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Abstract

Ever since the discovery of electrochemiluminescence (ECL),
researchers have been devoted to exploring various ap-
proaches to improve the signal-to-noise ratio by testing
different luminophores and introducing nanostructures, with
the ultimate goal of enhancing analytical performance and
expanding ECL’s areas of application. In order to identify the
most effective method and materials, the ECL quantum effi-
ciency (ECL-QE) is the key parameter utilized for objective
comparison among systems including different luminophores,
co-reactants, electrode materials, experimental configurations,
etc. However, due to the strong dependence of ECL on
experimental parameters, developing an instrument-
independent ECL-QE equation has proven challenging,
resulting in significant variations in its value. Herein, we
examine the most recent approaches for determining the ECL-
QE in solution-phase and heterogeneous systems.
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Introduction
Electrochemiluminescence (ECL) has been a widely
investigated phenomenon due to its advantageous ap-
plications in different fields, such as bioanalytical
chemistry [1e3] and imaging [4e12]. The ECL
emission is triggered by highly exergonic reactions
among electrogenerated species, inducing the excita-
tion of a given luminophore which ultimately emits
light by relaxing to the ground state. The ECL process
occurs via two main pathways, namely the annihilation
and the co-reactant ones. The first mechanism is based
on the homogeneous electron-transfer (eT) reaction

between radical cations (R�þ) and radical anions (R��)
which are generated at a single working electrode sur-
face from a parent luminophore by applying an alter-
nating potential [13e15]. The co-reactant pathway
involves a luminophore and a sacrificial molecular spe-
cies called co-reactant. The electrochemical system is
swept up to a single and constant voltage value, limiting
the working potential window just to the anodic or the
cathodic region. Thus, the discovery of this approach by
Bard and coworkers in the 80s overcame the obligation
to carry out ECL in aprotic media, opening up the

possibility for its generation in aqueous solution
[16e18]. The co-reactant pathway is also viable in
heterogeneous phase, where the luminophore is
immobilized far from the electrode surface and cannot
be directly oxidized. This is the case of ECL labels
attached to immunoassays for clinical diagnosis or to
living cell membranes for imaging. In heterogeneous
phase, the luminophore must exhibit favorable elec-
trochemical properties to engage in homogeneous
redox reactions with electrogenerated co-reactant rad-
icals, and suitable photophysical properties to achieve

excitation [19].

In the ECL field, it is a popular approach to study
different classes of luminophores for replacing the
massively used [Ru(bpy)3]

2þ in the attempt to pursue
the quest for a better dye for improved signal-to-noise
ratio. Prominent examples include Ir(III) complexes
[20e27], molecular structures bearing multiple emit-
ting units [28e30], nanomaterials [31,32], thermally
activated delayed fluorescence (TADF) emit-
ters [33e36].
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In this context, quantum efficiency (QE) steps up as a
crucial parameter that allows an objective comparison of
a wide variety of luminophores under different experi-
mental conditions. Within ECL, QE is defined as the
ratio between the total number of photons generated
from ECL processes and the total number of electrons
injected into the system (ECL-QE).

Herein, we present novel approaches that provide a
consistent quantification of the absolute ECL efficiency
within a given chemical system. These methods offer
the potential to build a comprehensive library for
comparative purposes. The addressed strategies have
been thoughtfully developed to be applicable in several
experimental conditions: (i) annihilation ECL in aprotic
solvents, which provide a wide potential stability
window, (ii) co-reactant ECL where both the dye and
the co-reactant are free to diffuse in solution (i.e., ho-
mogeneous configuration) and undergo redox processes

through a single potential sweep and (iii) bead-based
ECL immunoassay (i.e., heterogeneous configuration)
where the luminophore is not free to diffuse to be
directly transformed at the electrode surface.
Historical perspectives
Despite the acknowledged importance of the ECL, the
literature lacks a widely accepted method for deter-
mining the ECL-QE whose value suffers from large
variations, demonstrating the numerous difficulties in
the measurement and reflecting differences in experi-
mental procedures [37e41].

During the early-70s Faulkner’s group proposed a novel
experimental apparatus including an integrating sphere
for performing ECL-QE measurements [42]. They also
developed a mathematical model to describe the quan-

titative nature of ECL transient processes [43]. However,
the integrating sphere is bulky, requires time-consuming
calibration, the use of solutions free from impurities, and
yields wavelength-dependent results. Furthermore, the
mathematical framework requires a deep mechanistic
knowledge of the system under examination. Anyway, a
steady-state approach is preferable over a transient one
where the solution conditions may vary between the first
and the subsequent pulses due to the buildup of radicals
and decomposition products near the electrode surface,
as well as partial removal of quencher species (i.e., O2) by

radical ions or excited molecules.

Around the same time, Bard and coworkers introduced
the possibility to perform ECL-QE experiments with a
rotating ring-disc electrode (RRDE) to finally achieve
steady-state ECL measurements. They computed
ECL-QE via actinometry using a solution of potassium
ferrioxalate K3[Fe(C2O4)3] that was calibrated using a
light-emitting surrogate of the RRDE [44]. Next, they
calculated the ECL-QE of [Ru(bpy)3]

2þ via RRDE
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experiments recording the ECL with a calibrated
photodiode. They applied a novel system of corrections,
including adjusting the total emission for the geometry
factor, the reflectivity of the working electrode, the so-
lution self-absorbance, and the relative area of the
photodiode. They also fixed the recorded current for the
residual signal [41,45e47]. Yet, corrections for these
effects in luminescence measurement introduce the

largest uncertainty due to their strong dependence on
many experimental parameters, such as the solution
photophysics, the cell configuration, and the losses from
the insulating portions on the RRDE. Thus, instead of
using very precise correction factors, they approxi-
mated them.

For their subsequent ECL-QE experiments on new
electrochemical systems, Bard and colleagues estab-
lished the well-known practice of reporting the QE
relatively to that of 5% corresponding to [Ru(bpy)3]

2þ
in acetonitrile (ACN) following the annihilation mech-
anism which was determined in 1973 by Tokel et al. and
is considered to be the “gold standard” [45,48e50].

Relative ECL-QE is determined by computing the
following equation:

FECL;x ¼ FECL;st $

�
ECLx

ECLst

�
$

�
Qst

Qx

�
(1)

where FECL represents the ECL-QE, ECL is the inte-

grated signal, Q is the total injected charge expressed in

Coulomb and st and x refer, respectively, to the standard

[Ru(bpy)3]
2þ and to the examined luminophore.

Clearly, this is not the best solution because the stan-
dard ECL-QE of 5% belonging to [Ru(bpy)3]

2þ was
retrieved at a specific luminophore concentration in a
given solvent, with a given electrode material, at a well-
defined RRDE rotation rate, and by considering
approximated corrections. All these variables affect to a
non-negligible extent the emission mechanism and the

ECL performance of a particular system. Thus, relative
ECL would be meaningless if different experimental
conditions, compared to those of the standard, are
employed. Nowadays, to address this limit, the most
popular approach is to determine relative ECL-QE with
respect to the efficiency of [Ru(bpy)3]

2þ, evaluated in
the experimental conditions and by using the same
instrumentation as for those employed for the consid-
ered luminophore x. Nonetheless, the adoption of
different instruments among various laboratories makes
it impossible to achieve reliable comparisons among

diverse luminophores investigated by separate
research groups.

In this context, several research groups have recently
explored novel approaches for the determination of the
absolute ECL-QE that is dependent only on the
www.sciencedirect.com
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Electrochemiluminescence signal quantification Fracassa et al. 3
chemistry of the system while independent from the
instrumental apparatus and the experimental conditions.

Homogeneous ECL
ECL emission can occur via annihilation following the

exergonic electron transfer between radical cations and
radical anions (Scheme S1). Both species are generated
from the parent luminophore at the electrode surface by
pulsing potential steps of opposite polarity. Two essen-
tial parameters affect the ECL emission: the parent
luminophore concentration and the potential pulsing
frequency. The luminophore concentration usually
ranges from 0.1 mM up to 5 mM. Generally, increasing
the dye concentration correspondingly enhances the
annihilation ECL signal. However, one must be aware
about the Stokes shift of the considered emitter as it
may lead to a signal underestimation. For most of the

electrochemical cells, the ECL intensity increases as
the pulsing frequency is raised within the range of
0.2e100 Hz. This is due to the generation of a greater
amount of ECL reagents per unit time [46]. The pulsing
frequency range can be pushed even further, up to
21 kHz by exploiting microelectrodes as the working
one [51]. Past the upper frequency limit, the ECL in-
tensity significantly drops off because the amount of
time needed for charging the electrode to the desired
potential is larger than the potential step duration
imposed by the given frequency. In this way the radical

ions generated on the previous step have a greater
probability for diffusing away or being consumed by the
electrode than reacting with each other. Thus, the
magnitude of the cell time constant is critical in deter-
mining the upper frequency limit. However, the anni-
hilation ECL is limited to fundamental studies since the
generation of radical ions requires a wide electro-
chemical stability window typical of aprotic solvents
such as ACN and tetrahydrofuran.

Alternatively, ECL can be produced with the aid of a co-

reactant by sweeping the electrode to a single given
potential. The most widely used luminophore and co-
reactant are [Ru(bpy)3]

2þ and tri-n-propylamine
(TPrA), respectively. This system generates ECL via
different pathways, contingent upon the applied po-
tential and the concentration ratio between the two
involved species. Among these mechanisms, the most
important one involves the reaction of the oxidized
[Ru(bpy)3]

3þ [E1/2(Ru
2þ/Ru3þ) = 1.05 V in aqueous

solution vs Ag/AgCl (3M NaCl)] [52] with the strongly
reducing TPrA� (Eoxz�1.7 V vs Ag/AgCl) [53] to yield

the emitting [Ru(bpy)3]
2þ* (Scheme S2.1). TPrA is

firstly oxidized at the electrode surface to TPrA�þ
[Eox = 0.83 V in aqueous solution vs Ag/AgCl (saturated
KCl)] that, in turn, undergoes facile deprotonation
resulting in TPrA� formation. Nevertheless, the oxida-
tion rate of TPrA results to be sluggish due to the inner-
sphere mechanism of heterogeneous electron transfer.
Consequently, a substantial excess of co-reactant is
www.sciencedirect.com
usually employed to enhance the ECL emission. On the
other hand, when the concentration ratio between
[Ru(bpy)3]

2þ and TPrA becomes comparable (e.g.,
differing by just one order of magnitude or less), the
light-producing process travels down a parallel path,
namely the “catalytic route”, in which the oxidized
[Ru(bpy)3]

3þ promotes the homogeneous oxidation of
TPrA (Scheme S2.2). This mechanism improves the

concentration of TPrA�þ further from electrode
surface, thereby extending the ECL-active layer. In this
context, the concentration ratio between the dye and
the co-reactant plays a pivotal role by tuning the
thickness of the emitting layer and by forcing one of the
two available pathways [54]. Instead, in the potential
region where only the TPrA oxidation occurs, the
“remote ECL” stands as the only active mechanism, in
which TPrA� reduces [Ru(bpy)3]

2þ to [Ru(bpy)3]
þ

that is subsequently excited via eT with TPrA�þ
(Scheme S2.3).

The potential necessary to trigger all of the mechanisms
based on a co-reactant is not sufficiently anodic to
evolve molecular oxygen, thus, aqueous solutions
became a viable media for performing co-reactant ECL.

In this context, Ding and coworkers recently revisited
the pioneering ideas on correction factors formulated by
Bard and proposed a novel remarkable approach for
calculating a corrected absolute annihilation ECL-QE
and the first-ever absolute co-reactant ECL-QE by

employing readily-available devices such as a photo-
multiplier tube (PMT), a photon counting head (PCH)
and a charge-coupled device (CCD) camera [55e59].

PMT and PCH
As already mentioned, the absolute QE of an ECL
system is defined as the ratio of the total number of
photons emitted to the total number of electrons
injected (Eq. (2)). To achieve instrument-

independency, both quantities must be corrected by
several correction factors and, eventually, the numerator
and the denominator must be integrated with respect to
the same time interval as follows:

FECLð%Þ ¼

Z t

0

nphotons dtZ t

0

nelectrons dt

� 100% (2)

where nphotons is the corrected total photon emission rate in

units of photons � s�1, while nelectrons is the corrected total

electron input expressed in electrons � s�1. When a PMT is

used as the photodetector, the outcome of an ECL mea-

surement is a photocurrent (PCPMT). The latter must ac-

count for multiple factors to yield nphotons and, eventually,
integrated over the entire duration of the experiment in

the time domain, allowing for the determination of the

total photon count (Eq. (3)).
Current Opinion in Electrochemistry 2023, 41:101375
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FPMT
ECL ð%Þ ¼

Z t

0

PCPMT � NA � ðabs: correction factorÞ=F � s� C dt

Z t

0

i � ðcharge correction factorÞ=qe dt

(3)
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where NA and F do not represent correction factors but the

Avogadro number and the Faraday constant, respectively.

Conversely, the PCH photodetector works in single-

photon counting mode, offering a direct quantification
of the total photons generated during the ECL experi-
ment (total counts) and neglecting the need for integra-
tion (Eq. (4)).

FPCH
ECL ð%Þ ¼

ðtotal countsÞ � ðabs: correction factorÞ=s� CZ t

0

i � ðcharge correction factorÞ=qe dt

(4)

The absorption correction factor is a dimensionless correc-
tion that accounts for the eventual self-absorption effect
that occurs when the emitting species exhibits a signifi-
cant overlap between the absorption and emission
spectra. They determined the magnitude of self-
absorption by comparing the ECL spectrum to the ab-
sorption spectrum through a Gaussian fitting (e.g., 1.18

for [Ru(bpy)3]
2þ).

The dimensionless parameter s expresses the total
number of spheres of ECL emission and it is meant to
correct the surface area of the photodetector while also
considering the effect of electrode reflectivity. Basically,
the light source is assumed to be a point one that emits
isotropically in a spherical fashion [46]. However, only
one hemisphere of emitted light will directly strike the
detector while the other is projected toward the
electrode surface that, in turn, will be partially reflected

back. Ding and coworkers proposed a geometrical
correction for switching from a planar detector surface to
a spherical one. The latter surrounds the point source
so that both hemispheres of emission are captured, thus
the recorded signal should neglect the reflected light.
Thus, the fraction of the light that is intercepted by
the photodetector may be described using the
following relationship:

s ¼ Adetector

4pðdECL to detectorÞ2
ð1þRelecÞ (5)

where Adetector is the detector surface area, 4 � p �
(dECL to detector)

2 is the total surface area of the ECL

emission spheres created by the distance between the elec-

trode surface and the PMTsurface (dECL to detector) and Relec is

the reflectivity of the electrodematerial at the wavelength of
Current Opinion in Electrochemistry 2023, 41:101375
maximum ECL emission. In general, a flat area can be

converted in a spherical area while limiting the calculations

error to less than 1%, when dECL to detector ranges between 5

and 50 times the electrode diameter. This requirement is

commonly referred to as the ‘5 times rule’ [60].

The parameter C describes a hardware-specific, wave-
length-specific correction factor which application is

necessary to account for differences in hardware sensi-
tivity to specific incoming light. This factor represents
the average photodetector response to ECL emission in
terms of electrons per incoming photon and it is
computed as follows:

C ¼

Z
QðlÞ � SðlÞ � dlZ

SðlÞ � dl
(6)

where S(l) is the background-subtracted, normalized

emission spectrum of the ECL light while Q(l) is the

calibrated QE of the photodetector. Q(l) is obtained by

taking the manufacturer-provided QE(l) of the photode-

tector and multiplying it for a calibration factor (CC). The

CC value is determined from the slope of a calibration line

where the response of the photodetector itself toward the

light emitted from a LED at different potentials is plotted

against a photodiode response toward the same light. This

calibration is roughly suitable for �50 nm around the cali-

brated wavelength belonging to the LED emission.

On the other hand, it is also essential to apply a
correction to the total number of injected electrons. In
particular, the Faradaic current must be distinguished
from the total measured current which includes also
non-Faradaic processes that does not contribute to ECL
emission. Ding and coworkers proposed the following

charge correction factor:

charge correction factor ¼ 1�

Z
jiBGjdtZ
jixjdt

(7)

where |ix| symbolizes the absolute current belonging to

pulsing experiments while |iBG| represents the absolute

background current determined by performing the same

pulsing measurements but by applying potentials slightly

below the oxidation or reduction threshold of the emit-

ting species.
www.sciencedirect.com
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Electrochemiluminescence signal quantification Fracassa et al. 5
Eventually, in Eqs. (3) and (4), i is the current recorded
during the ECL measurement, qe is the electron
elementary charge, and t is the total time interval of the
ECL evaluation.

The conventional experimental apparatus for measuring
the QE of homogeneous ECL by using either a PMTor
PCH as the photodetector, is illustrated in Figure 1.

In one of their studies, Ding and colleagues conducted
ECL-QE measurements in a homogeneous
[Ru(bpy)3]

2þ/TPrA system to investigate the impact of
the co-reactant concentration on the ECL-QE by
steadily raising the amount of TPrA in solution while
maintaining constant that of luminophore (Table 1)
[56]. The ECL-QE determined from the co-reactant
system at 1 mM [Ru(bpy)3]

2þ and 10 mM TPrA dis-
plays a remarkable 3-fold enhancement compared to the
efficiency observed for annihilating a 1 mM solution of

[Ru(bpy)3]
2þ. This comparison highlights the signifi-

cant role of TPrA that, beyond limiting the working
FECLð%Þ ¼

Z t

0

Xpixel¼w

pixel¼1
nphotons dtZ t

0

nelectrons dt

� 100% ¼

Z t

0

Icor

Figure 1

Conventional apparatus for ECL-QE measurements. The electrochemical cel
working electrode (WE) is meticulously placed perpendicularly to the PMT ph
criteria for the “5 times rule”. The imposition of a potential step is performed by
by the PMT. In turn, the photocurrent is drawn by the picoammeter leading to
translated into arbitrary units of emission through computational processing.
(adapted with permission from Adsetts et al. [55] Copyright 2023 American C

www.sciencedirect.com
potential window, is instrumental in enhancing the
analytical performance of the ECL.

CCD device
Unfortunately, the ECL-QE measurements performed
with a PMTor a PCH involve complex calibrations and
poor sensitivity to unusual spectral regions. Recently,
Ding and coworkers presented an instrumentally and
mathematically simpler method for the ECL-QE deter-
mination (Eq. (8)). This novel approach employs a
different experimental apparatus, including a spectrom-

eter coupled to a spectroscopy CCD camera calibrated
against a standardized photodiode (Figure 2) [59].
Generally, the calibration should be carried out once a year
and unless the setup is modified, it should remain stable.

For this kind of device, the optical pathway for the
emitted light from the electrode surface to the photo-
detector is quite different compared to the instrumen-
tation previously presented and, thus, different
correction factors must be considered:
r � GF � CC � ðabs: correction factorÞ=t � sCCD
dt

Z t

0

i � ðcharge correction factorÞ=qe dt

(8)

l is housed in a light tight box and includes a three-electrode setup. The
otodetector, with precise consideration on the distance (dPMT) to meet the
a potentiostat, while the resulting ECL output is collected as photocurrent
a voltage drop across the terminals of its circuit. The voltage is ultimately
The inset represents the solid angle of the ECL from the WE to the PMT
hemical Society).

Current Opinion in Electrochemistry 2023, 41:101375
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Table 1

ECL-QE values obtained from PCH-recorded ECL signals in
annihilation and in [Ru(bpy)3]

2+/TPrA systems. Ru(bpy)3(PF6)2
concentration was 1 mM for all experiments that are carried
out in acetonitrile with 0.1 M TBAPF6 as supporting electrolyte.
Every experiment was repeated at least three times. Errors pro-
vided represent the standard deviation calculated across indi-
vidual measurements. The annihilation experiments were
performed by stepping the applied potential between 1.35
and −1.36 V vs. SCE while the co-reactant experiments were car-
ried out between 0 and 1.5 V vs SCE (adapted with permission
from Chu et al. [56] Copyright 2023 American Chemical Society.

Cyclic
voltammetry (%)

Pulsing
stepping (10 Hz) (%)

Annihilation 0.0033 ± 0.0011 3.2 ± 0.1
5 mM TPrA 1.5 ± 0.3 7.5 ± 1.2
10 mM TPrA 3.1 ± 0.7 10.0 ± 1.1
20 mM TPrA 1.8 ± 0.4 2.0 ± 0.3
50 mM TPrA 0.8 ± 0.1 0.5 ± 0.2
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where nphotons is the corrected total photon emission rate
on a pixel in units of photons � s�1, Snphotons is the sum of
all photons in a defined pixel range and w is the width of

the pixel array, while nelectrons is the corrected total elec-
tron input in electrons � s�1 and is calculated as previ-
ously discussed.
Figure 2

Experimental setup for QE measurements, employing a CCD camera as
the photodetector coupled with a spectrograph. The electrochemical
workstation includes a potentiostat connected with both the computer and
the ECL cell featuring a three-electrode setup. Notably, the ECL emission
does not strikes directly the photodetector but follows a complex pathway,
that is defined by the spectrometer components, before ultimately
reaching the CCD camera (adapted with permission from Adsetts et al.
[59] Copyright 2023 American Chemical Society).

Current Opinion in Electrochemistry 2023, 41:101375
Icorr represents the emission intensity corrected for the
wavelength-dependent transmission spectrum of the
cell glass Q(l) and it is determined by dividing the crude
number of counts I by Q(l):

Icorr ¼ I

QðlÞ (9)

GF is the gain factor provided by the manufacturer for a
given CCD camera, CC is the aforementioned calibration
factor, the absorption correction factor accounts for the self-
absorption effect and it is computed as described above,
and t is the accumulation time for the experiment.

Finally, sCCD represents the correction for the reflec-
tivity and the solid angle of emission that is required
since the spectrometer slit allows only a small portion of
the total ECL emission to enter. sCCD is expressed ac-
cording to the equation:

sCCD ¼ A

4p� d2
� ð1þRelecÞ (10)

where A is the surface area of the slit while d is the distance
between the electrode surface and the spectrometer slit

and Relec is the electrode reflectivity.

However, in most ECL-generating systems, a signifi-
cantly higher concentration of TPrA is required
compared to that of [Ru(bpy)3]

2þ, mainly to overcome
the slow kinetics of heterogeneous electron transfer
associated to the co-reactant. The current produced
during the anodic potential sweep in such systems is

predominantly driven by the oxidation of TPrA. As a
result, distinguishing between the current contributions
from TPrA and [Ru(bpy)3]

2þ oxidations is considerably
challenging. While the addition of a minute amount of
[Ru(bpy)3]

2þ can enhance ECL emission under these
circumstances, it does not result in a proportional in-
crease in the recorded current.

Finite element simulation
The aforementioned approaches require accurate
experimental control, deep knowledge of instrumenta-
tion, and careful data handling as multiple instrument-
dependent correction factors must be introduced to
achieve accurate ECL-QE measurements. Furthermore,

it is not easy to quantify the exact current generated by
[Ru(bpy)3]

2þ in a system containing a high concentra-
tion of co-reactant.

In principle, QE can be expressed as the product be-
tween the efficiency of electrochemical excitation (hex)
and the photoluminescence quantum yield (PLQY).
Given the PLQY of [Ru(bpy)3]

2þ to be 4.2%, the ECL-
QE is virtually determined by hex, which was computed
for the [Ru(bpy)3]

2þ/TPrA system by Bin S. et al. using
finite element simulation [61].
www.sciencedirect.com
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The upper limit imposed by the PLQY can be
approached on the glassy carbon (GC) working elec-
trode (WE) at a concentration ratio [TPrA]/[Ru(bpy)3

2þ]
of 200 while this optimal ratio is increased, respectively,
to 1000 and 4000 on Pt and indium tin oxide (ITO)
working electrodes. This trend can be explained with
the gradually slower oxidation rate of TPrA which can be
balanced with a higher concentration of co-reactant.

Simulating the electrochemical system at different WE
potentials (from 1.10 V to 1.25 V) yields interesting
results as well. In fact, on a GC WE, an increase in
applied potential does not affect the QE at a [TPrA]/
[Ru(bpy)3

2þ] ratio of 1000, which remains constant for
several mm from the electrode surface, while it slightly
decreases at a concentration ratio of 10. This result can
be explained by the oxidative dissipation of TPrA�
(Reactions S2.1.7, S2.2.8, S2.3.6) which is already pro-
duced in a good amount at smaller overpotentials. The

Pt WE presents a very similar situation at concentration
ratio of 1000 but, when the latter drops to 100,
increasing the anodic voltage slightly increases the QE.
Instead, at the ITOWE, QE is enhanced by pushing the
voltage to more positive values in both situations of
concentration ratio, namely 1000 and 100. The
enhancement is explained with the improved oxidation
rate of the co-reactant at higher overpotentials.

Additionally, according to their findings, the "catalytic
route" emerges as a limiting factor for the ECL-QE. By

increasing the initial [Ru(bpy)3
2þ]/[TPrA] ratio, the

consumption of electrogenerated [Ru(bpy)3]
3þ by ho-

mogeneous oxidation of TPrA to TPrA�þ becomes
gradually more likely to occur with respect to the eT
with TPrA� that generates the emitting [Ru(bpy)3]

2þ*.
In other words, by following the catalytic mechanism,
the withdrawal of an electron from the luminophore
does not translate in the generation of the excited state
and, in turn, of a photon. The authors explored how the
ECL-QE is affected by varying the rate constant of the
‘catalytic route’ at different ratio of k1/k2, where k1 is the
heterogeneous oxidation rate of [Ru(bpy)3]

2þ while k2
represents the heterogeneous oxidation rate of TPrA. It
is interesting to note that at low values of k1/k2 the
‘catalytic route’ reaction rate barely affects QE. Instead,
when k1>>k2, the reaction rate plays a pivotal role,
highlighting the importance of having a much higher
starting concentration of TPrA in order to have more co-
reactant molecules available for the oxidation process.

ECL-QE in heterogeneous system
Heterogeneous phase ECL finds extensive application
in clinical diagnostic and imaging, where [Ru(bpy)3]

2þ
labels are attached to objects (i.e., magnetic beads or
living cells) that constrict the luminophore labels far
from the electrode surface. Thus, the only available light

emitting mechanism is the ‘remote (or heterogeneous)
ECL’ wherein the most efficient co-reactant is TPrA.
www.sciencedirect.com
Within heterogeneous ECL it is common practice to
work in great excess of TPrA, usually 180 mM in a buffer
solution. This ensures the ECL signal to be proportional
to the luminophore loading, remaining unaffected from
the co-reactant consumption.

Unfortunately, this reaction mechanism still faces
several limitations. The kinetics of heterogeneous

oxidation of TPrA is sluggish, and the poor stability of
the oxidizing TPrA�þ confines the ECL emitting layer
to a ⁓3 mm distance from the electrode surface.
Moreover, the [Ru(bpy)3]

2þ loading is limited by the
surface area of the capturing object. To circumvent
these problems, various strategies have been exploited,
such as the introduction of nanostructures embedding
multiple emitting units instead of single ECL labels
[30], conductive carbon- and metal-based nanomaterials
to tune the electroactive surface [62,63], water-soluble
redox mediators [7], and beads of different dimensions

to control the localization of Ru(II) labels at different
distances from the electrode surface [64]. All the
aforementioned approaches influence the ECL emission
either by increasing the [Ru(bpy)3]

2þ loading or by
modifying specific steps of the reaction mechanism. On
top of that, the oxidative-reduction heterogeneous
mechanism is solely based on the oxidation of TPrA,
making it difficult for the ECL-QE equation to account
for the amount of [Ru(bpy)3]

2þ. Thus, it is desirable to
rely on an equation that is normalized over the number
of luminophore units, providing a measure of the effi-

ciency of the reaction mechanism rather than focusing
on the mere ECL emission.

To achieve that, Zanut and colleagues proposed the
turnover frequency (TOF) as an appropriate parameter
that offers a comprehensive assessment that considers
both the efficiency of the light-generating mechanism
and the intrinsic emission quantum yield of the dye.
TOF is defined as the number of photons generated by a
single luminophore in 1 s and calculated as follows:

TOF ¼ ðECLRu@Bead � ECLBeadÞ
noof

�
RuðbpyÞ3

�2þ � time
(11)

where ECLRu@Bead is the integrated ECL signal of a given

capturing object, a [Ru(bpy)3]
2þ-functionalized bead in

this case, while ECLbead represents the integrated ECL

signal of a single unlabeled bead. Instead, no of [Ru(bpy)3]
2þ

represents the amount of Ru(II) labels on the functional-

ized bead, that is quantified either via inductively coupled

plasma mass spectrometry (ICP-MS) after sample miner-

alization or via confocal microscopy. In this context, the

ECL signal quantification become very challenging

because the emission intensity strongly depends on the

spatial distribution of the dye [6]. Therefore, TOF deter-

mination is carried out by exploiting ECL microscopy that

provides outstanding spatial resolution and enables the

observation of single objects [4].
Current Opinion in Electrochemistry 2023, 41:101375
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This approach is intended to evaluate the stability of the
dye together with its accessibility to the co-reactant
radicals. In this way, the TOF enable the comparison
between ECL systems under different experimental
conditions and carrying different loadings
of luminophore.

This strategy was applied for the very first time by

Zanut et al. to determine the impact of bead size on the
efficiency of the heterogeneous ECL mechanism
(Figure 3a) [64]. Specifically, they investigated the
emission of ruthenium-containing biotinylated anti-
bodies linked to streptavidin beads of varying sizes: 2.8,
1, 0.5, and 0.3 mm. They discovered that the highest
TOF was achieved with 0.3 mm beads, which were
proved to be the most efficient (Figure 3b). The
smallest beads express a larger surface area in close
proximity to the electrode surface, leading to a greater
concentration of [Ru(bpy)3]

2þwithin that region, where

an active N-centered radical provides a parallel and more
efficient ECL mechanism.

The same researchers subsequently employed the same
strategy to investigate the ECL performances of Ru(II)-
functionalized carbon nanotubes (CNTs) attached to
2.8 mm beads (Beads@CNT-Ru) [62]. The ECL signal
integration of Beads@CNT-Ru resulted in a 1.7-fold
TOF enhancement compared to the emission displayed
by 2.8 mm beads directly linked to [Ru(bpy)3]

2þ labels
(Beads@Ru). This finding provides evidence of the
Figure 3

a) Schematic representation of the ECL microscopy experiment on single bea
on a platinum electrode (Pt). The inset shows the ECL images aquired for bea
ECL images of [Ru(bpy)3]

2+-labeled magnetic beads with a diameter of 2.8, 1
applied, 1.4 V (vs. Ag/AgCl, 3 M KCl); acquisition time 0.5 s. b) turnover freq
intensity from Ref. [53] (red curve), both as functions of the beads size. The
quency for 2.8 mm beads (Ru@2.8 mm) (reproduced from Zanut et al. [64] un
Nature). (For interpretation of the references to color/colour in this figure lege

Current Opinion in Electrochemistry 2023, 41:101375
strategic role played by CNTs which likely form a
conductive electrocatalytic network randomly distrib-
uted on the beads. This carbonaceous arrangement en-
ables the direct oxidation of TPrA at the beads surface,
increasing the radicals concentration all around
the microspheres.

However, TOF equation does not consider the injected

electrons and the ECL optical pathway from the WE to
the digital camera. Thus, in the interest of comparison,
it would be beneficial to normalize TOF against the
oxidation rate of the co-reactant and to introduce
appropriate instrumental corrections.

Conclusion
While calculating the relative ECL-QE is simple and
time-efficient, its comparability is hindered by varia-
tions in experimental equipment among different lab-
oratories and the challenges operators face in
replicating a given setup precisely. Conversely, the
previously proposed strategies for determination of
absolute ECL-QE either required complex instru-

mentation or lacked accuracy. Decades of fragmented
literature on the determination of ECL-QE makes it
impossible to confront the efficiency of different
chemical systems. In this regard, researchers have
recently made significant advancements by developing
novel equations to achieve instrument-independent
ECL-QE, paving the way for more reliable and com-
parable measurements. The solution-phase ECL-QE is
ds where Ru@beads stands for magnetic beads labeled with [Ru(bpy)3]
2+

ds with different sizes where Ru@2.8 mm, Ru@1 mm and Ru@0.3 mm are
and 0.3 mm, respectively. Magnification 100×, Scale bar 5 mm; potential

uency (TOF) as a function of bead size (blue curve and dots) and ECL
TOF values are normalized over TOF@2.8 mm which is the turnover fre-
der Creative Commons Attribution 4.0 International License from Springer
nd, the reader is referred to the Web version of this article.)

www.sciencedirect.com
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determined experimentally using readily-available in-
struments, with correction factors applied to account
for the optical pathway of the ECL signal. Alternatively,
a kinetic finite element simulation has been developed
to overcome challenges such as the uncertainty on the
attribution of the current intensity in co-reactant
excess conditions and complex data elaboration. Addi-
tionally, the concept of TOF has been utilized to

determine ECL-QE for heterogeneous systems, where
the luminophore cannot be directly oxidized at the
electrode surface. This allows for a rational evaluation
of the mechanism efficiency over the intensity of total
emission. Despite these advancements, the equations
discussed in this opinion exhibit limitations that
require further research to introduce other correction
factors for making ECL-QE dependent solely on the
chemistry of the system under exam. The creation of a
comprehensive library of ECL-QE values would be
invaluable for identifying the most effective enhance-

ment strategies.
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