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Abstract

Changes in the optical properties of single gold nanorods during electrocatalytic oxidation of
glucose in alkaline media are monitored in real-time by single-nanoparticle dark-field
spectroelectrochemistry. The spectral scattering characteristics under dynamic potential scan
conditions are closely related to the electrochemical processes, and the electrochemical catalytic
mechanism of the process is discussed. Moreover, changes in free-electron density are evaluated
using a Drude dielectric function with charge density-modification. The proposed sensing
technique based on plasmonic analysis shows significant promise for the design and research of

electrochemical catalytic systems at the single-nanoparticle level.

Keywords: local chemical reaction, localized surface plasmon  resonance,

spectroelectrochemistry, single nanoparticle



1. Introduction

Localized surface plasmon resonances (LSPR) are collective oscillations of conduction

band electrons in a metal nanoparticles.[1] Recently, the study of LSPR properties of noble metal

nanostructures has lead to significant advances and new applications in nanophotonic devices

and circuits,[2-4] plasmonic waveguides,[5] Fano resonances,[6, 7] surface enhanced

spectroscopy,[8-10] plasmonic nanoantennas,[11] solar energy conversion,[12-14] biological

sensing and imaging,[15-18] and in life sciences.[18-23] A nanoparticle’s size, shape, electron

density and dielectric (electronic) properties as well as its dielectric environmental changes can

influence its LSPR properties.[24] Charge transfer and storage processes have been a growing

focus, and understanding fundamental aspects of the physical and chemical process governing

charge transfer at the nanoscale is of paramount importance.[25] Noble metal nanostructures

have served as a heterogeneous catalyst in various chemical transformations, from the synthesis

of fine chemicals through pollutant removal to electrochemical cells for energy conversion.[26,

27] In order to investigate electrochemical catalytic reactions by plasmonic

spectroelectrochemistry techniques, bifunctional noble metal structures that have plasmonic

properties and can serve as a catalyst are required.[28] It is critical that nanoparticle size, shape

and composition are considered when engineering nanocatalysts. Especially considering that



nanocatalysts are often inhomogeneous and this can lead to heterogeneity in the electrochemical

catalytic activity. Therefore, only average efficiency is obtained by ensemble catalytic

measurements. To effectively study these catalytic processes and eliminate ensemble averaging,

single particle spectroscopy techniques are required.[29] This coupled with the fact that it is

extremely challenging to study heterogeneous catalytic redox systems on noble metal

nanocrystal surfaces means a single particle approach is especially pertinent.

Numerous factors influence catalytic surface reaction processes including surface area,

facets and composition.[27] Model systems with single-crystalline facets have been studied

under idealised ultrahigh vacuum conditions.[30, 31] For instance, gold nanorods have served as

model catalysts providing information on aspects of reactions catalysed by oxidation of ascorbic

acid on a gold nanocrystal surface, including features such as charge transfer steps.[32, 33] In

order to further understand and improve these systems, it is important to monitor catalysis in real

time.[34] However, conventional surface interrogation techniques usually require high-vacuum

conditions or are limited to ensemble average measurement with high cost.[35] It is a major

challenge to correlate the results obtained from model systems or artificial reaction regimes to

nanostructure catalysis under real reaction conditions.[27]



Herein, a novel plasmonic spectroelectrochemistry technique for the study electrocatalytic
reactions in situ is revealed. Plasmonic spectral characteristics are used to ascertain information
on electrocatalytic reactions occurring at noble metal nanoparticles under dynamic potential
control (Figure 1). Electrocatalytic oxidation of glucose in alkaline media was chosen as a
suitable and important model reaction, not least due to the potential for exploitation of glucose as
a next generation energy source.[36]% As such the electrocatalytic oxidation of glucose at single
particle level is investigated for the first time. LSPR spectral changes are correlated to catalytic
reaction steps, which can be used to postulate the electrochemical redox reaction mechanism at

single-nanoparticle level.

A White light
1111 Spectrometer Grating
. f%
P ITO
- m Glucose Gluconolactone
Electrochemistry -
workstation I l
40x ;
Objective lens
/ I / ' T : T T T T ; T T 1
\ I Wavelength
Slit >

Cathodic polarisation Anodic polarisation

Figure 1. (A) Experimental setup for single nanoparticle plasmon spectroelectrochemistry:
dark-field microscopy coupled with an electrochemical workstation. (B) Schematic
representation of the direct localized plasmon sensing strategy and real-time monitoring of
single-nanoparticle electrochemical catalysis. Scattering spectra versus wavelength at different
polarisation potentials are shown in the absence (a) and presence (b) of glucose, respectively.
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The scattering spectrum (green line) of a single gold nanorod shown in (a) and (b) was obtained
at open circuit potential (OCP). Scattering spectra (red and blue lines) were obtained under
anodic polarisation and cathodic polarisation, respectively. Spectral shifts, 4imax, and changes in
the peak full-width at half maximum (4fwhm, A7) induced by catalysis serve as a readout
providing information on the electrocatalytic oxidation of glucose on the single gold nanorod.
The Anax and 7" obtained at OCP in the absence and presence of glucose serve as reference points
to calcualte the AAnax and A7

2. Experimental

2.1 Materials

Indium tin oxide (ITO)-coated glass sheets (sheet resistances 20-30 Q sq™; 1 mm thickness)
purchased from Shenzhen Laibao hi-tech Co. LTD (Shenzhen China),were cut into small pieces
(20 mm x 20 mm) and coated with a polydimethylsiloxane (PDMS) cell to serve as the working
electrode. Potassium hydroxide (KOH), acetone (AR), isopropanol (AR), ethanol (AR) and
potassium chloride (KCI) were purchased from Sinopharm Chemical Reagent Co., Ltd (Shanghai
China). Glucose was purchased from Sigma-Aldrich Co. Gold nanorods (40 nm; 65 nm; 10
0.D.) were purchased from Nanoseedz (Hong Kong, China). The dimensions of the gold
nanorod used in this study were 44 + 3 nm in length and 98 + 6 nm in diameter (n > 150) as
characterised by transmission electron microscopy (TEM, JEOL JEM-2100, Japan). All reagents
were of analytical grade and used as received without any further purification. Ultrapure water,
filtered by a Milli-Q reagent water system at a resistivity of > 18MQ cm, was used throughout
the experiments. The ITO-coated glass was cleansed first by ethanol, and then washed
successively in acetone, isopropanol and pure water with at least 30 min sonication. Lastly they
were dipped in a mixture of pure water, hydrogen peroxide and ammonium hydroxide (volume
ratio, 5:1:1) and heated to boiling for at least 30 min,[10] and then dried with nitrogen gas. Gold

nanorods were immobilised on the ITO electrodes through electrostatic adsorption by placing the



ITO electrode in the diluted gold nanorod solution (300 times) for 5 min. Then, the gold nanorod
modified ITO electrodes were rinsed with copious amounts of water prior to dark-field
measurements. The gold nanorod modified ITO electrodes were stable to cyclic voltammetric

scanning, as shown in the Figure S1.

2.2 Instrumentation

2.2.1 Electrochemistry

All electrochemical experiments were performed on a CHIG660E electrochemical workstation
(CH Instruments Inc.) in a conventional one-compartment cell in conjunction with a standard
three-electrode system. A PDMS microelectrochemical flow cell was used in the electrochemical
experiments (Schematic S1). ITO electrodes modified with gold nanorods served as the working
electrode. A Pt wire electrode served as the counter electrode and another Pt wire electrode
functioned as reference electrode. The potential of the Pt reference electrode was calibrated
through a cyclic voltammetry scan of potassiumferricyanide (Figure S2, Supporting
Information). The AEqY2was 0.4 mV between using Pt quasi-reference electrode and saturated
calomel reference electrode (SCE) in 5.00 mM Kj[Fe(CN)g] solution, respectively. Ensemble
gold nanorods modified ITO electrodes were prepared by spin-coating three drops of gold
nanorods solution onto an ITO electrode (geometry area ca. 0.50 cm?). Experiments were carried
out with KOH as the supporting electrolyte, and the solutions were purged with nitrogen (20
min) before electrochemical experiments. All solutions were stored under an atmosphere of

nitrogen and all experiments were performed at room temperature 25 + 2 °C.

2.2.2 Dark-Field Microspectroscopy



Optical dark-field spectrum measurements were recorded using a Nikon eclipse Ti-U inverted
microscope equipped with a dark-field condenser (0.8 < NA < 0.95) and a 40 x objective lens
(NA = 0.8). HHlumination was provided by a 100 W halogen lamp which was used to excite the
gold nanorods generating the local plasmon resonance scattering light. The scattering light was
focused onto the entrance port of a monochromator (Isoplane SCT 320) that was equipped with a
grating (grating density: 300 lines/ mm; blazed wavelength: 500 nm) to disperse the scattering
light. Then, the scattering light was recorded by a 400 x 1600 pixel cooled spectrograph CCD
camera (ProEM+: 1600eXcelon3, Princeton Instruments, USA). A true-color digital camera
(Nikon, DS-fi, Japan) was used to record the field of the microscope for coregistration with the
monochromator. Adjustable entrance slits can be opened to retain only a single gold nanorod in
the region of interest. Note that a distribution of spacings between gold nanorods can be
produced in the sample preparation. The scattering spectra from single gold nanorods were
corrected by subtracting the background spectra taken from the adjacent regions, without the
gold nanorods and dividing with the calibrated response curve of the entire optical system. To
ensure that only optically isolated gold nanorods were analysed, only scattering with smooth
baseline, a single Lorentzian peak and a non-distorted line shape were accepted.[37] The

integration time used in all experiments spectral acquisitions was 5 seconds.
3. Results and Discussion
3.1 Scattering Spectra of Single Gold Nanorods

Typical TEM images of gold nanorods and the associated size distribution histograms

(length and width) for the gold nanorods are presented in Figure S3 (Supporting Information). A



typical spectrum of single gold nanorod at an open circuit potential corresponding to red colour
and the local electric field distribution of the single nanorod (98 nm x 44 nm) using the discrete
dipole approximation (DDA) method are shown in Figure S4.[38] The line width (I") of the
resonance of a single plasmonic nanoparticle was sensitive to changes in environment (eq. S1-6).
The change of line width could also reflect the physical and chemical process occurring in the
proximity of plasmonic nanostructures due to changes of their plasmon properties, because the
refractive index around the nanostructure and free electron density was greatly dependent on
these processes.[39] A quantitative description of the cross sections of nanoparticles excited by

polarised light parallel to the principle axes are given in eq. S7-9.

3.2 Electrocatalytic Process of Glucose Oxidation on Single Gold Nanorods in

Alkaline Media

The electrochemical behavior of a gold nanorod-modified ITO electrode was initially
probed using cyclic voltammetry (Figure S5-7). In alkaline solution, excellent electrocatalytic
oxidation activity towards glucose was observed. Next, real-time monitoring of dark-field
spectroelectrochemistry (SN-DFS) changes in a single gold nanorod’s optical properties was
investigated. Scattering spectra for a single nanorod (ca. 98 nm x 44 nm) showed a slight
spectral shift associated with a spectral line width change due to oxidation of glucose (Figure 2,
A and B). This spectral peak shift demonstrates that physicochemical properties of the nanorod
surface state is interrogated by this technique.[23] In addition, plasmon resonance energy was
modulated by applied potential. The dark-field scattering spectrum was measured at open circuit

potential (- 0.14 V) prior to the application of a potential step sequence to the electrode. No
9



obvious spectral changes (4max and A7) were observed at open circuit potential in the absence
and presence of glucose, respectively (Figure S8). This demonstrates that there was no

auto-oxidation of glucose in the gold nanorod ITO system in alkaline media.
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Figure 2. (A) and (B) Normalized scattering spectra for a single gold nanorod on a modified ITO
electrode under dynamic potential control in the absence and presence of glucose, respectively.
(Note: spectra are stacked for clarity.) The solid lines show the fits to the scattering spectra using
a Lorentzian function. The potentials were at open circuit potential, -500 mV, -350, 150, 450,
550, 700 mV (a, b, c, d, e, f and g, respectively) then back to 650, 400, 200, 100, -200 mV (h, i, j,
k and I, respectively). The shading represents the trend of the plasma spectral shifts during the
dynamic potential scan. (C, D) Plasma peak shifts (41max) and (E, F) changes in the peak
full-width at half maximum (thwm, I') are shown for two kinds of single gold nanorods with
distinctive scattering resonant wavelengths, 670 nm (a, b) and 650 nm (c, d), versus applied
potential. Curve a and ¢ were obtained in 0.5 M KOH solution and b and d were in the 0.5 M
KOH + 10 mM glucose.

To investigate the catalytic mechanism on a single gold nanorod, potential dependent
dark-field scattering spectra peak shift, 4/ma Of two types of single gold nanorods, were
measured during dynamic potential scanning (Figure 2C, D). From -0.6 V to -0.5 V the LSPR
peak position underwent a blue shift of 2 nm in 10 s (Figure 2C, a). The blue shift was attributed
to a double-layer charging process or an electronic charging effect.[40] Electrons are transferred

from the conductive ITO electrode to the gold nanorods, which induces a net negative charge,
10



corresponding to a higher free electron density than in the natural state.[25] The surface of the
gold nanorod is covered by hydrated cations forming a positively charged Stern layer.[41] When
the potential reached to the potential of zero charge (Epzc) ca. 0.1 V, there is no net negative or
positive charge on the single nanorod because no scattering spectral shift was observed during
potential scan.[42] Then, electrons are extracted from the single nanorod under investigation due
to double layer charging. This leads to a lowering of the free electron density from 0.10 V to 0.3
V. A negatively charged Stern layer (pre-oxidation) is composed of hydrated hydroxide ions to
screen the positively charged gold surface. This pre-oxidation layer led to increasing the double
layer capacitance, according to the Grahame model.[25, 43, 44] Thereafter, a quasi-linear
dependence of the peak shift on the applied potential was found in the potential range from 0.4 V
to 0.8 V. The gold began to oxidise forming a hydrated gold hydroxide layer and a further
spectral red shift was observed with a sensitivity of 15.9 nm V%, The thickness of hydrated gold
hydroxide (Au(OH)ags"™") layer has a linear growth property with applied anodic polarisation
from 0.4 V to 0.8 V. At 0.8 V, a 7.1 nm red shift was observed (Figure 2C, a), however, only a
5.8 nm red shift was found at 0.8 V (Figure 2D, c) for single nanorod with scattering peak
wavelength 650 nm. These results may be interpreted by assuming that gold nanorods with a
larger aspect ratio are more sensitive to changes of the surface medium.[45] During cathodic
scan from 0.8 V to 0.3 V, the spectra had a balanced domain with a slight blue shift (ca. 0.5 nm).
It was due to the steady property of the Au(OH)a¢"™" in weak cathodic polarization from 0.8 to
0.3 V and we can find there is no obvious reduction current for Au nanorods (Figure 3C). When
the potential was decreased to 0.3 V, there was a blue shift of the LSPR induced by reduction of
the AU(OH)ags*™ to form [Au*(H20),]ags 0N the gold surface, which then possessed catalytic

11



activity to glucose oxidation with associated electron injection into the gold nanorod.[46] The
scattering spectral shift showed a weak spectral shift sensitivity of -1.53 nm V! in cathodic
polarisation scope from 0.05 V to -0.6 V, because the free electron density in the gold nanorod
has reached saturation which is not significantly affected by the injection of electrons in

persistent cathodic polarisation.[47, 48]

The scattering spectral shift in presence of glucose (Figure 2C, b) indicated a slight blue
shift of LSPR compared to that in the absence of glucose (Figure 2C, a). Due to the double layer
charging effect, a ca. 2 nm blue shift was observed in the potential range from -0.6 to -0.5 V
(Figure 2C, b). Anodic polarisation with a more intense blue shift was found over -0.5 to 0.1 V.
Double layer charging and Faradaic processes were involved the glucose catalytic oxidation
which led to a change of free electron density in the gold nanorods. This intense spectral blue
shift was composed of both double layer charging and Faradaic processes. During anodic
discharge processes from 0.1 to 0.3 V, the scattering spectral peak shifts has a linear increase
relationship with the applied potential. With anodic polarisation, a sharp rise of the A4nax from
0.3 to 0.8 V with a sensitivity of 18.3 nm V™ was found, which was more pronounced than that
in the absence of glucose due to the oxidation of glucose leading the free electron density
increase. The scattering spectra of single gold nanorods with short aspect ratios, in absence and
presence of glucose (Figure 2D, curve ¢ and d), showed weaker scattering spectral shift than gold
nanorods with long aspect ratios (Figure 2C, curve a and b). This demonstrated that larger aspect
ratio gold nanorods are more sensitive to the medium and free electron density changes. In
addition, the gold nanorods with different scattering spectral peak wavelength indicated various

peak red shifts (Figure S9). These results demonstrated that the heterogeneity in size and shape
12



of individual gold nanorods caused their differing ability to electrochemically catalyze the
oxidation of glucose. Gold nanorods with similar scattering spectra peak wavelength may have
very different results during catalytic reaction as shown in Figure S9 (B: A,= 689 nm; D: 4, = 690
nm and G: 4, = 690). The single-nanoparticle dark-field spectroelectrochemistry technique
provides an effective protocol in high-throughput screening of catalysts.** A dynamic simulation
of the gold electrochemical oxidation process is shown in Figure S10. In alkaline media, anodic
polarisation of the gold nanorods takes place, leading to the formation of Au(OH)ags"™ on the
gold surface. The spectral shift (4ima) is caused by the formation of Au(OH).e™™ on the
surface of the gold nanorod and the magnitude of the peak shift comes from the amount of the
AU(OH)ags™™ . The scattering spectral shift (44max) in the gold nanorod oxidation process are

proportional to t*2

during dynamic potential scan. Nevertheless, in cathodic polarisation 4Amax
changed with time following the trend t>- (t-t))* (Supporting Information, section S3). The
relationship between scattering spectral shift and time demonstrated that the spectral shift was

influenced by the chemical composition of the surface of the gold nanrods as well as the range of

the potential scan.[49]

When the sample material is subject to some alteration due to some inherent change of the
noble metal itself, the dielectric properties or free electron density change could cause
measurable shifts of the spectral peak position (44max) or of the peak line width (47") of the gold
reporter’s LSPR peak.[50] The homogeneous line width of the single gold nanorod’s scattering
spectra was monitored by the SN-DFS technique, avoiding inhomogeneous broadening effects
witnessed during ensemble measurements. The line width of the plasmon resonance (7)) was

influenced by the electron oscillation dephasing processes and the dielectric function of the
13



particles.”® Hence, variation in line width of the LSPR during dynamic potential modulation is a
valuable parameter for providing information about plasmonic properties.[37, 51, 52] Four
different regions were identified in the line width change of a gold nanorod during the potential
sweep (Figure 2E, a). In the first region ranging from -0.6 V to 0.4 V, the damping remained
essentially constant, consistent with a previous report.[42] In the second region ranging from 0.4
V to 0.65 V, the linearity in the spectral peak red shift coincided with a dramatic decrease of the
damping constant, a subsequent cathodic sweep did not lead to a hysteresis loop.[41, 42] In the
third region ranging from 0.65 to 0.1 V, there was a nonlinear dependence of the 7" on the applied
potential with a gradual depression. With reduction of the Au(OH).ss**" formed on the surface
of gold, the number of the sp-band electrons increased for free movement in oscillation. The
relative change in the free electron density (AN/N) was - 2.25 % (at 0.8 V) which increased to
-2.10 % (at 0.4 V) (Figure S12). The result was comparable to that previously reported,
indicating that sp-band electrons are released during cathodic polarization.[26] During the
reverse scan in the pre-oxidation region from 0.4 to 0.1 V, there was a sharp increase in AN/N,
and it transformed from — 2.10 to + 0.50 %. Double layer charging produced ca. 0.5 % change in
free electron density. The intense decrease of the damping with the cathodic polarisation
suggested a decrease of hydration of the gold surface, which decreased the adsorbate damping
effect. In addition, sp-band electrons could not be readily excited to the higher energy level of
the hybridisation state.[24, 53] When the potential reached to Epzc, ion adsorption on the
interface of gold nanorods was restrained in the maximal degree and chemical interface damping
was suppressed due to the weak ion adsorption at the potential of zero charge. Therefore, the
interface damping (I, eq. S1-6) was weakened which was due to the low degree of ion

14



adsorption at gold surface at Epzc point.[54] Finally, below Epzc, an apparent increase of the
damping constant was found from 0.1 V to - 0.6 V. Meanwhile, adsorption of hydroxide ions and
hydration was decreased and the re-attachment of cations took place. According to the Jellium
model, sp-band electrons restrict the water molecules from forming hydrogen bonds with
hydroxide ions physisorbed on the gold nanorod.[55] Hence, the hydration of the gold surface
was decreased during scanning the potential in the range below Epzc.[56] In the cathodic
polarisation experiment below Epzc, the increase in /" was attributed to re-adsorption of the
cations that resulted in plasmon oscillation damping. This was accompanied by inward diffusion
of ions and efficient charging of the inner Helmholtz layer around the gold nanorod.[57] The
scattering spectral line width of a gold nanorod in the presence of glucose (Figure 2E, b)
demonstrated a decrease of the damping constant compared to that in presence of glucose (Figure
2E, a). There was a minimum value point at 0.15 V, which is more positive than that in the
absence of glucose. The catalytic oxidation of glucose contributed to this transition, because the
injection of electrons during the electrochemical catalytic oxidation of glucose increased the
density of free electron in gold nanorod that decreased the damping constant.® As shown in
Figure 2F, the gold nanorods with initial scattering peak wavelength 650 nm showed various
peak linewidth changes after their oxidation and catalysis process compared to gold nanorod
(670 nm). These results confirmed that the heterogeneity in size and shape of individual gold

nanorods caused their differing ability to electrochemically catalyze the oxidation of glucose.
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Figure 3. Changes of damping I" (4I') (a) and change in plasmon resonance peak shift (4plasma
peak) (b) for two kinds of single gold nanorods with distinctive scattering resonant wavelengths,
670 nm (A) and 650 nm (B) between in the absence and presence 10 mM glucose in 0.5 M KOH
versus applied potential with applied electrochemical scan. (C) CV curve obtained for the Au
NR/ITO electrode (ensemble state) in 0.5 M KOH + 10 mM glucose. The spectral blue and red

shifts in anodic and cathodic polarisation is represented by blue and red coloured regions for
clarity.

To evaluate the effect of the glucose oxidation (Faradaic reaction) on the plasmon
properties of single gold nanorods, 44max and 41" were observed in the absence of glucose on
single gold nanorod, which was used as the background and subtracted from the data obtained in
the presence of glucose. This calibration treatment provided a unique local optical measurement
of the charge transfer and the surface state transition, which is extremely difficult to obtain by

other approaches.[52] Gold nanorods served not only as the catalysts but also as the plasmonic
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reporters in this catalysed reaction. This is different from the plasmonic antenna strategy by
Alivisatos and co-workers, who reported that a triangular gold nanoprism acted as a plasmonic
sensor while a palladium nanoparticle, in the vicinity, underwent hydrogen gas uptake.[58] Four
different regions were identified in the spectral shift and line width change of a gold nanorod in
absence and presence of glucose (Figure 3A, B). As shown in Figure 3A, in the first region, the
scattering spectral shift with a relatively weak blue shift ca. 1.8 nm during the anodic
polarisation scan and a peak located at - 0.2 V was found, that fell in line with the peak al
(Figure 3C). This scattering spectral shift was attributed to the electrosorption of glucose to form
adsorbed gluconolactone, releasing one proton per glucose molecule. In the anodic polarisation
scan, there were fewer hydroxide ions absorbed on the gold surface.[36] The gold hydroxide
served as the catalytic element for glucose oxidation and therefore fewer active sites (AUOH,gs)
are present and a weaker charge transfer takes place between the glucose and the Au surface
(Schematic 1, I). Following this adsorption of gluconolactone, the number of the AUOH,ys sites
are limited which perturbs the oxidation of glucose on the gold surface. Which resulted a slight
spectral blue shift at 0.1 V due to the charge transfer suppression between gold nanorod and
glucose molecules. In the potential range 0.1 V to 0.4 V, the A" decreased (ca. 2 meV). It is
suggested here that in this pre-oxidation potential range, the adsorption of intermediate
suppresses the adsorption of hydroxide ions. In addition, the pre-oxidation of Au might possess a
larger surface damping constant (/) than that of the adsorbed intermediate. Above
approximately 0.4 V, there was no Faradaic current because of the formation of hydrous Au
hydroxide (Schematic 1, 11).[36] In the cathodic polarisation, there was a peak of A4ima (ca. 7.5
nm) at 0.2 V (range, 1), this could be due to the regenerated [Au*(H,0),]ags after the reduction
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of [Aux(H20)e>Tags by glucose.[46] The electrostatic interaction between the cationic mediator
[Au*(H20).]as and the anionic form of glucose is evidently a major factor in promoting
oxidation of glucose at the low potentials in the reverse sweep (Schematic 1, 111).[59] This was
associated with a peak of reversal damping peak (ca. 4.5 meV) located at the same potential
(Figure 3A). For the Faradaic processes occurring on the Au surface, electron injection increased
free electron density and decreased the damping constant.[60-62] The peak of scattering spectral
shift located at 0.2 V was consistent with the incisive current peak a4 at same potential. The
transferred electrons injection into a single gold nanorod during glucose electrochemical
oxidation reactions alter the plasmon peak wavelength, leading to a blue shift in scattering
spectra of the gold nanorod. In range IV from 0.1 to - 0.6 V, the change of the scattering property
of the gold nanorod companied by scattering spectral blue shift and an attenuation in line width
was attributed to the same mechanism with the peak al shown in Schematic 1, I. The current
peak a5 corresponding to glucose oxidation was found in the same potential range from 0.1 V to
- 0.6 V. The scattering spectra of single gold nanorods with short aspect ratios, in absence and
presence of glucose (Figure 3B), showed stronger peak linewidth changes and similar peak shifts
compared with gold nanorods with long aspect ratios (Figure 3A). It is noteworthy that it is
impossible to study discrepancy of catalytic activity among individual gold nanorods by
traditional ensemble electrochemical measurements. The scattering spectral peak shifts and
linewidth changes of various gold nanorods with different initial scattering peak wavelength
revealed a diversification in catalytic ability during the glucose catalytic oxidation (Figure S9).
For the heterogeneity in ratio of different facet, size and shape of various gold nanorods, it
brought about inhomogeneous catalytic capacity in the glucose electrocatalytic oxidation. A
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change in optical characteristic parameters correlated directly to the ensemble electrochemical
current and was critical for probing the local chemical reaction environment. From a more
fundamental perspective, electrocatalytic processes could be inferred by the scattering spectral

parameters at a single-nanoparticle level thus averting the average effect of traditional

measurements.
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Schematic 1. Schematic representation of the glucose oxidation mechanism and the gold
oxidation process occurring at the surface of gold nanorods.
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Figure 4. (A) The change of electron density versus potential (dQ/dE) noramlised to the single
gold nanorod (670 nm) surface area in the absence and presence 10 mM glucose in 0.5 M KOH
versus applied potential. (B) The differental capacitance (4(dQ/dE)) calculated by subtracting the
dQ/dE in the absence of glucose from that in the presence glucose obtained from data in (A). (C)
Changes of dephasing time T, (47>) (a) and changes of quality factor Q (4Q) in the absence and
presence 10 mM glucose in 0.5 M KOH. (D) Oscillation energy decay time T; (a) and (b)
obtained in the absence and presence 10 mM glucose in 0.5 M KOH versus applied potential,
and changes of 4T} obtained from the single gold nanorod.

To estimate the Faradaic process, the change of electric charge versus applied potential (dQ/dE)
was measured in the absence of glucose as the background and then subtracted from that
obtained in the presence of glucose (Figure 4A, B). The change of electron density produced
three peaks located at -0.1 V in anodic polarisation, 0.2 and -0.15 V in the cathodic sweep,
respectively. This finding is consistent with the potential location of glucose oxidation current
peaks (Figure 3C). Plasmon dephasing is characterised by the time constant T, and it is
associated with the inelastic population time constant Ty, according to the equation T, = T, Y/2+
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T, herein, T described the elastic dephasing process.[63, 64] The quality factor (Q) of the
plasmonic nanostructure is one virtue for surface-enhanced Raman scattering spectroscopy
(SERS) and it is considered to be related with the electromagnetic enhancement mechanism
(EM). The simple equation T1 = T,/2 for gold nanorods was obtained by neglecting the pure
dephasing process that did not contribution to the overall line width.[64] As shown in Figure S13,
T, ranged from 18.0 to 20.3 fs and the quality factor ranged from 25.4 to 28.7. It was in similar
dimensions as reported for gold nanorod at ca. 18 fs.[64] Furthermore, EI-Sayed and co-workers
reported another nonlinear study which demonstrated that the dephasing time of the coherent
plasmon oscillation was ca. 20 fs.[65] In the negative polarisation scan, T, increased
monotonically with the peak located at 0.1 V corresponding to the reduction current peak of gold
oxide shown in Figure S5A, b. The reduction of the gold oxide decreased the interface damping
constant, because the sp-band electrons were released from gold oxide and its” number increased
for free movement in oscillation. Nevertheless, reduction in inter-band damping could not be
precluded due to the plasmon oscillation energy (1.85 eV) being higher than 1.8 eV.[64]
Meanwhile, due to the suppressed interface damping constant, the quality factor had one
maximal peak value (28.8) located at 0.1 V the same as T,. Adjustment of the quality factor was
used to improve the electromagnetic enhancement performance of substrate in SERS.[66] In the
presence of glucose, electrochemical oxidation of glucose occurred at 0.15 V, leading the
increasing of the free electron density in gold nanorod which contributed to the appearance of
peak of T, and Q at same potential. In the cathodic polarisation, reduction of surface gold oxides
occurred at a potential more negative than 0.3 V, where enough surface active sites are available
for the direct oxidation of glucose, resulting in a sharp increase in anodic current (0.2 V).[36]
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The increase of free electron density during oxidation of glucose contributed to the peaks of AT,
(1.4 fs) and 4Q (2.2) located at 0.2 V. Therefore, Faradaic currents from glucose oxidation
increased the free electron density, and this was attributed to a decrease of damping and the
increase of quality factor. Moreover, the respective population decay T; in the presence of
glucose was longer than that in absence of glucose due to electron injection into the gold
nanorods (Figure 4D). In the absence of glucose, the highest population decay time (10.1 fs) was
obtained at 0.1 V corresponding to gold oxide reduction. While, the peak point of T, (10.5 fs)
appeared at 0.15 V associated with the glucose oxidation. The change of oscillation energy decay
time T, between in absence and presence of glucose (4T;) was proposed to demonstrate the net
effect of glucose oxidation on population decay time.[64] The peak (0.70 fs) that was found at
0.2 V was coincident with the peak a4 (Figure 3C). Because the oxidation of glucose increases
the free electron density in the gold nanorods which contributed to a decrease of the oscillation
energy decay time of gold nanorod. A higher 4T, was a consequence of suppressed interface
damping due to electron transfer from glucose to the gold surface during the electrocatalytic

reaction.

4. Conclusions

In conclusion, we have demonstrated that the electrocatalytic glucose oxidation on a single
gold nanorod is monitored in situ, for the first time, by the SN-DFS technique.
Potential-dependent LSPR tuning could be used to precisely control the plasmonic properties of
gold nanorods. Plasmon peak shift and line width change for the single gold nanorod reporter

during glucose oxidation showed significant correlation to ensemble electrochemical
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measurements. These plasmonic parameters can be used to reveal the mechanism of
heterogeneous catalytic reaction on the noble metal surface. Surface damping and the free
electron density significantly depend on the catalytic reaction. This versatile new measurement
strategy has promising application in the future to probe different catalytic particles with
plasmonic properties. We believe that the results presented here serve as a significant first
proof-of-concept for direct nano-sensing of local catalytic processes at the single-nanoparticle
level based on plasmonics, and this coupled with electrochemistry offer new insight into many

important chemical processes.
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Highlights:

The electrocatalytic oxidation of glucose at single particle level is investigated for the first time.

Single-nanoparticle dark-field spectroelectrochemistry techniques are introduced.

High quality optical information is correlated with the electrochemical measurement for the

heterogeneous electrocatalytic system.
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