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Nanorod Aspect Ratios Determined by the Nano-Impact

Technique
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Abstract: We report the in situ electrochemical sizing of individual
gold nanorods. Through the combination of electrochemical
dissolution and the use of a surface-bound redox tag the volume and
surface area of the nanorods are measured, and provide the aspect
ratio and the size of the nanorods. Excellent independent agreement
is found with electron microscopy analysis of the nanorods,
establishing the application of nanoimpact experiments for the sizing
of anisotropic nanomaterials.

As the exploration of the synthesis, characterization and
properties of nanomaterials advances, an important and widely
recognized relationship exists between the size and shape of the
nanomaterials and their behavior.! This has led to an ever
increasing search for methods to fabricate precisely controlled
multidimensional nanostructures, with geometries such as
spheres, cubes, triangles and rods, to name a few, driven by the
desire to alter the optical, catalytic and sensing properties of the
materials.? In the case of gold nanorods the aspect ratio of the
materials is closely linked with their properties,?* %l necessitating
careful characterization in order to rationalize their behavior.

The determination of nanorod aspect ratios has been
accomplished by methods such as transmission electron
microscopy (TEM) and atomic force microscopy,“ however the
characterisation time and limited sample sizes can hinder these
techniques. An alternative technique is based on UV-visible
spectroscopy, where the position of the longitudinal surface
plasmon resonance (SPR) peak is used to measure the aspect
ratio of the gold nanorods.®! However it has been noted that this
technique can involve several limitations such as the sensitivity
of the optical properties of the nanorods to the local dielectric
field and the geometry of the nanorods,® as well as requiring
materials which display SPR peaks in the UV-visible range.

An attractive alternative to these methods is through the use
of an electrochemical approach at the single nanorod level. This
method has been pioneered for spherical nanoparticles through
nanoimpact experiments, where the electrochemical size
determination of the materials has been established and verified
alongside other methods. This approach relies upon the impact
of individual nanoparticles with an electrode surface,l’] where
control of the applied potential leads to either the direct® or
indirectl® 9 observation of the nanoparticles via their electro-
dissolution. While this method has shown remarkable success
for the sizing of spherical or quasi-spherical nanoparticles, its
extension to determine the dimensions of non-spherical
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geometries is unexplored, marking an exciting opportunity for
growth in this field. In this work we therefore investigate the
novel application of nanoimpacts for the characterisation of gold
nanorods, which serves as a model system to probe the
determination of both the size and shape of the impacting
nanomaterials.

The dimensions of the citrate-capped gold nanorods were
first examined by TEM, as seen in Figure la. A total of 222
nanorods were measured, showing an average length of 74+7
nm and diameter of 21+1 nm (Figure 1b). The average aspect
ratio (p), given as the ratio of the length (I) to the diameter (d) of
the nanorods was then calculated using Eq. 1, giving a value of
3.5+0.4.
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Figure 1. a) Bright field TEM image of gold nanorods, with the measured
nanorod diameters (gray) and lengths (black) in b).

Prior to performing impacts experiments, the stability of the
nanorods in different electrolytes was probed by UV-visible
spectroscopy. In the presence of water alone (Figure 2a, red
curve) the response is found to be stable, however in the
presence of HCI (Figure 2a) the peak magnitudes can be seen
to decrease with peak broadening to the near-infrared region.
These features indicate that substantial agglomeration takes
place under these conditions*® and is therefore not desirable for
nanoimpact experiments. Similar studies were conducted in the
presence of KCI (Figure 2b), where a negligible decrease in the
peak magnitude occurs for concentrations of up to 40 mM KCl,
while in 100 mM KCI (blue curve) a gradual peak decrease
accompanied by an increased absorption in the near infrared
region takes place. Comparison of Figures 2a and 2b reveals
that the substantial agglomeration observed in the former case
is likely driven by the protonation of the citrate capping agent,4
while in the latter case the agglomeration is attributed to the
screening of the nanoparticle charge by the increased ionic
strength.*? Nevertheless a low ionic strength KCI system
provides an excellent framework to investigate the
electrochemical properties of individual gold nanorods.
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Figure 2. UV-visible spectroscopy of 100 pM gold nanorods suspended in O
mM (red), 20 mM (black), 40 mM (green) or 100 mM (blue) HCI (a) or KCI (b).

Having established the stability of the nanorods in KClI, cyclic
voltammetry (CV) of the nanorods was then performed in 40 mM
KCI. As seen in Figure 3a, the oxidative dissolution of a gold
nanorod modified glassy carbon surface occurs at ca. 1.01 V vs
SCE, with the oxidative charge decreasing rapidly with
consecutive scans. This is in agreement with prior work on the
dissolution of gold nanopatrticles in HCI, where the reaction was
found to proceed through the formation of both Au* and Au®*
species (Egs. (2) and (3)), with the overall reaction occurring as
a near two electron oxidation per gold atom. 3!

Au + 2Cl1~ 2 AuCl,” + e~ 2)
Au +4Cl- 2 AuCl,” + 3e™ 3)

The impact of nanorods was then performed in KCI to
determine the volume of individual nanorods. To accomplish this
chronoamperograms (CA) were recorded in a 10 pM suspension
of gold nanorods in 40 mM KCI using a carbon fibre
microcylinder electrode® with an applied potential of 1.3 V vs
SCE. As is demonstrated in Figure 3b, oxidative spikes were

seen, evidencing the oxidative dissolution of individual nanorods.

No spikes were observed in the absence of the nanorods
(Figure S1), or at a potential of 0.7 V vs SCE in the presence of
the nanorods (Figure S2). A total of 301 impacts were integrated
(Figure 3c), and the average charge was found to be
4.0(x1.2)x1012 C. Note that the standard deviation is given here,
representing both the error of the measurement as well as the
size dispersion of the nanorods. Interestingly the presence of
nanorod dimers can also be observed in Figure 3c, with the
peak positions, standard deviations and relative ratio between
the monomers and dimers showing excellent agreement with
previous work on the entropy of mixing driven agglomeration of
nanoparticles.*%

The average volume of the nanorods was then calculated
using Eq. 4:

y =% 4)
ZDF

where V is the volume (m3), Q is the oxidative charge (C), Aw is
the atomic weight of gold (196.97 g mole?), Z is the number of
electrons transferred (1.9 electrons per gold atom, as
determined previously*¥)), D is the density of gold (g m=) and F
is the Faraday constant (96,485 C mole!). From Eg. 4 it is found
that the average nanorod volume determined by nanoimpacts is
2.2(£0.7)x10* nmé3. This value was then compared with the
expected nanorod volume based on the TEM measurements,
assuming a hemispherical end cap, according to Eq. 5:

V=nril —2nrs (5)
3

where | is the length (m) and r is the radius (m). This gave a
value of 2.3(x0.4)x10* nm?, showing a difference of less than
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3 % from the volume obtained through the electrochemical
approach and establishing the use of nanoimpacts to determine
the volume of the nanorods.
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Figure 3. a) CVs in 40 mM KCl at 25 mV s for a glassy carbon electrode drop
cast with 4 pL of gold nanorods, showing the first five scans. b) CA obtained at
1.3 V vs SCE for a carbon microcylinder electrode in a 10 pM suspension of
gold nanorods in 40 mM KCI. ¢) The distribution of impact charges.

While for spherical nanoparticles the identification of the
volume is sufficient to size the particles, for the present case this
does not apply as the same volume may be found for nanorods
with markedly different aspect ratios. In order to overcome this
challenge the surface areas of the nanorods were next analysed
by tagging the nanorods with 4-nitrothiophenol (NTP), which has
been demonstrated to undergo a four electron reduction and
allow the quantification of the surface area of nanoparticles.™l
The modification of the nanorod capping agent was then tested
by CV in 10 mM HCIO4 30 mM NaClO,4, and from Figure 4a the
reduction of the NTP-modified nanorods can be readily observed
(black curve).

Nanoimpact experiments were then performed using the
NTP-modified nanorods with an applied potential of -0.35 V vs
SCE. As can be seen from Figure 4b this resulted in the
presence of reductive spikes, while impacts were not observed
at -0.1 V (Figure S2) or at a potential of -0.35 V in the absence
of the nanorods (Figure S3). The impact charges are shown in
Figure 4c, with a modal charge of 1.2(+0.5)x10%* C. It should be
noted that the presence of nanorod dimers (as seen in Figure
3c) are not apparent in this case, which may be attributed to the
altered nanorod stability in the presence of the different



electrolytes and capping agents. The surface area of the
nanorods was then calculated using Eq. 6:
Ang = AiNTZP:AQ (6)

where Anr is the surface area of the nanorod (m?), Ante is the
area per molecule of NTP (2.6x10° m? per molecule),’” Na is
the Avogadro constant, Q is the reductive charge (C), Z is the
number of electrons transferred (4) and F is the Faraday
constant. From Eq. 6 the average surface area of the nanorods
was determined to be 4.6(x1.9)x10% nm?. This value was then
compared with the expected surface area of the nanorods using
Eqg. 7 with the average nanorod length and radius from the TEM
analysis. This gave a surface area of 4.9(x0.7)x10° nm?, which is
within 5 % of that determined by the nanoimpacts method.
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Figure 4. CVs in 10 mM HCIOs, 30 mM NaClO4 at 25 mV s for a glassy
carbon electrode drop cast with (black) or without (gray) 4 pL of NTP-modified
nanorods. b) CA obtained at -0.35 V vs SCE for a carbon microdisk electrode
in a suspension of 10 pM NTP-modified nanorods in 10 mM HCIOs, 30 mM
HCIOa4. ¢) The distribution of impact charges.

In addition to providing accurate measurements of the
surface areas and volumes of the nanorods, the results can also
reveal the dimensions of the impacting nanorods. In the case of
an unknown sample, the sphericity of the nanomaterials may
firstly be determined by the isoperimetric quotient, helping to
distinguish the overall structure of the nanoparticles.'8 As is
shown in the Supporting Information, for a hemispherically
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capped nanorod where 1>2r, the radius of the nanorods can be
calculated using Eqg. 8:

gnr3—Ar+2V=0 ®)

Using the electrochemically determined nanorod volume and
surface area, the average nanorod diameter is 21+11 nm, and
from Eq. 7 the average length is 67+7 nm. The electrochemically
determined aspect ratio (Eq. 1) is therefore found to be 3.1+1.7.
These values are in excellent agreement with the TEM analysis
(21+1 nm diameter, 74+7 nm length, aspect ratio of 3.5+0.4),
highlighting the power of this method to determine the
dimensions of non-spherical nanomaterials on an individual
basis.

In this work we have successfully demonstrated the
complete size characterisation of non-spherical nanomaterials
using individual nanorods. This proof of concept has been
established in the case of gold nanorods by analysing their
volume and surface area at the single nanorod level through
separate experiments, with the latter measurement performed
by changing the nanorod capping agent. This is the first time
that nanoimpacts have been utilised to determine the shape and
size of the impacting nanoparticles, opening up this technique to
the characterisation of a wide range of nanomaterials with non-
spherical geometries.
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