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We propose monochromatic dark-field imaging microscopy (DFM) to measure the non-faradaic
electrochemical impedance spectroscopy (EIS) of single Au nanorods (AuNRs). DFM was utilized to
monitor the plasmonic scattering of monochromatic incident light by surface-immobilized individual
AuNRs. When modulating the surface potential at a certain frequency, non-faradaic charging and
discharging of AuNRs altered their electron density, leading to periodical fluctuations in the scattering
intensity. Analysis of the amplitude and phase of the optical intensity fluctuation as a function of
modulation frequency resulted in the EIS of single AuNRs. High-frequency (>100 Hz) modulation allowed
us to differentiate the intrinsic charging effect from other contributions such as the periodic migration
and accumulation of counterions in the surrounding medium, because the latter occurred at a longer
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to the theoretical value. Since interfacial capacitance has been proven sensitive to molecular
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Introduction

Electrochemical impedance spectroscopy (EIS) has attracted
growing interest in the last few years, not only because it is one
of the most valuable tools for investigating the electrochemical
interface, but also because it provides a promising platform for
developing chemical sensors and biosensors.'”®* When applying
a perturbing sinusoidal voltage to the electrochemical system
and recording the corresponding current responses as a func-
tion of frequency, many complex chemical and electrical
processes could be described with equivalent circuits consisting
of purely electrical terms. Therefore, EIS has been widely used
in different applications ranging from the determination of
double layer capacitance to monitoring zeolite formation,’
studying the degradation of anticorrosion polymer coatings,®
and examining the relationship between basic electrochemistry
and actual battery performance.® In addition, EIS is particularly
well-suited for serving as a non-invasive sensing technology to
report the molecular recognitions and interactions occurring on
the transducer surface.’ It has been intensively used, for
instance, for studying the various binding events,"* character-
izing the electrode surface modifications," and developing new
sensor devices.
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Although EIS is a powerful electrochemical approach for
analyzing a variety of electrochemical phenomena, this
approach usually measures the averaged property of the entire
electrode surface. However, the electrode surface is often rather
heterogeneous and rarely presents an ideal electrochemical
behavior, resulting in some difficulties with data interpreta-
tion.” For these reasons, the interest in developing local and
microscopic EIS is growing and many techniques have been
developed towards this goal. For instance, Isaacs et al.** and
other researchers™*® developed scanning probe-based EIS for
recording and mapping local AC impedance distribution. The
dependence of surface plasmon resonance (SPR, an optical
effect) on the electron density within the metal provided novel
insights for resolving EIS optically.*** For example, we have
been developing plasmonic-based electrochemical impedance
microscopy (P-EIM) to achieve the wide-field imaging of elec-
trochemical impedance with sub-micron spatial resolution.*
P-EIM has subsequently demonstrated its capability for
studying single cells,**** molecular binding,** and small mole-
cule detection.”” However, to the best of our knowledge, EIS of
single nanoparticles has not been achieved yet. Such capability
is highly desired to advance the fundamental understanding of
the non-faradaic charging at the nanoscopic interface, to better
characterize the surface properties of single nanoparticles, and
to develop a novel format for single nanoparticle sensing.

Here we present monochromatic dark-field microscopy
(DFM) for determining the EIS of single Au nanorods (AuNRs)
based on the quantitative dependence of the localized surface
plasmon resonance (LSPR) on their electron density. Its
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capability to measure the surface capacitance of single AuNRs
was further demonstrated. Different from the conventional EIS
that relies on the recording of electrode current, an optical-to-
electrochemical conversion model is proposed here to report
the charging current of single nanoparticles from its optical
responses. This is based on the fact that LSPR scattering of
single AuNRs is regulated by its electron density during non-
faradaic charging and discharging processes. The EIS spectra
of single AuNRs are extracted by measuring the scattering
intensity response of single AuNRs to the applied sine-wave
voltage as a function of frequency. Frequency analysis further
allows for distinguishing the pure charging effect and the
accumulation of counterions surrounding the nanoparticle, so
that the surface capacitance of single AuNRs can be accurately
determined by solely considering the charging effect. Both
factors were found to contribute to the LSPR band, but their
temporal constants were different, leading to different features
in the frequency spectrum.

Results and discussion

Monochromatic dark-field microscopy

Owing to the sensitive dependence of LSPR on the changes in
the surrounding dielectric environment and electron density, it
allows us for studying different physical and chemical processes
on the surface of the single nanoparticles by monitoring the
scattering spectral changes.”®*** For instance, existing studies
have shown that the LSPR band of AuNRs immobilized on the
ITO substrate is subject to a blue-shift when applying a negative
potential, which is due to the increase in the electron density of
AuNRs under the electrochemical charging.**-** We accordingly
recorded the corresponding scattering spectrum of a single
AuNR at different potentials as shown in Fig. 1a. The results are
nicely consistent with literature reports.*>*”*® To date, maximal
scattering wavelength (Anay) is the major optical parameter that
reflects the electron density of AuNRs. Because it usually takes
several seconds or even longer time to acquire a scattering
spectrum, it is impossible to determine the A;,.x When applying
an alternating potential as high as tens of kilohertz. In order to
measure the optical response of single AuNRs under high-
frequency modulation, monochromatic DFM is proposed in
which the scattering intensity is recorded at a fixed single
wavelength of incident light. The shift in the plasmonic band
would increase or decrease the scattering intensity accordingly
(Fig. 1a). For example, when the wavelength of the incident light
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Fig.1 (a) Full scattering spectra of a single AUNR at the voltages of 0 V

(black) and —1V (red), respectively. (b) Differential scattering spectrum
of the two spectra shown in (a).
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is lower (higher) than the maximal scattering wavelength, a blue
shift in the LSPR band would lead to an increased (decreased)
scattering intensity. When the modulation voltage is sufficiently
small, intensity change can be converted to the wavelength shift
quantitatively. The benefit of such conversion is the signifi-
cantly improved temporal resolution for studying the high
frequency charging and discharging processes (see ESI
Section 2.27).

It is clear that optimization of the wavelength is critical to
sensitively convert the spectral shift into the intensity change.
Differential spectrum is a useful way for optimizing the wave-
length of incident light. Fig. 1b shows a representative differ-
ential spectrum by subtracting the scattering spectrum (0 V)
from the one after electron injection (—1 V). It is estimated that
an incident light of 728 nm wavelength delivers the largest
intensity change at the given spectral shift.

This hypothesis is subsequently validated with a home-built
monochromatic DFM setup. Fig. 2a shows a schematic illus-
tration of the optical setup for monitoring the electrochemical
charging and discharging process of single AuNRs. Represen-
tative grayscaled images acquired using the present setup are
displayed in Fig. 2b. The scattering spectrum of individual
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Fig. 2 (a) Schematic illustration of the optical setup for acquiring the
EIS spectra of single AuNRs using DFM. AOTF = Acousto-Optic
Tunable Filter, PL = Plano-convex Lens, OC = Oil Condenser, OL =
Objective Lens, M = Mirror, OM = OptoMask, FM = Flip Mirror, CCD =
Charged-Coupled Device, DAQ = Data Acquisition Board, PMT =
Photon Multiplier Tube. A series of monochromatic images captured
at different illumination wavelengths (b) are used to extract the scat-
tering spectrum of single nanoparticles (c).
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AuNRs is obtained by plotting the single nanoparticle scattering
intensity as a function of illumination wavelength (Fig. 2c). We
first prepared an electrochemical cell consisting of two opposite
ITO glass slides. Here, the upper ITO electrode was applied to
immobilize AuNRs. The LSPR of single AuNRs was illuminated
using a supercontinuum white light laser source coupled with
an acousto-optic tunable filter (AOTF) and an oil-immersed
dark-field condenser. An intensified supercontinuum laser
other than the halogen lamp was essential to provide sufficient
photon flux in a short exposure time. A sinusoidal voltage from
the function generator was applied to the electrochemical cell
via the potentiostat. The scattered light of single AuNRs was
collected using an objective and it was then detected by CCD or
PMT. The EIS spectra of single AuNRs were obtained by deter-
mining the amplitude and phase of the corresponding optical
intensity fluctuation at each frequency either by digital Fourier
transform or by using an analog lock-in amplifier. The highest
frame rate of this CCD camera is 953 frames per second, which
allows for resolving the low-frequency EIS spectra (below
475 Hz) for multiple nanoparticles simultaneously. Usually,
CCD measurements are used for initial screening of nano-
particles owing to its throughput. PMT coupled with an Opto-
Mask was adopted to acquire the full EIS spectrum of one
nanoparticle up to 30 kHz.

A series of different single wavelengths were examined to
demonstrate that the scattering intensity fluctuations can be
used to monitor the electrochemical charging and discharging
of single AuNRs. The scattering intensity amplitudes of a single
AuNR as a function of the incident light wavelength are shown
in Fig. 3a. Positive amplitudes (Fig. 3c) mean that the decreased
potential was accompanied by increasing intensity, which was
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Fig. 3 (a) Scattering intensity amplitude of a single AuUNR under the
monochromatic illumination of different wavelengths. (b) Plot
depicting the linear relationship between the applied voltages and
scattering intensity amplitude. As a result of the modulating potential,
original scattering intensity curves exhibit out-of-phase and in-phase
responses under the illumination of (c) 740 and (d) 775 nm,
respectively.
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expected because the negative potential charged the AuNRs
with electrons and led to a blue shift in the LSPR band. Negative
amplitudes (Fig. 3d), however, suggested that the decreased
potential resulted in decreased intensity. Such a phase shift is
because the incident light wavelength is larger than the
maximal scattering wavelength. Therefore, the electrochemical
charging and discharging process of single AuNRs can be
tracked by using the single-wavelength-based scattering inten-
sity change. Further examples (150 Hz for CCD and 10 kHz for
PMT) are provided in the ESI (Fig. S37). Fourier transform to the
original scattering intensity curves demonstrated the periodic
intensity fluctuation as a result of the potential modulation.
Note that a negative potential is essential here to achieve the
reversible non-faradaic charging and discharging processes.
When applying a positive potential on the electrode, irreversible
oxidation of AuNRs (Fig. S4T) and the adsorption of anions®*
would compromise the data interpretation.

The sensitivity of the present setup to detect a small amount
of charge quantity was investigated by applying a series of
modulation voltages (Fig. 3b). As expected, it is found that the
amplitude of scattering intensity modulation is linearly
dependent on the applied potential. The present method allows
for detecting voltage modulation as small as —10 mV, which is
at least one order of magnitude more sensitive than previous
reports that quantified the charging effect by directly measuring
the spectral shift.*

EIS of single AuNRs

We next investigate the optical responses of surface-bound
single AuNRs when charging them with a series of modula-
tion frequencies. Semi-log and log-log (Bode) plots of the
results are shown in Fig. 4a and b, respectively. When
increasing the modulation from 1 Hz to 30 kHz, the amplitude
of single nanoparticle scattering intensity fluctuation is found
to decrease towards zero accordingly. Similar trends in the low
frequency range (<400 Hz) were observed for the same indi-
vidual AuNR when recording the EIS spectrum with CCD and
PMT, respectively (Fig. S5 and S6t). This transition is
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Fig. 4 (a) Semi-log plots and (b) log—log (Bode) plot of scattering
intensity amplitude and phase of a single AuNR as a function of
frequency. The red line is calculated results from model fitting, and the
black squares are experimental data. (c) Randles equivalent circuit of
the electrochemical cell used in the present work.
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accompanied by the decrease in the phase delay from 180° to
90°. These results were explained with a classical Randles
model, as shown in Fig. 4c. The model consists of three circuit
elements, including electrolyte resistance (Rs), and polarization
resistance (Rp) in parallel with double layer capacitance (Cpy).
These parameters were resolved by fitting the conventional
current-based impedance responses of the electrode surface
(see ESI Fig. S71 for details). Because the AuNRs were located in
the electrical double layer of the ITO electrode, the charging
process was governed by the voltage drop across the double
layer (Upy, see Fig. S8T for details):

Uapplied ( 1)

Uy =
PL ™ joCoLRs + (Rs/Re) + 1

where Ugppiied is the applied voltage, w (=27tf) is the angular
frequency, f is the voltage modulation frequency and j is the
imaginary unit (> = —1).

The optical signal fluctuation of the single nanoparticle re-
flected the transferred charge quantity during the charging and
discharging process (Qnp), which was regulated by both double
layer potential (Upy) and the surface capacitance of single
nanoparticles (Cyp):

Onpe = Cnp X UpL 2

These equations were used to fit the experimental results
(red curves in Fig. 4a and b) to provide the relevant electrical
parameters such as Cp, Rs, and Rp. The results are generally
consistent with the fitted parameters from conventional EIS
analysis (see ESI Table S1t). The slight difference was attributed
to the spatial heterogeneity of the ITO electrode. The conven-
tional EIS analysis reflected the behavior of the whole ITO
electrode, and EIS of a single AuNR reflected the local behavior
around it.

However, there is a clear inconsistency at frequencies lower
than 100 Hz. While the theory predicts constant amplitude,
larger amplitude is observed at lower frequency. We attribute the
difference between the experimental and calculated data to the
migration of positively charged ions towards the ITO electrode
surface, whose accumulation increased the local refractive index
and thus contributed additional scattering signals. Because the
ionic migration takes place at a relatively slower time scale, its
influence is expected to decrease at higher frequency. We
excluded the possibility of the local heating effect because the
illumination density (<3 x 10~> mW pm™2) in the present setup
should induce a temperature increase less than 1 mK according
to a recent literature report (ESI Section 2.8t).** The influence of
the refractive index of the electrolyte solution at low frequency
was confirmed by examining the influence of the type and
concentration of electrolyte solutions on the responses (Fig. 5).
More significant dependence of intensity fluctuation amplitude
on the modulation frequency was observed under higher
concentration of KClI solution (0.1 M vs. 0.02 M) as shown in
Fig. 5a. Furthermore, for different types of electrolytes with
identical concentration (KCl vs. NH,Cl) as shown in Fig. 5b,
greater dependence was observed for NH,Cl. The refractive
indices of 1 M KCIl and NH,CI solutions were determined to be
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Fig. 5 Influence of (a) electrolyte concentration and (b) electrolyte
type on the amplitude of scattering intensity in the low-frequency
range.

1.3426 and 1.3431, respectively. Because a negative potential was
applied in this work, accumulation of cations in the electrolyte
solution contributed most of the influences. The application of
negative potential not only injected electrons into the nano-
particle, but also increased the concentration of cations in the
outer Helmholtz plane as well as the migration layer. Both
processes increased the scattering intensity but their time scales
were different. Because the migration of counter-ions is
a dynamic and relatively slower process, its contribution was
greatly inhibited at higher frequency. As shown in Fig. 4a, the
results show that the contribution of the refractive index of the
electrolyte solution is more than 40% when applying a modula-
tion frequency of 1 Hz. Its contribution is minimized at
a frequency higher than 100 Hz. Note that the present setup is
also suitable for studying the EIS of spherical gold nanoparticles
at a shorter wavelength, although the signal-to-noise ratio would
be compromised because the transverse plasmonic mode is less
sensitive to the electron density (Fig. S97).

Capacitance of single AuNRs

EIS of single AuNRs not only allows for distinguishing the
contributions from pure charging and migration of counter
ions by frequency analysis, but also allows for determining the
intrinsic surface capacitance of single AuNRs by applying a high
frequency modulation (see ESI Section 2.10t). The surface
capacitance of single AuNRs was determined to be 36.6 +
11.8 uF em ™2 (N = 10, it is the number of AuNRs), which is in
excellent agreement with the theoretical value.*>** Significantly
larger values were often obtained in a previous report that
measured the scattering spectrum in direct current mode
without high-frequency modulation.* It was likely due to the
incremental contributions in addition to pure electrochemical
charging. As mentioned above, the effect of the refractive index
of the electrolyte solution is obvious in the low frequency
window, while single AuNRs show pure non-faradaic charging
and discharging in the high frequency window. Therefore, the
surface capacitance of single AuNRs was more accurately
determined by using a high-frequency response.

Conclusions

In summary, we have presented a monochromatic dark-field
microscopy technique to acquire the EIS spectra of single
AuNRs by using the optical intensity fluctuation under potential
modulation to quantify the charging states. Because the change

Chem. Sci,, 2018, 9, 4424-4429 | 4427
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in the refractive index of the surrounding medium due to
counter ion migration is significantly slower compared with the
intrinsic charging of AuNRs, EIS of single AuNRs allows for
distinguishing these two contributions. While the refractive
index effect plays important roles in the low-frequency range
(<100 Hz), high-frequency response is dominated by the non-
faradaic charging of AuNRs. As a result, the surface capaci-
tance of single AuNRs can be more accurately determined by
applying a high-frequency modulation of potential, which
minimizes the refractive index contribution from the
surrounding medium. This method is also suitable for studying
other types of plasmonic nanomaterials. Furthermore, because
the surface capacitance of the metal-electrolyte interface is
known to be sensitive to the molecular recognition (binding)
events, the present work is anticipated to pave a promising
way towards single nanoparticle biosensing by measuring
the surface capacitance under high-frequency modulation
conditions.
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