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Electrochemical Nanoparticle Sizing Via Nano-Impacts:
How Large a Nanoparticle Can be Measured?

Thomas R. Bartlett, Stanislav V. Sokolov, and Richard G. Compton*®

The field of nanoparticle (NP) sizing encompasses a wide array
of techniques, with electron microscopy and dynamic light
scattering (DLS) having become the established methods for
NP quantification; however, these techniques are not always
applicable. A new and rapidly developing method that ad-
dresses the limitations of these techniques is the electrochemi-
cal detection of NPs in solution. The ‘nano-impacts’ technique
is an excellent and qualitative in situ method for nanoparticle

Introduction

The field of nanoparticle (NP) sizing encompasses a wide array
of techniques, with electron microscopy and dynamic light
scattering (DLS) having become the established methods for
NP quantification. These techniques, however, are not always
applicable. Electron microscopes are ex situ, have an inherently
high cost associated with their operation, and require drying
of the sample, which has been shown to promote particle ag-
glomeration.”” Optical techniques such as DLS, whilst in situ,
suffer from the inability to characterise polydisperse or optical-
ly opaque samples, as well as being challenged by smaller NPs.
Nanoparticle tracking analysis (NTA) is an alternative in situ
light-scattering technique which tracks individual NPs and can
be accurate for sizing both monodisperse and polydisperse
samples. The results strongly depend on the skill and judge-
ment of the operator; through the use of different settings the
presence of certain particles can be emphasized or ignored,
leading to incorrect size distributions.”’ NTA relies on the ob-
servation of Brownian motion of the individual particles, and
due to variation in the distance travelled per unit time, can
often lead to an overestimation of the particle size distribution
width.®

A new and rapidly developing method that addresses these
issues is the electrochemical detection of NPs in solution. Two
predominant methods in this area are by catalytic amplification
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characterization. Two complementary studies on silver and
silver bromide nanoparticles (NPs) were used to assess the
large radius limit of the nano-impact method for NP sizing.
Noting that by definition a NP cannot be larger than 100 nm
in diameter, we have shown that the method quantitatively
sizes at the largest limit, the lower limit having been previously
reported as ~6 nm.!"

of current by NPs mediating reactions at the electrode™ or by
direct quantitative electrolytic oxidation/reduction of the parti-
cle®” Both methods involve the stochastic collision of sus-
pended NPs with the electrode surface and thus allow for the
characterisation of individual NPs in the solution phase. The
former relies on models of transport to permit size analysis but
the latter is extremely robust: measurement of impact charge
immediately indicates the number of atoms per particle via
Faraday’s First Law.

Since the initial work on the direct electrolytic characterisa-
tion of silver NPs,”’ the area has expanded to include a range
of nanomaterials including gold,®® nickel,"*"" copper,"? iron
oxide,!"™ mercury chloride," indigo," and poly(N-vinylcarba-
zole) (PVK).'® The method has also shown to be applicable via
the use of various types of electrodes and electrode materials
such as carbon” and gold™” microdisks, carbon fibre microcy-
linders,"® liquid hemispheres,™ and random microelectrode
assemblies (RAMs).["”

Despite a large variety of NP materials having now been
characterised,”™ the limits of this technique with respect to
the size of the particle still needs clarification. Recent work has
sought to clarify the lower limit of detection, having achieved
successful sizing of 6.3 nm diameter silver NPs by minimising
background electrical noise.” However, the important question
of how large a NP can be detected is unresolved.

NPs are by definition limited in having at least one dimen-
sion between 1-100 nm.2" It is likely that for large enough
particle sizes, complete electrochemical consumption of the
particle would cease because of diffusional loss of particles
from the interface before exhaustive electrolysis. Thus, there is
a likely upper limit to the particle size that can be measured
by nano-impacts, for which this paper seeks to address. Cur-
rent literature elicits the applicability of the direct nano-impact
technique for NPs approaching 100 nm diameter with work on
large organic™'® and aggregated silver NPs.?? In addition,
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recent work has resulted in the successful sizing of large non-
aggregated metallic NPs on a RAM.[™

In this paper, we report the sizing of spherical AgBr NPs
using a microdisk electrode; thus reporting the first such appli-
cation of the nano-impact technique to a silver halide system
and demonstrating quantitative sizing at the NP upper limit.
We further report the sizing of Ag NPs via impacts building on
earlier work™ but reporting the effect of ionic strength and
the need for care in this respect in so far as quantitative sizing
is required. lonic strength effects on NP systems may include
aggregation/agglomeration but also, as with all dynamic elec-
trochemical measurements, can profoundly influence the inter-
facial electron transfer.

Results and Discussion

Synthesised AgBr and commercially available Ag NPs were
characterised by SEM; Figures 1 and 2 show the images at low
and high magnification for AgBr and Ag. AgBr NPs stabilised
with gelatine were electrochemically characterised after drop-

Figure 1. SEM images of AgBr NPs. Black scale bars: 200 nm (left),
1 um (right).

—
1 micrometre

Figure 2. SEM images of Ag NPs showing near-spherical shape of the parti-
cles. White scale bars: 200 nm (left), T um (right).

casting on a glassy carbon (GC) macrodisk and successfully
sized by the nano-impact method, showing the ability to size
silver halide NPs of high polydispersity through quantitative re-
duction of colliding particles.

Second, near-spherical citrate-capped silver NPs were charac-
terised using a RAM in low electrolyte concentration to dem-
onstrate the effect of lower ionic strength on sizing of NPs ap-
proaching the upper limit of the nanoscale.
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Silver bromide NP characterisation

To first establish the electrochemical behaviour of the synthes-
ised AgBr NPs, stripping voltammetry was conducted on a GC
macrodisk. Figure 3 shows a cyclic voltammogram (CV) of
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Figure 3. Cyclic voltammetry in 0.10m NaNO; at 25 mVs~". Red: Bare GC
macroelectrode. Black: GC macroelectrode drop-cast with 400 pmol AgBr
suspension.

drop-cast particles, scanning first reductively then oxidatively.
No well-defined AgBr reduction peak is apparent; instead,
sharp reductive features (spikes) are observed at potentials
lower than —0.75V vs. a saturated mercury sulfate electrode
(MSE). This type of voltammetric response has been previously
attributed to a nucleation overpotential required for particle
reduction™ and can be associated with reduction of AgBr to
Ag:
AgBr(s) + e~ — Ag(s) + Br (aq) (1)

The appearance of a double oxidation peak at —0.14V and
—0.08 V on the reverse scan indicates the formation of two oxi-
dation products, most likely AgBr and Ag™:

Ag(s) — Ag™(aq) +e” (2)

Ag(s) +Br (aq) — AgBr(s) + e (3)

The formation of both Ag™ and the silver halide during elec-
trochemical silver oxidation has been previous reported and in-
dicates successful reduction of AgBr to Ag in the scanned po-
tential window.>?" The mixture of oxidation products is most
likely caused by the presence of bromide from the reduction
of AgBr NPs.

As no clearly defined reduction peak was observed in the
stripping voltammetry, initial impact experiments were con-
ducted at a potential far more negative than the onset of the
observed reductive features. Figure 4 shows the current-time
transient in the absence and presence of AgBr NPs at —1.00 V
vs MSE, whereby reductive features are observed only in the
presence of the NPs. These spikes are indicative of direct elec-
trolytic impacts and suggest the first successful detection of
stochastic silver halide impacts.

© 2015 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Chronoamperometry at —1.00 V vs. MSE. Red: 0.10 m NaNO,. Black:
0.10m NaNO; and AgBr NPs (total [AgBr]=18.8 ugmv™"). Lines offset by
0.5 nA for clarity.
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Figure 5. Average spike area as a function of applied potential in 0.10m
NaNO,. Dotted line indicates the switch-on potential for AgBr NP reduction.
The numbers by each point indicate the number of spikes averaged to pro-
duce each data point.

To investigate the effect of applied potential on the impact
features, the voltage was varied, and the average area of the
spikes calculated. Figure 5 shows the average spike area
(charge) plotted as a function of applied potential. A clear
switch on after —0.75V is observed, with the average spike
charge reaching a steady value consistent with full electrolysis
of the particle. The errors reflect the number of impacts mea-
sured for each data point which vary significantly. This onset
corresponds with the earliest observable reductive features in
the stripping voltammetry of the drop cast particles and indi-
cates a significant nucleation overpotential for the reduction of
impacting AgBr NPs as seen with the drop-cast particles.

The individual spike charges were summarised across this
range and a size distribution calculated using the equation:"™

3m,Q
4nFmp

Dyp = 2° (4)

where M,, is the molecular weight, Q is the charge, and p is
the NP density. Figure 6 shows the calculated electrochemical
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Figure 6. Size distribution of AgBr NPs. Black: electrochemical sizing sum-
marised over potentials from —0.78 to —1.20 V vs. MSE. Red: sizing from
SEM.

size distribution when compared to scanning electron micros-
copy (SEM). The sizing of the particles is in very close agree-
ment with SEM results, with the average diameter of the NPs
found to be 92 nm and 93 nm, respectively. This confirms the
accurate electrochemical sizing of silver halide NPs and shows
the applicability of this technique to metal compound materi-
als approaching the limit of the nanoscale.

Silver NP characterisation

Past nano-impact experiments have been conducted mostly in
high ionic media and yielded excellent agreement with con-
ventional sizing techniques.”” Recent work on the coulometric
sizing of quasi-spherical NPs has used a supporting electrolyte
concentration of 0.10mM and gave good agreement between
SEM imaging and coulometric sizing."” Lower concentrations
of the supporting electrolyte have also been successfully used
to characterise smaller (30 nm diameter) Ag particles.” In the
present work we investigate the effect of reduced ionic
strength on the electrochemical characterisation of large
~100 nm quasi-spherical Ag NPs via nano-impacts. An electro-
lyte concentration of 20 mm potassium chloride was chosen
for the experiments. A random assembly of microelectrodes
(RAM) was used during the experiments due to the higher
signal-to-noise ratio and an increase in the number of the ob-
servable impacts resulting from an increased surface area as
compared to a single microelectrode.””

First the electrochemical behaviour of silver NPs was deter-
mined through cyclic voltammetry of the experimental solu-
tion (1.4 mL of stock Ag NPs in 8.6 mL of 20 mm potassium
chloride) on the RAM electrode in order to determine the oxi-
dation potential of the NPs in the lower concentration of elec-
trolyte scanning, first oxidatively then reductively. Figure 7
shows a cyclic voltammogram in the presence (black) and ab-
sence (red) of the NPs. No distinctive features are observed in
the absence of NPs (red line). A clear oxidative peak is ob-
served at +0.145V vs. a saturated calomel electrode (SCE) in
the presence of the NPs, which is in good agreement with pre-
vious reports,"? and no further peaks were observed in the CV.

© 2015 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 7. Cyclic voltammetry of Ag NPs suspended in 20 mm KCl at

100 mVs~' on RAM electrode.

The oxidation peak corresponds to formation of Ag™
by a one-electron oxidation:

Ag(s) — Ag'(a

species

q)+e (4)

For chronoamperometry experiments, a potential of +0.60 V
vs. SCE was chosen in order to ensure complete oxidation of
the particles. The applied potential of +0.60 V is approximately
400 mV in excess of the potential required for the stripping.
Hence it is certainly sufficient for Ag oxidation in the light of
our previous experience.

Figure 8 shows the obtained current-time transient in the
presence (black line) and the absence (red line) of the NPs,
whereby the spikes are only observed in the presence of the
Ag NPs. The spikes correspond to direct electrolytic impacts
and are due to the oxidation of the colliding silver nanoparti-
cles. The resultant spikes were analysed, and the resultant size
distribution was calculated using Equation 1. Figure 9 shows
the calculated electrochemical size distribution in comparison
to the SEM data. The mean spherical diameter was determined
from nano-impacts to be 85 nm. From the SEM images, the
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Figure 8. Chronoamperometry at +0.60 V vs. SCE. Red: 20 mm KCl. Black:
20 mm KCl and Ag NPs (total [Ag]=2.8 ugmc ). Lines offset by 1 nA for
clarity. Inset shows zoomed-in region from 13.50-13.70 s.
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Figure 9. Size distribution Ag NPs. Red: electrochemical sizing from nano-im-
pacts in 20 mm KCI. Black: sizing from SEM.

mean spherical diameter was 100 nm. For further confirmation,
nanoparticle tracking analysis (NTA) of the silver NPs was per-
formed using a NanoSight LM10 (NanoSight, Amesbury, UK),
equipped with a sample chamber with a 638 nm laser. The
sample was measured for 60s with automatic settings at
30 frames per second. The software used for capturing and
data analysis was the Nanosight NTA 2.3. The size distribution
shown in Figure 10 has the mean diameter of 106 nm and
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Figure 10. Size distribution of Ag NPs obtained from nanoparticle tracking
analysis.

standard deviation of 33 nm. The data is in good agreement
with the SEM image analysis which shows a similar mean di-
ameter; however, a significantly larger standard deviation is
observed (33 nm from the NTA vs. 4 nm from the SEM), which
may be caused by an artificial broadening.”! The size distribu-
tions obtained from the three techniques are in close agree-
ment, but the nano-impact sizing distribution for the 20 mm
potassium chloride concentration is smaller. This discrepancy is
attributed to the reduced electrolyte concentration. The appar-
ent smaller diameter might likely be caused by incomplete dis-
solution of the silver nanoparticles. By contrast, according to

© 2015 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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the literature, excellent agreement with the SEM data was ob-
tained for 0.10m potassium chloride." This suggests that in
order for a particle to undergo complete oxidation, potential
drop across the interface must be minimized, which is only
achieved for the higher concentration of the supporting elec-
trolyte as observed for molecular electrochemistry.”®

Conclusions

The successful sizing of large, high-density AgBr NPs demon-
strates the ability of the nano-impact technique to characterise
particles across the entirety of the nanometre range. With the
recent advancements herein, the technique has been shown
to size particles over five orders of magnitude in charge, span-
ning 6-100 nm in diameter. However, results for the oxidation
of well-studied Ag NPs, does show the choice of electrolyte
can affect the reliability of the sizing obtained for large NPs.
For complete dissolution, an electrolyte concentration in
excess of 0.10m should be used to ensure complete electroly-
sis of the studied particle. Therefore, with carefully chosen
electrolyte composition, the nano-impact methodology has
shown great potential for different material types and is con-
tinuing to establish itself as an alternative and effective
method for the characterisation of electroactive NPs.

Experimental Section
Chemicals

Silver citrate-capped NPs of 100 nm diameter were purchased from
nanoComposix (San Diego, USA) as an aqueous suspension. AgNO;
(99%), [Ru(NH,)sICl; (98%), and KCl (99%) were supplied by
Sigma-Aldrich (Dorset, UK). NaBr (99%) was purchased from M&B
laboratories (Sydney, Australia). Gelatine powder and KNO; (99.5 %)
were obtained from VWR (Soulbury, UK). All solutions were pre-
pared using ultrapure Millipore water of resistivity 18.2 MQcm at
298 K. For Ag NP nano-impacts characterization, stock silver citrate-
capped NP solution was added to the electrolyte. N, was used to
thoroughly degas electrolyte solutions prior to electrochemical
study.

Electrodes

All electrochemical experiments utilised a three-electrode system
in a Faraday cage thermostated at 25 °C.

For AgBr experiments, an Autolab PGSTAT 302N was used from
Metrohm-Autolab (BV, Utrecht, Netherlands), fitted with an ex-
tremely-low-noise (ECD) module for reduction of background noise
for impact experiments. The working electrodes used were
a 3.0 mm GC macrodisk from CH Instruments (Austin, USA) and
a 11.3 um diameter carbon microdisk from BASi (West Lafayette,
USA). The reference electrode was a saturated MSE (equivalent to
+0.64V vs. normal hyrdrogen electrode, NHE)** also from BASi,
and the counter was a platinum wire from Goodfellow Ltd. (Cam-
bridge, UK). All working electrodes were polished with 1, 0.3, and
0.05 um alumina powder from Buehler (Coventry, UK) before each
experiment.

Citrate-capped Ag NP experiments were performed using a three-
electrode setup with an Autolab Il potentiostat (Metrohm Autolab
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BV, Utrecht, Netherlands). A platinum mesh counter electrode was
used for experiments, and potentials were applied against an SCE
reference electrode (equivalent to +0.24 V vs. NHE).?”” Anodic par-
ticle impacts were performed using a random array of microelectr-
odes (RAM) as the working electrode. The RAM was kindly supplied
by Prof. S. Fletcher® (Loughborough University, Leicestershire UK)
and constructed using approximately 3200 microfibres of radius
7.0 um, dispersed in a nonconductive epoxy, with an electrode
spacing on average of 70 um. The working electrode was polished
before each experiment with 0.3 pm alumina (Buehler, Coventry,
UK) to ensure a clean and reproducible surface.

All NP impact data was analysed using Signal Counter software
(developed by Dario Omanovic Centre for Marine and Environmen-
tal Research, Zagreb, Croatia).” Origin Pro 9.0 (Origin Lab Corpora-
tion, Northampton, USA) was used for data visualization and histo-
gram analysis.

NP Preparation and characterisation by SEM

AgBr NPs were prepared as previously reported.®” A 25 mL three-
necked flask containing gelatin (0.75 g) in H,0O (10 mL) was heated
to 35°C and stirred at 350 rpm by a magnetic stirrer. To this, 2.0 m
AgNO; (5 mL) and 2.0m NaBr (5 mL) were injected simultaneously
and left to stir for 5 min. The resulting suspension was transferred
to a Faulken tube and kept in dark conditions. The set-up and stor-
age vessel were encased in foil throughout to minimise light expo-
sure.

SEM images of the AgBr and Ag NPs were taken on a high-resolu-
tion SEM (LEO Geminin 1530, Zeiss, Jena, Germany). To prepare the
samples, the NP suspensions were sonicated for 5 s prior to being
drop-cast on a TEM-grid-modified SEM sample holder. Figure 1 and
2 show the images at low and high magnification for AgBr and Ag.
Processing of these images was conducted using Image J public
domain software, and found the particles to have a spherical diam-
eter of 93 nm for AgBr and 98 nm for Ag, and standard deviations
of 25 nm and 8 nm respectively.
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