrode (RDE) measurements were performed using a Pine In-

struments (AFMSRXE) system, employing 5 mm Au and Pt disk electrodes supplied

by Pine Instruments, and coiled Au and Pt wires respectively as counter electrodes

whilst using the MSE as a reference.

4.2.4 Nanoparticle Synthesis

Nanoparticles were synthesized according to a recipe from the literature:[16, 28] to

a stirred mixture of H2PtCl6 and Na3Citrate, NaBH4 was added dropwise. We used

the following molar concentrations: 1 mmol :1 mmol :10mmol (Pt:Citrate:Borohydride)

in 20 mL of water. The resulting colloid does not show precipitation within several

months.
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The NP concentration was evaluated with AFM,[29] by freeze-drying a known

volume of Pt colloid unto a known surface area of Si wafer. AFM measurements

were performed on a Veeco/Bruker Multimode AFM microscope with a Nanoscope

IIIa controller using Olympus AC 160TS Micro Cantilevers (tip radius <10nm). Data

analysis on the images was performed using the WSxM software[30] to flatten the im-

ages (i.e. remove baseline contributions) and count the amount of particles and their

height. An example of one of the linescans that constitute an AFM image is shown

in Figure 4.2A. The 2D density of particles obtained in this way was then calculated

back to the initial concentration to yield 1.4±0.5 µM, which is a factor 7.1 ± 2.6 x102

lower than the initial atomic concentration and therefore corresponds to a nanoparticle

diameter between 2.6 and 3.3 nm.[31] To appreciate this value we may compare it with

the particle height distribution determined by AFM which has a mean of 3.3±1.0 nm,

shown in Figure 4.2B. In addition to this, particle size measurements were also per-

formed using XRD on a Philips PAnalytical X’Pert system. The Scherrer formula[32]

was used to estimate the crystallite size of the Pt NPs, resulting in a value of 3.8 nm

for the average particle size, both for a freshly prepared solution and an aged solution.

It should be noted that these sizes agree closely to those reported in the recipe that

we have followed.[16, 28]

4.3 Results

In order to detect the landing events of the platinum nanoparticles on the gold elec-

trode, we choose an electrochemical reaction that, at the selected potential, occurs

only on the surface of the Pt nanoparticles and not at the gold electrode, in this case

hydrazine oxidation. The difference in reactivity between Pt and Au can be appreciated

from the different onset potentials for the oxidation of hydrazine in the CVs displayed

in figure 4.1B. This reaction is catalyzed by platinum at potentials above 0.2 V vs.

RHE,[33, 34] and a current response is expected when a Pt NP contacts the gold

electrode if the gold electrode is polarized at a value higher than 0.2 V vs. RHE. In the

landing measurements to be described below we have chosen values of 0.35, 0.45

and 0.55 V vs. RHE, where the background current is low because the onset of the

hydrazine oxidation on the Au UME was found in our setup to start at 0.6 vs RHE.

These values are comparable to those reported in the literature.[16, 35, 36]

Figure 4.3 shows a current-time measurement after adding 200 µL of citrate-capped

Pt NPs (corresponding to 1.4±0.5 nmol/liter) to a solution of 10 mM hydrazine, and we

observe changes in the current (in steps) presumably caused by the Pt nanoparticles
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landing on the surface of the gold electrode. After the initial step a slow decrease in

current is observed. The time-constant for this decrease does not agree with those

for capacitive discharging or Cottrell-type mass-transport effects. We therefore attrib-

ute this current decay to deactivation of the nanoparticles, presumably as a result of

contamination, as has been suggested previsouly. [16] Before landing of the nanopar-

ticles, the current is stable and slightly cathodic, which can be ascribed to the reduction

of a trace of oxygen. The cascades of collisions take place with an average landing

frequency of ~2 landings s-1. This landing frequency is lower than the expected value

extrapolated from the literature,[15, 16, 21] even though in our experiments the nano-

particle concentration and the area of the microelectrode used are both higher than

values reported in other experiments. It should be noted that no difference in the land-

ing frequency was found between conditions of flowing or stagnant electrolyte. When

we perform the same measurement using a glass sealed Au UME, we also obtain

a lower landing frequency than expected (~0.02 landings s-1 at equal concentration,

while the electrode surface area is four times smaller than the surface area of the

lithographically fabricated UME), as can be seen in Figure 2 of Appendix B. The land-

ing frequency reported by Bard et al. [16] for the hydrazine-mediated detection of Pt

NPs, is 0.01 s-1pM-1, or 10 landings per second extrapolated to our particle concentra-

tion, on an electrode with a surface area that is twenty-five times smaller than the one

employed in our study.

The nanoparticle landing frequency may be estimated according to Fick’s law, as-

suming diffusion-limited steady-state conditions:[16, 37]

J = κχDNPCNP (4.1)

where κ is a sticking coefficient (0< κ <1), χ is geometry factor (for a disk, χ =

4/πa, with a the UME radius), DNP the nanoparticle diffusion coefficient and CNP their

concentration in solution. In our experiment we can accurately determine the surface

area of the UME, and the diffusion coefficient is a constant, that can be calculated

from the Stokes-Einstein equation

D =
kbT
6πηr

(4.2)

depending only on the particle radius r and the solution viscosity η as variables.

The viscosity for water is a known constant, and the particle radius as well, albeit with

a some uncertainty. However, this uncertainty does not explain the observed deviation

in the landing frequency. The geometry factor χ of our system is quite complicated
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and requires numerical calculations to be determined exactly, but it is constant. We

have previously simulated the diffusion of species to similar UMEs[38] and the result-

ing flux is comparable to the theoretical flux to similar sized, disk-shaped electrodes.

Therefore we do not expect the particular geometry of our system to account for a

large change in the landing frequency. The sticking coefficient κ, a factor indicative of

the probability that a particle attaches to the surface upon colliding with it, was intro-

duced by Bard et al.[18] to accommodate for a deviation between the experimentally

observed and theoretically predicted landing frequency (when κ = 1). We however

have no adequate means to estimate the value for κ. Finally, the nanoparticle con-

centration is calculated from the estimated nanoparticle size. This value can however

change greatly if the particles aggregate in solution, prior to landing. Large particle

clusters can form during aggregation in solution, lowering significantly the concentra-

tion of non-aggregated nanoparticles in solution. Further results below indicate that

aggregation indeed seems to occur during our measurements.

The inset on the left in Figure 4.3 shows a detail of the current step, where the

initial spike amplitude was used as the current step height value in order to establish

the distribution of current step heights from the landing events (shown on the right in

Figure 4.3). A broad distribution of peak heights is observed, ranging between 20–200

pA, while the modal current values are between 20 and 50pA. The mean current step

height will include the the higher values in the tail of the distribution and is therefore

higher. Theoretically, the current step amplitude should be related to the radius of the

incoming nanoparticle, as well as to the concentration of hydrazine (see equation 3

below), and therefore this amplitude distribution in one experiment should reflect the

nanoparticle size distribution. Size measurements on colloidally synthesized nano-

particles generally show a normal distribution of the particle diameter and we have

observed the same in our AFM measurements, but the peak height distribution we

measure shows a much broader tailing distribution, that should however still be linked

to the size distribution of the colliding nanoparticles.

The observed distribution in Figure 4.3 can be fitted with a convolution of Gaussian

curves, as has been performed for other nanoparticle landing experiments.[27] In their

experiments, Rees et al. showed that the data presented several normal distributions

with a mean value related to a function of a multiple of the initial NP radius, suggesting

nanoparticle aggregation.

Returning to the idea that the current steps correspond to the landing of an indi-

vidual nanoparticle, the nanoparticle radius can be related to the measured current

step, if we assume that the particle oxidizes hydrazine at the diffusion limited current,
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according to the following equation for the theoretical diffusion limited current at spher-

ical particles suspended on a plane: [16]

I = 4π(ln2)nFDHZ CHZ rNP (4.3)

where n is the electron transfer (4 electrons in this reaction), F is Faraday’s con-

stant, CHZ is the concentration of hydrazine (10 µmol cm-3) and rNP is the nanoparticle

radius. A wide range of diffusion coefficients for hydrazine (DHZ ) has been reported in

the literature, ranging from 3.2 x 10-6 cm2 s-1[39] to 2.37 x 10-5 cm s-1.[40] Moreover,

values for DHZ can be derived from publications in which they are not mentioned expli-

citly, yielding 1x10-6 cm2 s-1,[36] 2x106 cm2 s-1, [33] and 1x10-5 cm2 s-1,[35] whereas

from the UME measurements reported by Bard et al.[16] a diffusion coefficient of 6.3

x 10-6 cm2 s-1 is estimated. From the diffusion-limited current value in figure 4.1B,

using the Levich equation, we obtain a diffusion coefficient of 6.4 x 10-6 cm2 s-1. This

variance in DHZ suggests that the diffusion limited current for hydrazine is very much

dependent on measurement conditions, as otherwise a more unambiguous number

would have arisen. Choosing the value measured in the RDE experiment we expect

a current step of ca. 36 ±11 pA for a particle of 3.3±1.0 nm diameter in a solution

with 10 mM of hydrazine. We emphasize here that equation 3 applies specifically to

spheres on infinite planes. If a NP would land on another NP already sticking to the

surface, the flux of electrocatalytic substrate to the ensemble would be smaller and a

lower current step would be expected. This should hold especially for the case of a

particle impacting on an aggregate of particles at the surface.

Particle aggregates should yield a higher value than the current for a single particle,

however, this factor is influenced heavily by the geometry and density of the aggreg-

ate since a catalytic reaction must be performed at the constituent surface of the NP

aggregate. Nevertheless, we suppose that the very high landing currents (of around

200 pA) should be ascribed to aggregated particles sticking to the surface.

Figure 4.4 shows the current step distributions at three electrode potentials, i.e.

0.35, 0.45, 0.55 V vs RHE. For all potentials, most current steps are reasonably close

to the theoretical estimate of 36 pA, which appears to confirm the model suggested

by Eq.3 for the selected diffusion coefficient. The lack of increase in current at higher

potentials suggests that the reaction is in a diffusion-limited regime. This does not

correspond well to the CV for a Pt RDE, shown in figure 4.1B, and implies that at a Pt

nanoparticle the current-voltage characteristics are not the same as at a macroscopic

disk. The current steps are also very similar to those observed in the literature, [16]

though, as mentioned, our landing frequency is always considerably lower.
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Figure 4.4: Current step height distributions measured at three UME potentials.

In order to verify the presence of the Pt NPs on the Au UME, cyclic voltammograms

of the Au UME are measured in sulfuric acid before and after the landing experiment.

Figure 4.5 shows the two CVs, with the dashed line corresponding to the gold electrode

before the addition of Pt NPs and the black curve to the gold electrode after landing

Pt NPs. The dotted curve agrees well with the blank CV of gold in sulfuric acid.[41]

In the CV measured after landing Pt NPs, by comparison with the clean Au CV, we

conclude that most of the underlying gold is still in contact with the solution, judging

from the charge passed during surface oxidation and reduction between 1.0 and 1.6

V. However, the presence of Pt on the Au UME is also evidenced. A major difference

in hydrogen evolution current is seen at 0 V, a reaction for which platinum is a far more

active catalyst than gold. Also features indicative of the adsorption and desorption

of underpotential deposited hydrogen on the Pt surface are observable between 0.1

and 0.3 V, while the small anodic and cathodic features near 0.7 and 0.6 V, resp.

correspond to the surface oxide formation and subsequent reductive stripping on a Pt

electrode.

After having deposited the nanoparticles on the Au UME, Scanning Electron Mi-

croscopy (SEM) is used to inspect the electrode surface, and Figure 4.5B shows a

micrograph overview of the UME surface. Rather than single particles, we observe

large aggregates of nanoparticles (in bright white) uniformly dispersed over the sur-



Influence of hydrazine on the detection of NPs 99

Figure 4.5: (A) Cyclic voltammograms of the gold UME in 0.1M H2SO4 before (dotted
line) and after (black line) landing events using hydrazine oxidation as a detection reac-
tion at 0.35 V vs. RHE. In the gold CV after landing events (black line) electrochemical
signals due to the presence of platinum can be clearly observed: Pt surface oxidation
and reduction between 0.6 and 0.85 V, and hydrogen evolution around 0 V. (B) SEM
image of the same Au UME after landing Pt NPs on the electrode using hydrazine
oxidation as electrochemical detection reaction, with an inset magnification showing a
Pt NP aggregate.

face of the gold electrode. A magnification of Figure 4.5B shows in more detail the

chain-like two-dimensional structure of the NP aggregate, which suggests diffusion
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limited aggregation of the nanoparticles as will be discussed below. The question now

arises whether these aggregates form in solution, or upon landing on the Au electrode.

To test the influence of the various parameters in our system on the formation of

nanoparticle aggregates, we perform the NP landing experiment at the same poten-

tial and for the same length of time, but in absence of hydrazine. In the absence of

electrocatalytic substrate, discrete current events were not detected.

To show the presence of Pt on the Au UME, cyclic voltammetry was performed

before and after addition of Pt NPs. The dashed curve in Figure 4.6 corresponds to

the surface of the gold electrode before the experiment, while the black curve is for the

same surface after addition of nanoparticles. The Au UME has been clearly modified

by the presence of Pt on its surface. Again the hydrogen evolution indicative of the

presence of platinum is observed and a cathodic current wave corresponding to the

oxygen reduction reaction on platinum is observed negative of ~0.6 V (as we were

unable to remove this small trace of oxygen in our experiment). SEM measurements

performed after the Au UME had been in contact with the nanoparticle solution show

no visible aggregates on the electrode surface, as shown in Figure 4.6B and the in-

set magnification. We do not expect to be able to see individual particles as their

diameter approaches the resolution of the scanning electron microscope. Therefore,

we conclude that in the absence of hydrazine in this experiment, Pt NPs still land on

the Au UME but they do not form aggregates. This experiment strongly suggests that

hydrazine in fact causes the aggregation of nanoparticles in solution.

As we found that hydrazine favors the formation of aggregates of nanoparticles we

have attempted to use another reducing agent that oxidizes selectively on Pt surfaces

to detect landings in chronoamperometry. To this purpose, we saturated the electrolyte

solution (10 mM phosphate buffer at pH 8) with hydrogen gas that would be oxidized

on Pt but not on Au and repeated the experiment under the same conditions. However,

we were unable to detect discrete landing events in the presence of hydrogen gas, but

rather a continuous increase in anodic current, as shown in Figure 3 of Appendix B.

In Figure 4.7A three voltammograms are displayed, measured in sulfuric acid be-

fore and after addition of NPs in presence of hydrogen gas. We compare the oxidation

of hydrogen on Pt NPs that were landed in presence of hydrazine (dashed) and in the

presence of hydrogen (solid). The clean Au surface hardly shows any anodic current

for the oxidation of hydrogen gas, while this is clearly amplified after landing Pt NPs

onto the surface.

Figure 4.7B is a SEM image taken after measurements with dissolved hydrogen

gas as electrocatalytic substrate. Aggregates of Pt NPs are observed, but in compar-
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Figure 4.6: (A) Cyclic voltammetry of the gold before (dotted line) and after (black line)
adding Pt nanoparticles in absence of hydrazine (in this measurement a Pt flag was
used as a reference and counter electrode). In the gold CV after landing events (black
line) electrochemical signals due to the presence of platinum can be clearly observed:
Pt catalyzed hydrogen evolution around 0 V and an amplified oxygen reduction current
below 0.6 V vs RHE. (B) SEM image after landing of Pt NPs on the Au electrode in
the absence of hydrazine. No aggregates of Pt nanoparticles can be observed on the
electrode surface.

ison with Figure 4.6B, a much smaller amount of aggregates exists on the electrode

surface. This indicates that fewer particles are aggregated when using hydrogen gas

to detect particles.
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While hydrogen gas also acts as a reducing agent, and would also appear to facil-

itate the aggregation of NPs, much fewer aggregates are found after detecting landing

events with hydrogen gas than in a comparable experiment using hydrazine. However,

considering we use 1 bar of hydrogen gas to saturate the solution, the hydrogen con-

centration will be approximately 1 mM, which is an order of magnitude lower than the

hydrazine concentration used in the other landing experiments. Combined with the

question of the current step amplitude, we have therefore also studied nanoparticle

landings with varying hydrazine concentration.

Figure 4.7: (A). Cyclic Voltammetry for the Au UME before (dotted line) and after Pt
NP landing in presence of H2 (solid line) or hydrazine (dashed line). The solution is
0.1 M H2SO4 saturated with H2. (B) SEM image of the Au UME after injecting Pt NPs
in the presence of H2.

4.3.1 Influence of Hydrazine Concentration

The results of three Pt NP landing measurements performed at 0.1 mM, 1 mM and

50 mM of hydrazine are shown in Figure 4.8 and the results of 10 experiments are

summarized in table 4.1. Chronoamperometric data of these experiments are shown

in Figure 4 of Appendix B. Specifically, in table 4.1 the modal and mean current step

heights are reported; the former should reflect the average individual particle size while

the latter indicates the influence of higher current steps on the average, i.e. the amount

of aggregates landing. Additionally, for clarity, the current step expected from theory

for the landing of a Pt nanoparticle 3.3 nm in diameter is provided in the table as well.
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Figure 4.8: Histogram of the step height distribution, for various hydrazine concentra-
tions, measurements were made at 0.35 V vs RHE. An increase in the mean current
step height is observed with increasing hydrazine concentration.

These results do not display an obvious linear correspondence between the modes of

the current step size distributions, the landing frequency, and the hydrazine concen-

tration. Moreover, we did not find a clear trend in the relation between the mode and

mean of the current step height distribution, suggesting that the degree of aggregation

is not readily reproduced. Typically, we find that under seemingly identical conditions,
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both the current step height and the landing frequency can vary widely. It is expected

that the current steps would increase linearly with the hydrazine concentration, follow-

ing equation 3 with values shown in the table. Although the results in Table 4.1 may

suggest an increase in current step height with hydrazine concentration, the spread

in the data is significant. When comparing the modes of the current step distribution

to the expected value, the experimental values are always rather low, except in the

case of very low hydrazine concentrations, when higher currents are measured. In the

lower hydrazine concentration regimes, we may only detect the arrival of aggregates

due to resolution limits, since landing events of individual particles would result in a

neigh imperceptible current step on the picoampere level. Nevertheless, for the higher

hydrazine concentrations currents remain lower than expected, which could be due to

poisoning of the particle surface. Bard et al. [16] have reported a linear dependence

of the peak current on the hydrazine concentration, but their reported experiments

included only three data points over a limited hydrazine concentration (10-15 mM).

In all experiments, the SEM images show aggregated particles on the electrode

surface after detecting the landings. Comparing the two extremes, after landing part-

icles in 50 mM hydrazine there appear to be more aggregates on the surface of the

electrode than in the case of 0.1 mM hydrazine. Noteably, there are more large ag-

gregates present after landing particles with a higher hydrazine concentration. To as-

certain the real difference in aggregate size, however, a detailed microscopy study has

yet to be performed. Increasing aggregate size would suggest a decreasing landing

frequency, but this is not evident from the data in table 4.1.

Hydrazine
Concentration

Modal
Current
Step Height

Mean Current
Step Height

Landing
Frequency

Expected
Current Step

0.1 mM 6 pA 9 pA 0.06 Hz 0.357 pA
1 mM 23 pA 44 pA 0.06 Hz 3.57 pA
5 mM 15 pA 25 pA 0.06 Hz 17.9 pA
10 mM 25 pA 58 pA 2 Hz 35.7 pA
10 mM 12 pA 27 pA 0.46 Hz 35.7 pA
10 mM 15 pA 59 pA 0.17 Hz 35.7 pA
10 mM 18 pA 25 pA 0.25 Hz 35.7 pA
20 mM 25 pA 30 pA 0.02 Hz 71.5 pA
20 mM 35 pA 82 pA 0.05 Hz 71.5 pA
50 mM 55 pA 86 pA 0.2 Hz 179 pA

Table 4.1: Observed landing frequencies and means of the current step height dis-
tributions for various concentration of hydrazine (corresponding current-time plots are
shown in Appendix B).
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To evaluate the influence of the surface potential of the electrode upon the forma-

tion of aggregates, we performed the experiment in the same conditions, in absence

and presence of hydrazine, at various potentials. Potentials selected were the hy-

drogen evolution potential, the open-circuit potential and large overpotentials where

hydrazine would oxidize on Au. In all these cases we could not reproducibly meas-

ure landing events. Here we have found systematically that only when hydrazine was

present in the system, nanoparticle aggregates were found after a landing experiment.

As there was a trace of oxygen in our experiments, we tested the influence of the

presence of oxygen gas on the aggregation of nanoparticles. In a separate experi-

ment, an aliquot of 100× diluted NPs (10 nM) in deaerated water containing 10 mM

hydrazine was freeze dried in absence of air (inside a ‘glovebag’ filled with Ar gas) on

a piece of silicon wafer. As shown in Figure 4.9, many more and larger aggregates are

visible on the silicon when were hydrazine was injected when compared to samples

with nanoparticles but without hydrazine (though isolated aggregates are observable

in the absence of hydrogen (see Figure 4.9C)). This result indicates that also outside

the electrochemical cell, in the strict absence of oxygen, the presence of hydrazine will

induce the aggregation of Pt NPs.

Finally, the addition of 10 mM of hydrazine to a five-times diluted solution (~300

nM) of Pt NPs resulted in complete precipitation of the NPs overnight.

4.4 Discussion

In agreement with the pioneering experiments of Bard et al., injection of Pt nanopar-

ticles into an electrochemical cell that contains hydrazine in phosphate buffer and a

Au UME, discrete current steps are observed that indicate the arrival of nanoparticles

that stick to the electrode surface. Although we observe a lower landing frequency

than expected from theory and prior experiment, the amplitude of the current steps is

in agreement with the previous experiments and with the expectations based on the

model that the current peaks correspond to the diffusion-limited oxidation of hydrazine

on the freshly landed Pt nanoparticle.

The reduced landing frequency could be related to a reduced effective nanoparticle

concentration, related to the hydrazine-induced aggregation of particles in solution.

This reasoning is corroborated by the outcome of additional experiments performed

on the system. Using SEM, we observe aggregates on the surface of electrodes after

Pt NP landing experiments in presence of hydrazine. We believe these aggregates

are Pt because blank voltammetry on the electrode after landing experiments shows
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Figure 4.9: SEM images of nanoparticle aggregation observed after freeze drying 200
µL of 100x diluted Pt NPs in presence (A and B) and absence (C and D) of 10 mM
hydrazine on a piece of Si in the absence of air.

Pt features. Moreover, very large aggregates are observed after drying in particles

in the presence of hydrazine. The applied potential during landing experiments does

not appear to influence the level of aggregation, suggesting that aggregation does not

occur due to electrostatic interactions with the electrode. Instead, landing measure-

ments in the absence of hydrazine, which are not observable electrochemically, lead

to no aggregates visible under SEM. The electrode after this procedure does show a

marked change in its voltammogram as visible in Figure 4.6A, indicative of Pt pres-

ence. This suggests that Pt is present in a form that we do not detect with the SEM, of

which individual NPs would be the most likely candidate.

While hydrazine and hydrogen both appear to aggregate Pt NPs, the mechanism

that governs this behavior is not completely clear. As oxygen gas does not play a role
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in the mechanism of aggregation, this would exclude an ‘electroless’ reaction (i.e. ox-

idation of hydrazine, reduction of oxygen) on the surface of the Pt NPs as the cause

of aggregation. We have examined the equilibrium potential of a flame-annealed plat-

inum electrode in a phosphate buffer solution in the presence and absence of the re-

actants that surround the Pt NPs during landing experiments. As is known,[42] when

Pt is in an electrolyte containing oxygen gas, it will maintain a potential of 0.9 V vs RHE,

or the onset potential of the oxygen reduction reaction on Pt. If the oxygen is removed,

the potential will eventually reach a value close to 0.1 V vs RHE. When hydrazine

is injected to this solution the potential shifts negative to 0 V and after again adding

oxygen to the system this potential is raised slightly to about 0.1 V. The presence of

citrate does not influence these potentials. That is, when repeating the experiment

in the presence of citrate, the potentials remain close to those found on a bare Pt

electrode. This suggests that the interactions between Pt and citrate are rather weak.

It has been reported previously,[43] that the tendency of dissolved citrate to replace

hydrogen in the HUPD of the Pt blank cyclic voltammogram is low, which means that

hydrogen atoms adsorb stronger on Pt than citrate. Also, Lipkowski et al.[44] have per-

formed chronocoulometric measurements on a Au (111) surface in presence of citrate.

From the change in the surface charge they concluded that the citrate ions attach to

the surface in deprotonated form, forming an overlayer on the surface that is similar to

that of adsorbed sulfate from 0.2 V vs RHE.

Alternatively, hydrazine or hydrogen may displace the citrate ions, by having a

stronger affinity to attach to the surface atoms. It has been noted before that Pt

particles aggregate when hydrogen gas is added,[45] while it was found in early SERS

studies that pyridine acts to aggregate Au particles.[46] It was suggested by Weitz et

al.[47] that pyridine attaches stronger to the surface than the citrate ions do and dis-

places the citrate upon adsorption, as the citrate SERS signal is diminished in intensity

with the onset of the signal for adsorbed pyridine. Moreover, amine groups attach to Au

surface,[48, 49] similarly to the Au-thiol interaction (although the interaction is weaker).

These reports in the literature focus mainly on Au, which is the more inert noble metal,

but hydrazine must interact with a Pt surface in some way. Since only nitrogen gas

has been found as the oxidation product of hydrazine on Pt,[33] hydrazine must ad-

sorb or interact in undissociated form prior to oxidation on the platinum surface, and

this interaction dislodges citrate from the Pt surface. In general, it seems that we must

consider that the citrate shell around Pt nanoparticles is rather weakly adsorbed. We

believe that a similar mechanism, as reported in our recent report,[50] utilizing H2O2

to remove the PVP capping-agent from Pt NPs may be operable between N2H4 and
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Pt NPs.

The shape of the Pt NP aggregates suggests diffusion-limited aggregation, rather

than reaction-limited aggregation.[51] The observed anisotropy means that nanopar-

ticles attach with high probability when they meet. Hydrazine is a factor of ten million

more concentrated in our electrolyte than the Pt NPs, so that the hydrazine-platinum in-

teraction is not expected to be the rate limiting factor. Regarding the linear shape of the

aggregates, it has been suggested by Turkevich[52] that when nanoparticle doublets

are formed due to aggregation, the combined repulsive field is weakest at the ends,

so that additional particles would feel lowest repulsion in a linear arrangement. This

was based on the finding of two-dimensional Au NP chains formed under conditions

of ‘slow coagulation’, namely diluted nanoparticle colloids in various concentrations of

sodium perchlorate. These might be considered comparable to the conditions in our

system.

If Pt NPs aggregate in the presence of hydrazine, the landing events detected

in the chronoamperometry are due to the landing of both single NPs, but now at a

(much) lower concentration than nominal, as well as of (large) aggregates of Pt NPs.

This would explain both the lower landing frequency of the single NPs (as compared

to theory) and the tailing observed in the size distributions. We cannot distinguish

whether the current peaks are due to the landing of Pt NPs on the Au UME rather than

on the Pt NP aggregate, as we cannot see the individual NPs in our SEM. Moreover,

we do not know (how to recognize) the chronoamperometric response of the large

aggregates that are observed in the SEM. Nevertheless, on the basis of our results,

we must conclude that under present experimental circumstances, this experiment

does not appear suited for the controlled attachment of a well-defined number of single

nanoparticles on an ultramicroelectrode.

4.5 Conclusions

A recently developed method for the detection of nanoparticles[15–27] was investig-

ated as a potential method to immobilize individual particles for the electrochemical

study of their catalytic properties. This method consists of analyzing the current steps

that can be measured at a Au UME when a colloid of Pt NPs is injected into an electro-

lyte containing hydrazine, because Pt is a better catalyst for N2H4 than Au. We have

measured current steps attributed to the electrocatalytically amplified landing of Pt

NPs on a lithographically fabricated Au UME and the modal step size is comparable to

theory and prior measurements. [16] In our measurements, the landing frequency was
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lower than values reported in the literature and those predicted from theory. Moreover,

the current step distribution showed a long tail of large current steps. Both these find-

ings suggest the presence of aggregated particles in solution, which lower the landing

frequency by reducing the effective NP concentration and provide a higher current step

upon reaching the electrode. Cyclic voltammetry measured after the landings showed

a signal characteristic for Pt presence, while electron microscopy revealed that the

NPs were in fact present as aggregates, after landings were performed in the pres-

ence of hydrazine or hydrogen gas. Only when particles were landed on the surface

in absence of such reducing agents did we find no aggregates on the electrode sur-

face, while CV still indicated the presence of Pt, suggesting the presence of individual

particles.

We have also found that the absence of dissolved oxygen gas does not prevent the

aggregation. Therefore we discard the idea that the aggregation is due to a change

in the particles’ surface potential when performing a catalytic oxidation in solution en-

abled by oxygen reduction. We tentatively ascribe the mechanism of aggregation to

the interaction of these reducing agents with the NP surface that is possible owing to

the weak interaction between citrate and Pt.

The finding, that landing nanoparticles in the presence of hydrazine yields NP ag-

gregates on the surface, means that this particular method is currently not suited for

the preparation of individually immobilized particles to facilitate catalysis studies at

individual nanoparticles.
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