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This paper elucidates the mercury (Hg) amalgamation induced by
electrochemical reduction on gold nanorods coated with meso-
porous silica shell (AuNRs@mSiO;) using single-particle spectro-
electrochemistry. First, the silica shell significantly enhanced the
structural stability of AUNR cores after Hg amalgamation with the
application of linear sweep voltages (LSVs). Thus, we were able to
focus on the spectral changes of AUNRs@mSiO, induced by the
deposition of Hg without the disturbance of structural defor-
mation, which also strongly affects localized surface plasmon reso-
nance (LSPR) properties. Second, following the application of LSVs
in the presence of Hg?*, a remarkable blueshift of the LSPR peak
was observed, caused by the lowering of the work function due to
the Hg adsorption, donating electron density to Au. Furthermore,
the LSPR linewidth also dramatically increased after the Hg depo-
sition with LSV. Lastly, the evolution of the Hg amalgamation
process was directly observed by monitoring real-time LSPR peaks
and LSPR linewidth shifts of a single AuNRs@mSiO; in the Hg solu-
tion according to the application of the electrochemical potential.
Moreover, the results showed the possibility of the in situ tuning of
the LSPR properties of AuNRs@mSiO, by Hg deposition via
electrochemical potential manipulations without the disturbance
of the structural variations of AuNR cores.

Mercury (Hg) is considered a toxic metal because it can easily
accumulate in the body and damage organs such as the lungs,
kidneys, liver, and brain even at small concentrations." To
date, extensive studies on reducing Hg concentrations in the
environment have been conducted. Among these is the use of
the amalgamation process, where plasmonic gold nano-
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particles (AuNPs) are reacted with Hg with strong affinity. The
formation of Au-Hg amalgams has been used for the accurate
sensing of Hg with high toxicity>” and water purification by
removing Hg ions from polluted water.®*°

The direct observation of chemical reactions in AuNPs is of
great importance to better understanding the processes for
catalytic reaction and sensing applications."* So far, dark-field
(DF) microscopy has been effectively used to directly observe
and elucidate the reaction mechanisms of the chemical pro-
cesses occurring on single AuNPs.''™"® Recently, the DF setup
was further combined with electrochemical cells to achieve the
spectroscopic measurement of electrochemical processes on
AuUNP surfaces.''*"'” In this spectroelectrochemical approach,
electrodes comprised of low-density AuNPs deposited on
indium tin oxide (ITO) substrates were used to inject electrons
into nanoparticles whose optical responses were then detected
by DF microscopy and spectroscopy.'’ For example, the
injected electrochemical charges enabled the modulation of
the optical properties of anisotropic gold nanorods (AuNRs) at
the single-particle level."*"®

Recently, several groups demonstrated the structural and
spectral alterations according to the Hg deposition in the
amalgamation process of bare AuNRs.'"'*'® The AuNRs
exposed to Hg were reshaped (from elongated to spherical
nanoparticles) with the formation of Au-Hg amalgams, fol-
lowed by a remarkable blueshift in the localized surface
plasmon resonance (LSPR) peak. Thus, both the Hg deposition
on the AuNRs and the shape deformation simultaneously
affected the spectral variations. However, we recently presented
Hg amalgamation via chemical reductions in AuNRs coated
with mesoporous silica shell (AuNRs@mSiO,)."> The meso-
porous silica shell suppressed the structural deformation of
the AuNR cores caused by the Au-Hg amalgamation. This
enabled the monitoring of spectral responses according to the
Hg deposition on the AuNR cores without the disturbance of
shape deformations in single AuNRs@mSiO,. However, no
studies have yet elucidated the structural and spectral
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variations of AuNRs@mSiO, induced by the electrochemical
reduction of Hg in the amalgamation process with the appli-
cation of the electrochemical potential.

The AuNRs@mSiO, used in this study were purchased from
Nanopartz (CO, Loveland, USA). The morphologies of
AuNRs@mSiO, were characterized using scanning electron
microscopy (SEM). Fig. 1A shows a SEM image of
AuNRs@mSiO,, and the size of the AuNR cores inside the
mesoporous silica shell was determined to be 40(+2.4) nm x
121(+6.6) nm, as shown in Fig. 1B. An additional SEM image
showing many AuNRs@mSiO, is provided in Fig. S1.f
Moreover, the thickness of the mesoporous silica shell was
about 22 nm (Fig. S2}). Fig. 1C shows an ultraviolet-visible
(UV-vis) extinction spectrum of AuNRs@mSiO, in distilled
water, and two transverse and longitudinal LSPR peaks of the
AuNR cores are seen at approximately 530 and 723 nm,
respectively.

In this study, we employed a single-particle spectroelectro-
chemistry approach to investigate the Hg amalgamation in
single AuNRs@mSiO, deposited on an ITO glass.
Spectroelectrochemistry is a powerful technique based on DF
microscopy and spectroscopy coupled to an electrochemical
workstation."™">”"” DF microscopy and spectroscopy are used
to detect changes in the optical properties of single nano-
particles, whereas the electrochemical potential is applied to
nanoparticles on an ITO glass. An experimental setup for DF
microscopy-based spectroelectrochemistry is shown in Fig. 2A.
A spectroelectrochemical cell (SEC, Fig. 2B) was built with the
ITO coverslip as the working electrode (WE), platinum (Pt) wire
with 0.076 mm diameter as the counter electrode (CE), and an
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Fig. 1 (A) SEM image of AuNRs@mSiO,. (B) Histogram showing the size
distribution of AuNRs@mSiO,. (C) UV-Vis extinction spectrum of
AuNRs@mSiO,. The red-dotted line indicates the position of the longi-
tudinal LSPR peak.
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Fig. 2 (A) A schematic showing the experimental setup of the DF
microscopy coupled with an electrochemical workstation. (B)
Spectroelectrochemical cell diagram with ITO-coated glass as the
working electrode (WE), Pt wire CE, insulated Pt quasi-reference elec-
trode (RE), and spacing imager.

insulated Pt wire (AM Systems) as the quasi-reference electrode
(RE).

In this study, AuNRs@mSiO, were deposited on an ITO WE
that can inject electrons to nanoparticles through electro-
chemical potential manipulation (Fig. 3A). Thus, this study
used the reduction of Hg>" through electrochemical injection
in the absence of any chemical reductant (e.g., NaBH,), and
the direct Hg amalgamation of AuNRs@mSiO, was studied
through a spectroelectrochemistry approach (Fig. 3A).

A Hg?* Electrochemical Reduction

Electrochemical
inject
e )

ITO Electrode

(@)

SEM Image After LSV

Average Length / nm

Minor Axis

Major Axis

Fig. 3 (A) Schematic depiction of Hg?" electrochemical reduction
occurring on the AuNR core inside the mesoporous silica shell on an
ITO glass. (B) SEM image of AuNRs@mSiO, after LSV in the presence of
10 pM HgCl,. (C) Histogram showing the change in the sizes (length and
width) of AuNRs@mSiO, after LSV and Hg amalgamation.
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Recently, morphological changes were reported according to
the Hg amalgamation of anisotropic AuNRs."*'® Bare AuNRs
exposed to Hg were reshaped from elongated nanoparticles to
spherical nanoparticles, which can affect their LSPR pro-
perties. Furthermore, we recently reported that the meso-
porous silica shell in AuNRs@mSiO, enhanced the structural
stability of the AuNR cores against shape deformation induced
by Hg amalgamation.'® However, no studies have yet reported
the structural stability of AuUNRs@mSiO, according to electro-
chemical Hg amalgamation with the application of the electro-
chemical potential to nanoparticles.

We first checked the structural variations of the
AuNRs@mSiO, after applying LSVs in the presence of HgCl,.
SEM images of AUNRs@mSiO, were obtained 1 h after their
exposure to a Hg solution with LSVs. As shown in Fig. 3B and
S3t, the aspect ratio (AR) of the AuNRs@mSiO, was not
decreased after the Hg amalgamation with LSVs. This result is
clearly different from that of bare AuNRs, which display major
structural deformations after amalgamation.'"'*'® Before the
Hg amalgamation, the average AR of the AuNRs@mSiO, was
3.02(x1.21), corresponding to 40(+2.4) nm in width and 121
(£6.6) nm in length, respectively (Fig. 1B). After the electro-
chemical Hg amalgamation in the presence of 0.1 M potass-
ium chloride (KCl) as the supporting electrolyte and 10 uM
HgCl, for 1 h, the average AR was approximately 2.93, corres-
ponding to 41(+3.5) nm in width and 120(+7.5) nm in length,
respectively (Fig. 3C). Therefore, we confirmed that the silica
shell significantly enhanced the structural stability of AuNRs
despite the electrochemical Hg amalgamation, which induces
significant structural deformation. This result is consistent
with our recent study on chemical reduction in the Hg amalga-
mation of AUNRs@mSiO,."°

Next, we investigated the LSPR spectral changes of
AuNRs@mSiO, before and after Hg amalgamation via electro-
chemical reduction under the DF microscopy combined with
an electrochemical workstation (Fig. 2 and S4}). DF images
were obtained before and after the application of cathodic
linear potential sweeps, and they were correlated with the
overall current profiles acquired in the applied potential range
of 0.3 to —0.7 V (vs. Pt). Fig. 4A shows a DF scattering image of
single AuNRs@mSiO, on the ITO glass before applying LSV in
absence of Hg”". Afterward, SECs with AUNRs@mSiO, on the
ITO were filled with 0.1 M KCI as the supporting electrolyte
and 10 pM HgCl,. With the application of LSV in the presence
of 0.1 M KCl and 10 pM HgCl,, Hg”" was electrochemically
reduced, and Hg atoms were deposited on the AuNR surfaces
to form AuNRs@Hg-mSiO, (core@shell) (Fig. 4B). A major
advantage of using AuNRs@mSiO, in this study is that we can
directly reveal their LSPR spectral changes by focusing on the
effect of Hg deposition without considering the effects of
structural variations driven by Hg deposition that can also
strongly affect the LSPR properties.

We first obtained linear sweep voltammograms to confirm
the electrochemical reduction of Hg*", as shown in Fig. 4C.
The electrochemical potential varied from 0.3 to —0.7 V (vs. Pt)
during LSV. The current-voltage profile acquired without Hg**

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 (A) DF scattering image of AuNRs@mSiO,. (B) A schematic
depicting the electrochemical reduction on a AUNR@mMSIO; in the pres-
ence of 0.1 M KCl and 10 pM HgCl,. (C) Linear sweep voltammograms
obtained in 0.1 M KCl (black curve) and in the solution of 0.1 M KCl and
10 pM HgCl; (red curve). (D) Scattering spectra of AUNR1@mSiO, before
and after LSV in 0.1 M KCl and in 0.1 M KCl and 10 pM HgCl,. (E)
Histogram showing the change in LSPR wavelength of AuUNRs@mSiO,
before and after LSV in 0.1 M KCl and in 0.1 M KCl and 10 pM HgCl,. (F)
Histogram showing the change in the LSPR linewidth (FWHM) of
AuNRs@mSiO, before and after LSV in 0.1 M KCl and in 0.1 M KCl and
10 pM HgCl,. The reference electrode was a Pt wire.

is shown in the black curve, indicating the absence of faradaic
currents. The red curve was recorded after the introduction of
10 pM Hg>". A peak was observed at approximately —0.25 V
(green dotted line in Fig. 4C), attributed to the electrochemical
reduction of Hg>* to Hg’. We further confirmed that the
reduction peak weakened when the concentration of Hg>" was
decreased to 5 pM, as demonstrated in Fig. S5A and B.f}
Therefore, we ensured that the electrochemical reduction
occurred in SEC with the application of LSV in this study.

DF scattering spectra were then recorded for single
AuNRs@mSiO, before and after the application of the electro-
chemical potential. Fig. 4D shows the single-particle scattering
spectra of a AuUNR1@mSiO, indicated by a white circle in
Fig. 4A. The initial LSPR spectrum of the circled
AuNR1@mSiO,, characterized by an LSPR wavelength of 1.75
eV and an FWHM of 109 meV, exhibited no drastic optical vari-
ations after LSV in the pure electrolyte (red curve) and after the
introduction of Hg>" to the SEC (green curve). However, follow-
ing the application of LSV in the presence of Hg”", dramatic
variations were observed in the scattering spectrum (blue
curve). As shown in Fig. 4D, after the Hg amalgamation with
LSV, the LSPR wavelength blueshifted from 1.75 to 2.13 eV.
This result is further supported by the ensemble spectra of
AuNRs@mSiO, obtained before and after Hg amalgamation
(Fig. 1C and S5t). Because AuNRs@mSiO, are stable against
the structural deformation induced by the Hg amalgamation
(Fig. 3), the blueshift shown for AuNRs@mSiO, after Hg amal-
gamation can be attributed mainly to the lowering of the work
function due to the Hg adsorption, donating electron density
to Au.”® Furthermore, the LSPR linewidth (or FWHM) can also
provide important information on plasmon damping in single
AuNRs.>'" The LSPR linewidth of AuNR1@mSiO, showed a
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dramatic increase to 246 meV after the Hg deposition with LSV
(Fig. 4D). The strong plasmon damping observed for single
AuNRs@mSiO, in this study was caused by the Hg deposition
on the AuNR surface."”

Additionally, we measured 30 more single AUNRs@mSiO,
under the same experimental conditions to verify the tendency
shown in Fig. 4D. We observed significant optical changes after
applying LSV in the presence of Hg>* (blue bar, Fig. 4E), consist-
ent with the result for AuNR1@mSiO, in Fig. 4D. A dramatic
blueshift of the LSPR wavelength from 1.798 eV (green bar) to
2.167 eV (blue bar) was observed when LSV was applied in the
presence of 10 pM Hg>" caused, as shown in Fig. 4E. Similarly,
the same result (or tendency) was obtained for AUNRs@mSiO, in
a small concentration of 5 pM Hg”* (Fig. S61). We also confirmed
that, in addition to the LSPR wavelength, the FWHM was remark-
ably increased after the Hg deposition on the AuNR cores via the
application of LSV in AuNRs@mSiO,. The LSV application in the
presence of 10 pM Hg>" remarkably broadened the LSPR line-
width from 145 meV (green bar) to 279 meV (blue bar), as shown
in Fig. 4E. Therefore, the results provide deeper insight into the
effect of Hg deposition by electrochemical reduction on spectral
changes in single AuUNRs@msSiO, without structural deformation
and disturbance.

Single-particle spectroscopy enables gaining insight into
the time-dependent adsorption kinetics of Hg ions on AuNR
cores. Thus, the evolution of the Hg amalgamation process
was directly observed by acquiring the real-time scattering
spectra of single AUNRs@mSiO, in the presence of 10 pM Hg>*
to better understand LSPR spectral changes caused by Hg
amalgamation. Initially, the applied potential was kept con-
stant, and then linear cathodic potential sweeps and open-cell
voltage (OCV) conditions were applied. Representative poten-
tial vs. time and current vs. time curves subjected to electro-
chemical measurements (linear sweep voltammetry) are shown
for a single AUNR@mSIO, in the solution of 0.1 M KCl and
10 uM HgCl, (Fig. 5A). In addition, the curves are correlated
with a two-dimensional (2D) plot obtained from 500 scattering
spectra acquired in situ for 500 s (1 spectrum per s). In the
real-time analysis of the Hg amalgamation process, the LSPR
wavelength remained constant during the first 190 s when the
potential of 0.2 V (vs. Pt) was applied constantly. Afterwards, a
slight increase of the LSPR wavelength was observed between
190 s and 200 s when the applied potential was remained con-
stant at 0.3 V (vs. Pt). Finally, the LSPR wavelength slightly
blueshifted between 200 and 300 s when the linear potential
scan was applied from 0.3 to —0.7 V (vs. Pt, LSV), followed by
the use of the OCV condition. In addition, the FWHM
increased concomitantly with the recorded blueshift arising
from the application of a cathodic potential scan. LSPR peak
changes before, during, and after LSV are clearly observed in
single-particle scattering spectra of the nanoparticle (Fig. 5B).
The LSPR peak slightly blueshifted with the LSPR linewidth
broadening during the application of LSV (Fig. 5C). The spec-
tral changes are related to the deposition of Hg on the AuNR
surface with the formation of a core-shell structure. Therefore,
we monitored the in situ time-dependent spectral changes
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Fig. 5 (A) Potential vs. time and current vs. time curves correlated with
a 2D plot of 500 scattering spectra recorded in situ at a single
AuNR@mSIiO; in 0.1 M KCl and 10 uM HgCl,. The applied potential was
initially held at 0.2 V (vs. Pt) and then 0.3 V (vs. Pt), followed by the appli-
cation of linear cathodic potential sweeps from 0.3 to —0.7 V (vs. Pt)
and, finally, open-cell voltage conditions. (B) Scattering spectra of a
AuNR@mSIiO, before (black curve), during (red curve), and after (blue
curve) LSV. (C) LSPR wavelength and FWHM shifts as functions of time
during the application of potential energy.

(LSPR wavelength and FWHM) caused by the formation of Hg-
coated core-shell AuNRs (AuNRs@Hg-mSiO,) through single-
particle measurements.

Two important points must be further discussed in Fig. 5.
First, Schopf et al reported morphological and spectral
changes according to the Hg concentration in the amalgama-
tion of bare AuNRs.'""'* AuNRs exposed to Hg were reshaped
to spherical nanoparticles with the formation of Au-Hg amal-
gams, accompanied by a remarkable blueshift in the LSPR
peak. In contrast, the AuNRs@mSiO, used in this study were
stable against structural deformations caused by the Hg amal-
gamation and LSV because of the silica shell. Therefore, we
investigated the spectral changes of AuNRs@msSiO, induced
by the deposition of Hg without the disturbance of morpho-
logical variation, which also strongly affects the LSPR pro-
perties. Second, so far, various attempts have been made to
tune the LSPR properties of metal nanostructures using the
electrochemical method.>**° A feature of the electrochemical
potential control method is its ability to change the absolute
potential of the electrons in metal nanostructures, which can
cause a resonance energy shift. For instance, Oikawa et al.
reported the control of electrochemical copper deposition or
dissolution reactions at the surface of Au nanostructures.””>*
Similarly, the present study showed the possibility of in situ
tuning of the LSPR properties (resonance energy and LSPR
linewidth) of AuNRs@mSiO, through Hg deposition via
electrochemical potential manipulation without the disturb-
ance of spectral variation caused by Hg-induced structural
deformations (Fig. 5).

This journal is © The Royal Society of Chemistry 2022
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In summary, we investigated the Hg amalgamation induced
by electrochemical reduction on AuNRs@mSiO, using single-
particle spectroelectrochemistry. First, the silica shell signifi-
cantly enhanced the structural stability of the AuNR cores after
LSV for the Hg amalgamation. Thus, we were able to focus on
the spectral changes of AuNRs@mSiO, induced by the depo-
sition of Hg without the disturbance of structural changes,
which can also strongly affect the LSPR properties. Second, fol-
lowing the application of LSV in the presence of Hg>", dra-
matic changes occurred in the scattering spectrum. After the
Hg amalgamation with LSV, a dramatic blueshift of LSPR peak
was observed, caused by the lowering of the work function due
to the Hg adsorption, donating electron density to Au.
Furthermore, the LSPR linewidth also dramatically increased
after the Hg deposition with LSV. Lastly, we directly observed
the evolution of the Hg amalgamation process by monitoring
real-time LSPR peaks and FWHM shifts of single
AuNRs@mSiO, in the Hg solution during LSV. In addition, the
present study showed the possibility of the in situ tuning of
LSPR spectral properties (characteristic resonance energy and
LSPR linewidth) of AuNRs@mSiO, through Hg deposition via
electrochemical potential manipulation without the disturb-
ance of spectral variations caused by Hg-induced structural
deformations.
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