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Abstract: An overview of the current state of research in the field of 
electrochemical localized surface plasmon resonance (electrochemical LSPR, 
ELSPR) is presented. The model based on the Mie scattering theory for spherical 
particles and the Stern electrical double layer theory were exploited for computer 
modelling of the influence of parameters of the “gold nanoparticle-electrolyte” 
system on the extinction spectra and the LSPR position of a gold nanoparticle upon 
applying an electric potential difference between the nanoparticle and the 
surrounding electrolyte in the range of −0.3 to +0.6 V. It was shown that the 
extinction spectra undergo non-linear and mostly non-monotonic shifts in intensity 
and wavelength depending on the magnitude of the applied potential at all 
nanoparticle sizes in the radius range of 5–80 nm. It was established that the 
resulting shift in the LSPR position with changes in potential difference in the range 
of −0.3 to +0.6 V depends on the size of the nanoparticle, the refractive index of the 
electrolyte, the concentration of the electrolyte, the potential of zero charge of the 
nanoparticle in the electrolyte, and the charge of the ion in the electrolyte, and can 
reach amplitude values from 0.3 nm to 5.6 nm.  

 Keywords: localized surface plasmon resonance; electrochemistry; gold 
nanoparticles; light extinction; electrical double layer; electric potential 

1. Introduction 

The features of the electrochemical localized surface plasmon resonance (ELSPR) method, which combines 
simultaneous measurements using electrochemical and optical techniques in systems based on plasmonic 
nanostructures, have recently been researched more extensively. This is related to the prospects of applying the 
ELSPR method for sensing, photovoltaics, chemical catalysis, light modulation on a nanoscale, creation of 
metamaterials, and electro-optical converters. The advantages of this method include the ability to simultaneously 
obtain multidimensional information about the optical and electrochemical properties of the studied systems, adjust 
the spectral characteristics of the LSPR and related sensor response by applying an electrical signal, and convert 
local electric fields into an optical signal with high spatiotemporal resolution. 

The foundations of the ELSPR methodology were introduced in the 1980s in several studies on the influence 
of applied electric potential on the dispersion of surface plasmon-polaritons in thin films of silver and gold under 
contact with an electrolyte [1,2]. It was established that the energy of plasmonic excitations depends on the 
magnitude of the applied potential [1] and the type of electrolyte [2]. Later, it was discovered that the plasmonic 
response to the application of an alternating potential allows for the study of both Faradaic and non-Faradaic 
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processes at the “metal-electrolyte” interface, and also contains specific features associated with surface effects 
that cannot be investigated only through electrochemical measurements [3]. In the late 1990s, the results of the 
first spectroelectrochemical studies of silver and gold nanoparticles were published. In particular, it was shown 
that the spectral position of the LSPR of colloidal silver nanoparticles depends on the magnitude of the applied 
potential [4]. The shift of the LSPR position towards longer wavelengths with the increase of the potential applied 
to gold nanoparticles covered with a monolayer of alkanethiol was recorded in works [5,6]. These results 
contributed to the further development and improvement of approaches to the implementation of the ELSPR 
technique and its application in various fields. 

In particular, ELSPR sensors have significant potential for conducting quick and inexpensive studies of 
various molecular processes, as well as for the sensitive detection of various biomolecular analytes. Thus, reliable 
and effective detection of protein phosphorylation using a combination of a field-effect device with a 
nanoplasmonic sensor allowed for rapid identification of novel protein kinase inhibitors [7]. A hybrid structure 
made of a nanopore array in a gold film and gold nanoparticles was used as an ELSPR sensor for detecting the 
neurotransmitters dopamine and serotonin [8]. A nanodevice based on a nanocone array decorated with silver and 
gold nanoparticles was used for the detection of sialic acid with a detection limit of 17 µM using electro-optical 
spectroscopy [9]. 

Various approaches have also been developed for the fabrication [10,11] and signal enhancement [12–14] of 
electrochemical biosensors and immunosensors using plasmonic nanostructures. For example, the combination of 
gold nanoparticles with carbon nanotubes and conductive polymer has led to the creation of a nanocomposite, 
based on which a highly sensitive impedimetric immunosensor was developed for the detection of the herbicide 
2,4-dichlorophenoxyacetic acid with a detection limit of 0.3 ppb [15]. An integrated voltammetric system based 
on a smartphone with a sensing element coated with reduced graphene oxide and gold nanoparticles was also 
developed for the detection of ascorbic acid, dopamine, and uric acid in biological samples [16]. 

The most common approaches to implementing the regulation of LSPR through the application of an electric 
signal include the creation of hybrid nanomaterials such as “plasmonic nanostructure-electroactive polymer” [17–
21] and “plasmonic nanostructure in a solid porous matrix” [22], as well as “liquid mirrors” [23]. It has been shown 
that a reversible modulation of LSPR with an amplitude of 25–30 nm is possible when an electric potential is 
applied to the “gold nanorod-electrochromic polymer based on a dioxythiophene derivative” system, which causes 
the oxidation and reduction of the polymer [17]. It has been established that the main prerequisite for significant 
modulation is the close overlap of the spectrum of the refractive index change of the polymer under the applied 
potential and the LSPR band of the nanoparticles. Similar approaches have also been implemented in the “gold 
nanocube-polyaniline” system for the reversible tuning of LSPR with an amplitude of up to 24 nm [18] and in the 
“spherical gold nanoparticle-poly(3,4-ethylenedioxythiophene)” system for observing reversible redox processes 
in the polymer by registering scattered light at the individual nanoparticle scale [19]. The work [20] describes an 
electrically-modulated plasmonic switch based on surface-enhanced Raman spectroscopy, which uses the LSPR 
shift under the influence of an applied electric potential to control the intensity of the Raman signal. Active 
plasmonic electrochromic nano-pixels of record-small area based on gold nanoparticles covered with polyaniline 
and located on a gold mirror provide intense colors in scattered light with electrical regulation over more than 100 
nm range of wavelengths at ultra-low energy consumption, high refresh rate, and contrast [21], which is promising 
for the development of modern displays. 

Experiments measuring the spectra of electrowetting have shown that an array of gold nanorods in an 
anodized aluminum oxide matrix also demonstrates the ability for electroswitching of the LSPR [22]. A reversible 
electrically regulated liquid mirror based on a voltage-controlled self-assembly of 16 nm plasmonic nanoparticles 
at the interface of two immiscible electrolytes allows switching the transparency and adjusting the spectral position 
of the absorption band by changing the voltage in the range of ±0.5 V [23]. 

The use of the ELSPR method to create so-called electro-plasmonic nanoantennas has enabled the 
development of non-fluorescent optical probes for ultra-sensitive recording of electrophysiological signals [24]. 
Electro-plasmonic nanoantennas with an optical cross-section of ~104 nm2 provide reliable recording of the 
dynamics of electrogenic activity in cardiomyocytes with a signal-to-noise ratio of ~60–200 at kilohertz 
frequencies when using low-intensity light (11 mW/mm2). 

Other prospects for the application of the ELSPR technique are related to the response tuning of plasmon-
enhanced sensors and novel electrochemical techniques. An LSPR modulation through the application of an 
electric signal enables the combination of optical and electrochemical methods for the improved control and 
response amplification in a number of sensing methods, which include plasmon-enhanced fluorescence [25,26] 
and surface-enhanced Raman spectroscopy [20,27], as well as for developing plasmon-enhanced 
nanoelectrocatalysts [28] and performing single-nanoparticle electrochemistry [29]. 
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An attractive idea for the ELSPR sensing is also the use of applied electric potential to manipulate the 
properties of adsorption and interaction of molecules bearing electric charges of different signs and magnitudes. 
It is important to keep in mind that the processes affecting the ELSPR sensor response to molecular analytes under 
applied electric potential occur in the nanoscale region at the metal-liquid interface and require careful 
consideration to ensure the accuracy of ELSPR measurements. In particular, there arises the problem of correctly 
interpreting the obtained results, taking into account the influence of potential difference on both the object of 
study and the sensitive part of the sensor. Therefore, mathematical modeling of the LSPR properties of plasmonic 
nanostructures under applied electric potential is important. 

The presented theoretical review includes the results of computer modeling of the influence of the parameters 
of the “gold nanoparticle-electrolyte” system on the extinction spectra and the LSPR position of the nanoparticle 
when applying an electric potential difference between the nanoparticle and the surrounding electrolyte, using a 
model based on the Mie scattering theory for spherical particles and the Stern model of the electrical double layer 
(EDL). 

2. Features of the Optical Response of a Sensor Based on Electrochemical Localized Surface Plasmon 
Resonance 

2.1. Description of the Developed Computer Model 

Based on the theoretical description of the LSPR method presented in [30] and the gold-electrolyte interface 
optical properties model from [31], a computer model was developed for the simulation and analysis of the light 
extinction spectra for the “gold nanoparticle-electrolyte” system when an electric potential difference is applied 
between the nanoparticle and the surrounding electrolyte. The extinction spectra were calculated according to the 
Mie scattering theory for spherical particles, taking into account the excitation of multipole LSPR modes and the 
size effect on the dielectric function of gold: 
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with a capacitance dependent on the value of the applied potential: 

2 2 1/2
0 0 0 0

1 1 ,
(2 1000 / ) cosh( / 2 )

D

EDL el A

d
C z e N c kT ze U kT

 
   

 
(2)

0
0

0

8 1000 sinh ,
2

A
D

el

ze UkT N cU U d
kT

        

 
(3)

where 0  is the dielectric permittivity of vacuum, 
0e  is the charge of the electron, 

AN  is the Avogadro constant, 
k  is the Boltzmann constant, and the rest of the parameters are described below. The change in the magnitude of 
the applied potential caused the emergence of charge on the surface of the gold nanoparticle: 
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which led to a change in the concentration of free electrons in a surface layer of gold d about 1 Å thick (the 
penetration depth of a static electric field into the metal bulk): 
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and therefore, to the corresponding change in the dielectric function of gold in this layer: 
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where f
m  is the contribution of free electrons to the relative dielectric permittivity of the metal, N  is the 

concentration of free electrons in the metal. The optical constants of bulk gold were taken from tables [32] and 
approximated using 9th-order polynomials with a wavelength step of 1 nm. To accurately determine the positions 
of the maxima of the simulated extinction spectra by wavelength (i.e., the position of the local maxima), a parabolic 
approximation around the position of the absolute maximum of the spectrum was used. The following basic 
parameters of the system were employed in the modeling: 
 range of light wavelengths: λ = 450–700 nm; 
 size of gold nanoparticles: radius a = 5, 20, 40, 60, 80 nm; 
 relaxation time of electrons for bulk gold: τbulk = 9.3·10−15 s [33]; 
 Fermi speed of electrons for gold: VF = 1.4·106 m/s [34]; 
 plasma frequency for bulk gold: ωp = 1.37·1016 rad/s [35]; 
 range of applied potential difference between the gold nanoparticle and the surrounding electrolyte solution: 

U0 = −0.3–+0.6 V (which corresponds to the experimentally determined range of voltages, where 
electrochemical reactions involving sensor component materials are absent) [31]; 

 refractive index of the electrolyte: n = 1.33; 
 concentration of free electrons in gold: N = 5.9·1028 m−3 [35]; 
 thickness of the dense layer of EDL: dD = 8.5 Å (calculated according to the size of the water molecule and 

the SO4
2− anion [36]); 

 relative static dielectric permeability of the electrolyte: εel = 80 [34]; 
 concentration of the electrolyte: c = 0.1 mol/L; 
 charge of the electrolyte ion: z = 2; 
 temperature of the electrolyte: T = 293 K; 
 potential of zero charge of the nanoparticle in the electrolyte: Upzc = 0 V. 

A multi-parameter computer model was developed to study the influence of a number of electrolyte 
parameters on the extinction spectra of the system and the LSPR position at different values of the applied potential 
difference for various sizes of gold nanoparticles. While the current approach considers the applied potential mode 
that is relevant for linear sweep or cyclic voltammetry, it can be extended for studying dynamic modulation (e.g., 
AC or pulsed potentials) by varying the input potential value as needed. This model can also be extended towards 
predicting sensor performance for specific analytes or Faradaic processes, as well as for considering surface 
roughness, by employing the effective medium theory, e.g., symmetrical Bruggeman effective medium theory 
[30], to describe the optical constants of multi-component layers on the surface of the nanoparticle. To consider 
non-spherical geometries, other analytical or numerical approaches for the simulation of extinction spectra should 
be used, such as generalized Mie theory for particles without sharp edges [37]. 

2.2. Effect of the Gold Nanoparticle Size on the Response of the ELSPR Sensor 

It is known that the size of the plasmonic nanostructure critically affects its optical and sensing properties 
[30]. Therefore, when developing a new type of plasmonic sensor, optimizing the sizes of the nanostructures is a 
primary step. Using the aforementioned approach, the evolution of the extinction spectra of the “gold nanoparticle-
electrolyte” system was modeled by changing the applied electric potential for the gold nanoparticle radii a = 5, 
20, 40, 60, 80 nm (Figure 1). 

It can be observed that the increase in the nanoparticle size predictably leads to a redshift of the LSPR position 
from ~525 nm for a nanoparticle radius of 5 nm (Figure 1a) to ~655 nm for a nanoparticle radius of 80 nm (Figure 
1e). Additionally, it is worth noting that the extinction spectra undergo a nonlinear and mostly non-monotonic shift 
in intensity and wavelength depending on the magnitude of the applied potential across all nanoparticle sizes in 
the radius range of 5–80 nm. It has also been established that the resulting LSPR position shift when changing the 
potential difference in the range of −0.3 to +0.6 V depends on the nanoparticle size and can reach amplitude values 
from 0.9 nm to 5 nm using the aforementioned basic system parameters (Figure 1f). 

At the same time, the largest shift in the LSPR position is observed for the smallest nanoparticle (a = 5 nm), 
while the smallest shift occurs for the largest nanoparticle (a = 80 nm), which can be explained by the reduction 
of the contribution from the surface layer of a gold nanoparticle with a thickness of 1 Å with a potential-dependent 
dielectric function of gold in the overall extinction spectrum. This is in agreement with experimental results 
reported in the literature. For example, dodecanethiolate monolayer-protected gold clusters (5.2 nm average 
diameter) subjected to electronic charging by electrolysis from rest potential (−0.16 V) to +0.82 V exhibited a 9 
nm (516 to 525 nm) LSPR shift [5], while 50 nm gold colloid particles immobilized on the ITO-coated glass 
substrate demonstrated LSPR shifts of ~2 nm and ~2.5 nm with the potential scans from −0.2 up to +0.5 V and 
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from −0.2 up to +0.8 V, respectively [38]. Thus, depending on the investigated system, the relationship between 
the magnitude of the influence of the potential difference on the subject of research and on the sensitive part of the 
sensor can be adjusted by changing the size of the gold nanoparticle. 
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Figure 1. Simulated extinction cross-section spectra of the “gold nanoparticle-electrolyte” system with varying 
applied electric potential difference in the range of −0.3 to +0.6 V for the gold nanoparticle radii (a) 5 nm, (b) 20 
nm, (c) 40 nm, (d) 60 nm, (e) 80 nm. (f) Dependence of the LSPR position shift on the applied electric potential 
difference for the gold nanoparticle radii of 5–80 nm, corresponding to spectra (a–e). 

2.3. Effect of the Refractive Index of the Electrolyte on the Response of the ELSPR Sensor 

The sensitivity of the optical properties of a plasmonic nanostructure to changes in the surrounding refractive 
index is a fundamental property used in the development of LSPR sensors [39]. Therefore, when developing a new 
type of plasmonic sensor, studying the effect of the medium refractive index on the sensor response and finding 
an accessible range of refractive index for the measurement is an important task. The medium surrounding the 
plasmonic nanostructures in an ELSPR sensor can be liquid aqueous and non-aqueous electrolytes, as well as solid 
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substances, including polymers, which have quite different refractive indices. Thus, using the aforementioned 
approach, the dependences of the LSPR position for the “gold nanoparticle-electrolyte” system on the applied 
electrical potential difference were modeled for the refractive index of the electrolyte n = 1.33–1.5 and the gold 
nanoparticle radii a = 5, 20, 40, 60, 80 nm (Figure 2). 

From the obtained dependences, it is evident that an increase in the refractive index of the electrolyte is 
mainly manifested in a monotonous shift of the LSPR position dependence towards longer wavelengths (Figure 
2a–e), as well as a slight shift of the peak of this dependence (if present) towards larger values of the potential 
difference. An exception to these observations is the radius of the gold nanoparticle equal to 80 nm, where a non-
monotonic shift and transformation of the LSPR position dependence on the potential difference is observed due 
to the transition to the spectral dominance of the quadrupole mode of the LSPR over the dipole mode (Figure 2f). 
The excitation of the quadrupole mode of the LSPR is typical for large plasmonic nanoparticles, which leads, in 
particular, to a change in the sensitivity of the LSPR sensor [40]. This is also demonstrated in the case considered, 
as the shift in the LSPR position upon changing the potential difference in the range of −0.3 to +0.6 V reaches 
amplitude values from 0.3 to 0.9 nm for the dipole mode of the LSPR and from 1.1 to 1.2 nm for the quadrupole 
mode of the LSPR, which is an increase of up to 4 times (Figure 2e). 
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Figure 2. Modeled dependences of the LSPR position of the “gold nanoparticle-electrolyte” system on the applied 
electric potential difference in the range of −0.3 to +0.6 V for the refractive index of the electrolyte n = 1.33–1.5 
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and the radius of the gold nanoparticle of (a) 5 nm, (b) 20 nm, (c) 40 nm, (d) 60 nm, (e) 80 nm. (f) Modeled 
extinction cross-section spectra of the “gold nanoparticle-electrolyte” system upon changing the applied electric 
potential difference in the range of −0.3 to +0.6 V for the refractive index of the electrolyte n = 1.33–1.5 and the 
radius of the gold nanoparticle of 80 nm, which demonstrate the transition to the spectral dominance of the 
quadrupole mode of the LSPR over the dipole mode. 

2.4. Effect of the Electrolyte Concentration on the Response of the ELSPR Sensor 

According to the EDL theory by Stern, the parameters of the electrolyte affect the EDL capacitance, and thus, 
the optical properties of the surface layer of gold at the interface with the electrolyte. Using the approach described 
above, the dependences of the LSPR position for the “gold nanoparticle-electrolyte” system on the applied electric 
potential difference were modeled for the electrolyte concentration c = 10−8 M–1 M and the gold nanoparticle radii 
a = 5, 20, 40, 60, 80 nm (Figure 3). It can be seen that the effect of increasing the electrolyte concentration is 
manifested in the transformation with the increase of the slope of the LSPR position dependence on the potential 
difference and the corresponding increase in the shift of the LSPR position per potential unit for all sizes of the 
gold nanoparticle. 

It is worth noting the presence of a point of intersection of all dependences at a potential difference of 0 V 
(which corresponds to the base value of Upzc), as well as a horizontal section of the dependences ranging for about 
0.4 V at low electrolyte concentrations around Upzc. Thus, if it is necessary to minimize the influence of the applied 
potential on the plasmonic nanostructure in the ELSPR sensor, for example, to study weak responses of the analyte, 
it is advisable to work with low electrolyte concentrations and voltages near Upzc. It has also been established that 
the resulting shift in the LSPR position upon varying the potential difference in the range of −0.3 to +0.6 V can 
reach amplitudes ranging from 0.4 nm to 5.1 nm, depending on the electrolyte concentration and the size of the 
gold nanoparticle. This is in agreement with experimental results for 50 nm gold colloid particles immobilized on 
the ITO-coated glass substrate, which demonstrated LSPR shifts ranging from 0.5 to 0.8 nm after a stepwise 
potential was applied from 0 V to +0.25 V at electrolyte concentrations from 0.001 mM to 1000 mM, respectively [38]. 
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Figure 3. Modeled dependences of the LSPR position for the “gold nanoparticle-electrolyte” system on the applied 
electric potential difference in the range of −0.3 to +0.6 V for the electrolyte concentration c = 10−8 M–1 M and the 
radius of the gold nanoparticle of (a) 5 nm, (b) 20 nm, (c) 40 nm, (d) 60 nm, (e) 80 nm. 

Table 1 summarizes the resulting LSPR position shift amplitudes with changes in potential difference in the 
range of −0.3 to +0.6 V, depending on the size of the nanoparticle, the refractive index of the electrolyte, and the 
concentration of the electrolyte, which are derived from results presented in Figures 1–3 and can reach values from 
0.3 nm to 5.6 nm. 

Table 1. LSPR position shift amplitudes of the “gold nanoparticle-electrolyte” system upon varying applied electric 
potential difference in the range of −0.3 to +0.6 V, derived from Figures 1–3 for different radii of the gold 
nanoparticle and simulation parameter values. “D” and “Q” denote the LSPR shifts measured for dipole and 
quadrupole modes of the LSPR for the radius of the gold nanoparticle equal to 80 nm. 

Simulation Parameter Radius of the Gold Nanoparticle, nm 
5 20 40 60 80 

n = 1.33 5.0 nm 1.4 nm 1.0 nm 2.3 nm 0.9 nm (D) 
n = 1.37 5.1 nm 1.4 nm 1.1 nm 2.3 nm 0.8 nm (D) 
n = 1.41 5.2 nm 1.5 nm 1.3 nm 1.9 nm 0.3 nm (D) 
n = 1.45 5.4 nm 1.6 nm 1.5 nm 1.5 nm 1.1 nm (Q) 
n = 1.49 5.6 nm 1.7 nm 1.8 nm 1.2 nm 1.2 nm (Q) 

c = 10−8 M 3.6 nm 1.0 nm 0.7 nm 0.6 nm 0.4 nm (D) 
c = 10−6 M 4.0 nm 1.1 nm 0.8 nm 0.9 nm 0.5 nm (D) 
c = 10−4 M 4.4 nm 1.2 nm 0.9 nm 1.3 nm 0.6 nm (D) 
c = 10−2 M 4.8 nm 1.3 nm 0.9 nm 1.9 nm 0.8 nm (D) 

c = 1 M 5.1 nm 1.4 nm 1.0 nm 2.3 nm 1.0 nm (D) 

3. Conclusions 

Development and recent achievements of the ELSPR methodology in the studies of molecular processes and 
sensitive detection of various analytes are described. Approaches for the fabrication and signal enhancement of 
electrochemical sensors using plasmonic nanostructures are presented. The most common and rather sophisticated 
configurations implementing the regulation of LSPR through the application of an electrical potential are 
considered, such as plasmonic nanostructures in electroactive polymers and solid porous matrices, “liquid mirrors” 
and electro-plasmonic nanoantennas. Prospects for the application of the ELSPR technique in response tuning of 
plasmon-enhanced sensors based on fluorescence and Raman scattering, as well as in novel electrochemical 
techniques such as plasmon-enhanced nanoelectrocatalysts and single-nanoparticle electrochemistry, are 
discussed. 

Moreover, mathematical modeling of the LSPR properties of plasmonic nanostructures under applied electric 
potential is important for a deeper understanding of the processes that occur in the nanoscale region at the metal-
liquid interface in ELSPR-based systems. Using a model based on the Mie scattering theory for spherical particles 
and the Stern theory of the electrical double layer, computer simulation was conducted to study the effect of the 
parameters of the “gold nanoparticle-electrolyte” system on the extinction spectra and the LSPR position of the 
nanoparticle upon applying an electric potential difference between the nanoparticle and the surrounding 
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electrolyte in the range of −0.3 to +0.6 V. A general trend has been observed towards a decrease in the shift of the 
LSPR position with increasing the nanoparticle size, with exceptions at certain values of other parameters. It has 
been demonstrated that the effect of increasing the refractive index of the electrolyte primarily manifests as a 
monotonic shift of the LSPR position dependence on the potential difference towards longer wavelengths, except 
at a radius of the gold nanoparticle of 80 nm, due to a transition to the spectral dominance of the quadrupole mode 
of LSPR over the dipole mode. The effect of increasing electrolyte concentration is manifested in the 
transformation with an increase in the slope of the LSPR position dependence on the potential difference and the 
corresponding increase in the aforementioned shift of the LSPR position. The developments covered in this study 
provide insights for future applications and the design of novel techniques based on ELSPR. 
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