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Abstract: Perovskite nanostructures are promising nanomaterials for their possible application in
electrochemiluminescent (ECL) analytical systems due to their unique optical, electronic, and chemi-
cal properties. This review focuses on the most recent advances in the application of perovskite and
perovskite-related nanostructures, with different chemical compositions and modifications, in ECL
with various media, coreactants, and reaction types. The most optimal methods of perovskite nanopar-
ticle synthesis and electrode modification methods were reviewed. Possibilities and perspectives of
the use of perovskite-related nanostructures for the ECL generation were demonstrated.

Keywords: perovskite nanocrystals; electrochemiluminescence; electrode modification

1. Introduction

Electrogenerated chemiluminescence or electrochemiluminescence (ECL) is a light-
emission phenomenon in the course of electrochemical reactions [1]. This phenomenon
is the basis of the ECL method of analysis of liquids, which finds numerous applications
in biology, medicine, ecology, pharmacy, etc. [2,3]. Due to the electro-chemical character
of light generation and control of reaction course by electrode potential, the ECL assay
technique possesses unique sensitivity to analyte detection together with great potential
for automation and miniaturization [4]. Optimization has a fundamental importance in
the analysis of essential biological species. Current research efforts in the field of ana-
lytical application of the ECL are focused in several directions, including the search for
new ECL active luminescent materials [3,5,6], new efficient coreactants, and ECL reaction
schemes [7–9], new electrode structures and materials [10–13], and development of minia-
ture analytical devices—ECL sensors [4,14,15].

Scientific research on applications of nanomaterials in the ECL field is motivated by
the potential benefits of improving the sensitivity and stability of analytical systems and
broadening the range of detectable agents [5,16,17]. A promising class of nanomaterials,
perovskite and perovskite-related nanocrystals attract a lot of attention due to their strong
luminescence and ability to tune their electronic and catalytic properties by varying the
ratio of materials that form their crystal lattice. This mini-review discusses recent progress
and prospects in research and applications of fluorescent perovskite nanomaterials in the
ECL field.

The review contains summarized information on the types of perovskite nanocrystals
(PeNCs) suitable for applications as new emitters in ECL systems and focused on types of
available coreactants for anodic and cathodic ECL generation, and some peculiarities of

Crystals 2023, 13, 455. https://doi.org/10.3390/cryst13030455 https://www.mdpi.com/journal/crystals

https://doi.org/10.3390/cryst13030455
https://doi.org/10.3390/cryst13030455
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/crystals
https://www.mdpi.com
https://orcid.org/0000-0002-1643-0027
https://orcid.org/0000-0002-4242-4800
https://orcid.org/0000-0002-8129-7373
https://doi.org/10.3390/cryst13030455
https://www.mdpi.com/journal/crystals
https://www.mdpi.com/article/10.3390/cryst13030455?type=check_update&version=2


Crystals 2023, 13, 455 2 of 17

their use, feasible detection principles based on perovskite ECL systems and examples of
their analytical applications.

2. Perovskite Nanomaterials

In recent years, a large number of ECL-emitting material species have been discov-
ered, and their properties have been investigated. All these species are classified into
organic, inorganic, and nanoparticle (NP) systems [1–3]. Among all fluorescent nanoma-
terials available today, we chose to focus on one of the most promising and cost-effective
materials—perovskite nanocrystals (PeNCs) or so-called “perovskite-related structures”.
Perovskite nanomaterials attract great attention for their potential applications in such
fields as: optoelectronics, energy storage, pollutants degradation, water splitting, and
analytical chemistry [18,19].

Most research on ECL with PeNCs focuses on halide perovskites with 3D ABX3 cubic
structure, where A and B are monovalent and divalent cations, respectively, and X is
a monovalent halide anion (Figure 1). The stability of the ABX3 structure of PeNCs is
determined by the Goldschmidt tolerance factor (1) and octahedral factor (2):

t =
ra + rx√
2(rb + rx)

(1)

µ =
rb
rx

(2)

where ra, rb, and rx are the radii of the A, B, and X sites. For the stable state of the perovskite
structure, the value of the Goldschmidt tolerance factor should be between 0.81 and 1.00,
and the octahedral factor should not be outside the 0.44–0.9 range [20].

The newer Goldschmidt tolerance factor τ (3), presented by Christopher J. Bartel et. al.,
enables a better prediction of perovskite stability than the previous one because of another
functional form. The 1D nature of τ allows the determination of perovskite probability as a
continuous function of the radii and oxidation states of A, B, and X.

τ =
rx

rb
− na

(
na −

ra/rb
ln(ra/rb)

)
(3)

where na is the oxidation state of A, ri is the ionic radius of ion i, ra > rb by definition, and τ

< 4.18 indicates perovskite [21].
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An important feature of this type of structure is that the optical and electronic proper-
ties of perovskite materials can be customized by varying the composition of constituted
halide ions and to a smaller degree of the cations. In addition, the size and dimensionality
of PeNCs can also be used to tune their optical properties [18]. The ability of simple re-
organization of perovskite structure triggered the research of perovskite-related 0D and
2D structures such as: A4BX6 (0D); AB2X5 (2D); A2BX4 (2D); A2BX6 (0D); A2BX3 (2D);
A3B2X9 (2D); ABX3 (3D); and A3B3X3 (3D) [23]. There are not enough data to evaluate the
influence of the nanocrystal dimension on the ECL signal, since the 0D and 2D structures
were researched only once [24,25].

It is worth mentioning the application of doped PeNCs, namely, by manganese [26],
cerium [27], and antimony [28]. Each dopant embeds into the cubic structure of PeNCs
and, depending on the dopant, can enhance both absorbance and the electrochemical
oxidation-induced hole-injection [27,28] and improve the stability of PeNCs [26]. However,
such doping does not significantly change the electrochemical properties of PeNCs.

2.1. Synthesis of Perovskite Nanocrystals

The parameters to be considered during the synthesis of PeNCs from the viewpoint of
their potential applications are: structure, stability, electronic, and optical properties [19].
By now, there has been significant progress in the shape-controlled methods of synthesis of
PeNCs: Bulk to Nano, Heat up, Precipitation, and In situ synthesis [29]. However, only two
methods of PeNCs synthesis for ECL applications have been frequently used: the hot injec-
tion technique [26–28,30,32–35] and the ligand-assisted reprecipitation technique (LARP
technique) [25,36–40]. Using hot injection and the LARP technique, it is possible to synthe-
size highly luminescent PeNCs with fascinating optical properties which could be achieved
by varying the ratio of initial precursors and start parameters of the synthesis procedure.
Both methods are associated with the usage of precursors that are soluble or decomposable
in solvents at low or high temperatures and producing monodisperse nanocrystals in “free”
colloidal states which is important for the development of ECL sensors.

2.1.1. Ligand-Assisted Reprecipitation Technique

The LARP technique is a versatile, convenient, and low-cost approach for the syn-
thesis of halide PeNCs. Reprecipitation through solvent mixing with the assistance of
long-chain organic ligands is a simple way to prepare PeNCs. The formation of PeNCs
can be performed within seconds by mixing the precursor solution consisting of a polar
solvent, perovskite precursors, and organic ligand, with a nonpolar solvent under vigorous
stirring at room temperature, without heating or a protective atmosphere (Figure 2). The
LARP technique is based on a large difference in the precursor such as cesium halides CsX
or organic molecule, in particular, methylammonium halides (MAX) and formamidinium
halides (FAX) and PbX2 (X = Cl, Br, I) solubility in their “good” (for example, dimethylfor-
mamide, ethyl acetate, or γ-butyrolactone) and “bad” (for example, toluene, chloroform,
or acetone) solvents, wherein a “bad” solvent induces supersaturation and thus triggers
the nucleation and further growth of PeNCs in presence of oleic acid and amine ligands.
Therein, amine ligands such as n-octylamine or octadecylamine control the kinetics of crys-
tallization and mainly contribute to the size control of PeNCs formed, whereas oleic acid
suppresses aggregation effects and ensures their colloidal stability. The LARP technique is
producing monodisperse nanocrystals mainly in the form of cubes with an edge length of
5–35 nm (depending on reaction conditions) in “free” colloidal states [21,25,36–44].
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© Elsevier.

2.1.2. Hot Injection Technique

The well-known hot injection technique also is applied for obtaining a variety of
all-inorganic and organic-inorganic PeNCs in “free” colloidal states [19,23,29,44]. This
technique is based on the rapid injection of one of the precursors into a hot solution of
the remaining precursors, ligands, and a high boiling solvent with the use of a nitrogen
atmosphere. The key parameters that enable control of the size, size distribution, and shape
of PeNCs synthesized by the hot injection technique are: the injection temperature of one
of the precursors; the concentration of the precursors, and the ratio of the surfactants to
the precursors; and the reaction time. A different morphology of PeNCs is also obtained
by the hot injection technique (Figure 3). Immediately after the injection of the precursor,
rapid nucleation occurs with the formation of small nuclei which continue growing, as
a rule, without new nuclei forming, which leads to the formation of PeNCs, which are
characterized by a narrow size distribution. The standard procedure for obtaining PeNCs
is realized by injecting Cs-oleate into a hot solution (140–200 ◦C) of PbX2 (X = Cl, Br, I) salts,
which served both as the Pb2+ and X− sources, in octadecene (ODE), oleic acid (OA) and
primary amines such as oleylamine (OLA) [23].

Crystals 2022, 12, x FOR PEER REVIEW 4 of 17 
 

 

  
Figure 2. Synthesis of Colloidal CsPbBr3 PeNCs via LARP method (Graphical abstract) [42]. © Else-
vier. 

2.1.2. Hot Injection Technique 
The well-known hot injection technique also is applied for obtaining a variety of all-

inorganic and organic-inorganic PeNCs in “free” colloidal states [19,23,29,44]. This tech-
nique is based on the rapid injection of one of the precursors into a hot solution of the 
remaining precursors, ligands, and a high boiling solvent with the use of a nitrogen at-
mosphere. The key parameters that enable control of the size, size distribution, and shape 
of PeNCs synthesized by the hot injection technique are: the injection temperature of one 
of the precursors; the concentration of the precursors, and the ratio of the surfactants to 
the precursors; and the reaction time. A different morphology of PeNCs is also obtained 
by the hot injection technique (Figure 3). Immediately after the injection of the precursor, 
rapid nucleation occurs with the formation of small nuclei which continue growing, as a 
rule, without new nuclei forming, which leads to the formation of PeNCs, which are char-
acterized by a narrow size distribution. The standard procedure for obtaining PeNCs is 
realized by injecting Cs-oleate into a hot solution (140–200 °C) of PbX2 (X = Cl, Br, I) salts, 
which served both as the Pb2+ and X− sources, in octadecene (ODE), oleic acid (OA) and 
primary amines such as oleylamine (OLA) [23]. 

So, the hot injection technique is producing different nanostructures of PeNCs with 
the sizes of 2–20 nm (by using, for example, OLA and OA as ligands), which mainly de-
pend on the injection temperature and the ratio of the precursors (Figure 3). 

 
Figure 3. Scheme of the hot injection technique of colloidal synthesis. Reproduced from [23] © Amer-
ican Chemical Society. 

2.1.3. . Laser Ablation Synthesis of PeNCs 
Both the hot injection technique and LARP synthesis utilize organic solvents and sur-

face ligands; thus, both require additional complicated purification and isolation steps for 

Figure 3. Scheme of the hot injection technique of colloidal synthesis. Reproduced from [23] ©
American Chemical Society.

So, the hot injection technique is producing different nanostructures of PeNCs with the
sizes of 2–20 nm (by using, for example, OLA and OA as ligands), which mainly depend
on the injection temperature and the ratio of the precursors (Figure 3).
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2.1.2.1. Laser Ablation Synthesis of PeNCs

Both the hot injection technique and LARP synthesis utilize organic solvents and
surface ligands; thus, both require additional complicated purification and isolation steps
for obtaining pure PeNCs. The alternative way for the fabrication of nanomaterials in “free”
colloidal state is based on pulsed laser ablation synthesis (PLA), which is a unique way of
generating NPs from a variety of solid materials using a top-down physical approach and
can be carried out in liquid, gaseous media, or in vacuum [45].

During the PLA process, the focused laser beam, targeted on a small region of solid
material, ejects atomic, ionic, and nanoparticle species from the surface in the form of a
plasma plume and material debris. The plume expands and cools down on a nanosecond
time scale, which results in condensation, nucleation, and clustering with the formation of
NPs [46]. The advantages of the PLA technique are the ultra-purity of obtained nanomateri-
als as well as the possibility to achieve stable colloids due to the in situ dispersion of NPs in
a variety of liquids [47]. Such a method could be used for the fabrication of PeNCs as well.

Kanaujia et al. demonstrated the possibility of direct femtosecond laser ablation (λ =
410 nm, P = 100 mW) of 2D inorganic-organic cyclohexenyl ethyl ammonium lead iodide
((C6H9C2H4NH3)2PbI4) films (thickness ≈ 135 nm) where perovskite micro- and NPs
have been obtained as a by-product of laser writing (Figure 4). During the laser-material
interaction, once the thin film melted, the material ejection occurred and formed a plasma
plume that consisted of perovskite nano- and microparticles, which condensed at the
nearby surface due to the temperature gradients and gravitational pull. The diameter of
the obtained particles varied from 500 nm to 1 micron in size [48].
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The use of the pulsed laser ablation method may be promising for obtaining “pure”
PeNCs free from chemical precursors and will not require a particle purification procedure.
It can provide more opportunities for modifying the PeNCs surface and give higher flexi-
bility for PeNCs incorporation into thin films for the modification of working electrodes for
the ECL measurements.

3. Electrogenerated Chemiluminescence

Electrogenerated chemiluminescence is a powerful analytical technique combining the
main advantages of electrochemical and chemiluminescent methods of the assay in terms
of extremely high sensitivity and simple reaction control. As a result, the method finds its
applications in numerous areas including immunoassay, water quality testing, food testing,
biological agents’ detection, etc. [3].

ECL is a phenomenon where light emission is produced in a solution near the electrode
surface when a suitable potential is applied at the electrode. The ECL can occur in several
ways, the most common are ion annihilation and coreactant ECL. In ion annihilation ECL,
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the luminescent signal originates near the surface of the working electrode from the excited
states of the luminophore. The latest is generated in a course of exo-energetic electron
transfer reaction of electrochemically created radical ionic species. The scheme of the ion
annihilation ECL reaction, which is the simplest case investigated at the beginning of the
ECL era, is illustrated below, where R denotes a luminophore species [1]:

R− e→ R•+(oxidation at the electrode) (4)

R + e→ R•−( reduction at the electrode) (5)

R•+ + R•− → R + R∗(excited state formation) (6)

R∗ → R + hv ( light emission) (7)

Such types of ion recombination reactions can work efficiently only in aprotic organic
solvents and have little practical use for analytical science. In practical applications and
for advanced ECL research, ion annihilation ECL is almost completely replaced nowadays
by more complicated coreactant-type ECL. Coreactant ECL has the following advantages
over ion annihilation ECL: it may produce a more intense ECL response when the anni-
hilation reaction redox species are not efficient; the use of coreactant ECL can be possible
for some fluorescent compounds that have only reversible EC oxidation or reduction; abil-
ity to achieve ECL signal in solvents with a narrow potential window such as aqueous
solutions [49].

Corectants are chemical species that upon electrochemical reaction are consumed
irreversibly due to the bond-breaking reaction to produce reactive by-products that can
react with a reduced or oxidized luminophore and generate its excited state. Two possible
ways of such reactions are called “oxidative reduction” of “reductive oxidation” [13]. The
scheme below shows the mechanism of ECL with coreactant in the example of a reductive-
oxidation reaction, where C represents the coreactant and P represents products associated
with the Cox reaction [50].

R + e− → R−

C + e− → C−

}
( reduction at the electrode) (8)

R− + C → R + C−

C− → Cox
Cox + R→ R+ + P

 (homogenous chemical reactions) (9)

R− + R+ → R + R∗ or R− + Cox → R∗ + P (excited state formation species) (10)

R∗ → R + hv( light emission) (11)

4. Electrode Modification in Analytical ECL Applications

ECL assay can benefit from electrode modification with various functional structures
and films that have great potential for the development of cheap, reliable, and reusable
analytical ECL sensors. The use of various NPs of fluorescent and conductive materials for
the functionalization of the electrode for electrochemical measurements is widely exploited
to enhance their analytical performance [16,51].

Usually, as working electrode materials for ECL applications gold, indium tin oxide
(ITO), graphite, or glassy carbon (GC) are used [11]. However, according to the reviewed
publications, glassy carbon in the form of single-crystal appears to be the most suitable
material for the ECL measurements as well as for the modification by NPs because of its
suitable physical and chemical properties [25,26,30–34,36–40,52–58].

In the case of PeNCs ECL studies, their deposition on the electrode surface also plays
a crucial role in enhancing NC stability in polar media, especially in aqueous solutions.
There are two most common methods to obtain functional thin films with NPs for ECL mea-
surements: drop-casting and spin-coating techniques. The drop-casting method (Figure 5a)
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consists of two stages: deposition of the drop of a liquid solution containing a suspension
of NPs and drying of the surface from the solvent [59]. The spin-coating technique includes
the following stages: applying the solution with particles, rotating the electrode surface,
and drying (Figure 5b) [60]. Despite the apparent similarity of these methods, the spin-
coating method facilitates the production of uniform thin films, with the thickness of micro-
and nanometers and uniform distribution of NPs over the surface of the electrode.
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A molecularly imprinted polymer (MIP) (Figure 5c) is copolymerized by covalent or
non-covalent binding between template molecules and functional monomers [35]. MIPs are
used in molecular imprinting techniques for the ECL electrode modification as recognition
elements. MIPs can be immobilized onto the surface of the working electrode via one-pot
photopolymerization [62] or electropolymerization [35,63] with template molecules. MIPs
improve the stability of PeNCs and provide high selectivity of the system. The disadvantage
of MIP modification is the enhancement of electrical resistance of the modified electrode,
which is caused by the charge transport blocking [62].

5. Media for the ECL Measurements with PeNCs

The choice of a supporting electrolyte solution has a great influence on ECL mea-
surements with PeNCs since they can be negatively affected by polar solvents, heat, and
oxygen because of its inherent ionic lead–halide bond and low formation energy of ligand
binding [63]. The morphology and stability of perovskite thin films on electrodes under
ECL conditions, including the applied potentials and selected electrolyte solution with
appropriate polarity, are still issues yet to be studied [37]. In the reviewed ECL studies of
PeNCs, reactions were achieved in aqueous and non-aqueous solutions.

5.1. ECL of Perovskite Nanocrystals in Non-Aqueous Solutions

For the investigation of new ECL systems, measurements are often conducted in
oxygen-free cells with non-aqueous electrolyte solutions and special attention must be paid
to solvents. That is because 3D all-inorganic cesium lead bromide PeNCs (CsPbBr3) lose
their luminescent properties in polar solvents including water. At the same time, water and
oxygen can affect ECL reaction by quenching the formed excited state species by disabling
the generation of reductive and oxidative precursors.

For the ECL with PeNCs, the following solvents were used in the observed articles:
ethyl acetate (EA) [37], dichloromethane [24], acetonitrile [56], or acetonitrile/toluene
mixture solution [25] (Figure 6). Some solvents can act not only as an electrolyte solution
but as a coreactant. Ethyl acetate is a non-polar organic solvent that is used not only
as an electrolyte solution but also as a coreactant for the ECL reaction with a potential
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window between 0 and 1 V. Application of EA helped to achieve efficient ECL of CsPbBr3
PeNCs [37].
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Additionally, mixtures of solvents could be used for helping to dissolve certain com-
pounds. Yue Cao et al. used the mixture of polar acetonitrile and non-polar toluene
containing tetra-n-butylammonium hexafluorophosphate salt (TBAPF6) where acetonitrile
increased the dissolution of TBAPF6, and toluene provided a suitable environment for the
ECL reaction of 2D all-inorganic lead-free PeNCs (Cs3Bi2Br9) with tripropylamine (TPrA)
and benzoyl peroxide (BPO) as coreactants [25].

Despite less interest in non-aqueous buffer solutions from a practical point of view,
such systems are suitable for studying the ECL of PeNCs because fewer factors can nega-
tively affect ECL signal occurrence. Non-aqueous solutions are usually used for fundamen-
tal studies of ECL, i.e., for investigations of the possibility of obtaining ECL signal in new
ECL systems.

5.2. ECL of Perovskite Nanocrystals in Aqueous Solutions

During cyclic voltammetry, which is a part of the ECL assay, redox reactions occur
on the electrode surfaces. This process causes electrolysis that leads to a change in the
pH of the aqueous solutions. Such an effect of electrolysis has to be neutralized, which is
why supporting buffer electrolyte solutions are needed. The interest in ECL in aqueous
solutions lies in the fact that the aqueous environment is natural for most of the bio-related
detectable substances. The use of PeNCs in the ECL assay is an urgent task since PeNCs are
highly hygroscopic in an aqueous or high-humidity environment due to their ionic crystal
characteristics [52]. The reactivity of PeNCs toward moisture and their rapid dissolution
in an aqueous environment severely limits both the study of their properties under the
conditions that would degrade them and their applications.

The hydrophobization of PeNCs by the application of oleic acid (OA) and oleylamine
(OLA) (or other compounds related to fatty acids) array networks is highly advantageous.
That is to say, preventing the intrusion of polar solvents, allows ECL measurements to be
performed in aqueous solutions [32]. OA and OLA facilitate superlattice formation through
cross-linking of the long carbon chains by hydrophobic interaction, which prevented the
intrusion of polar solvents and improved the stability of the PeNCs-containing film in an
aqueous solution [31].

As an aqueous supporting electrolyte for the ECL measurements, a 0.1 M phosphate-
buffered solution (PBS) is most often used [26,30–34,36,38,39,52,53,55,57,58]. PBS can be
adapted to different pH levels from 5.8 to 7.4 and cannot be oxidized at low potentials
up to a certain point. Such an aqueous solution is often used for the research of practical
applications of ECL systems.

6. Coreactant ECL of PeNCs

All commercially available ECL setups are based on the coreactant ECL method.
Unlike ion annihilation ECL, the solution for coreactant ECL must contain luminophore
species and added reactant (coreactant). Typically, coreactant ECL is generated by applying
an anodic or cathodic potential in a solution. Therefore, depending on the polarity of the
applied potential, both luminophore and coreactant species can be oxidized or reduced at
the electrode to form radical ions and intermediate species followed by the decomposition
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of these species and the formation of excited states emitting light. Because highly reducing
intermediate species are generated after the electrochemical oxidation of coreactant or
highly oxidizing intermediates that are produced after electrochemical reduction, the
corresponding ECL reactions are often defined as “oxidation-reduction” and “reductive-
oxidation” ECL [50].

The types of PeNCs applicable for the generation of ECL with coreactants in both
aqueous and non-aqueous media for the anodic and cathodic potential ranges are listed
in Table 1. As seen from the table, despite difficulties connected with electroanalytical
applications of PeNCs and the infancy of the PeNCs-related ECL research area, they appear
to be rather versatile fluorescent nanostructures capable of efficient ECL emission with
the variety of common coreactants that are currently used to implement different ECL
assay procedures and formats. Among ECL coreactants that have already been studied
with PeNCs are such well-known and widely utilized species as tertiary amine compound
TPrA [27,28,32,40,55], peroxydisulfate anion [31,57], benzoyl peroxide [24,26,38], hydro-
gen peroxide [53], 2-dibutyaminoethanol [54], and prometryn [63]. Additionally, ECL
of PeNCs was achieved with other amine compounds, such as diethanolamine, triethy-
lamine, triethanolamine [32], 2,2′-(butylamine) diethanol, 3-(diethylamino) propylamine,
[3-(diethylamino) propyl] trimethoxysilane [34], oleylamine present at the surface of PeNCs
as stabilizing agent [36], as well as some other species such as ascorbic acid, which itself
has analytical importance in biomedical assays [30,39], and ethyl acetate, which was used
as a reaction medium [52,55].

Table 1. Application of perovskite nanocrystals in coreactant ECL.

Type
of Nanoparticles Solution Coreactant References

CsPbBr3 (3D) Phosphate-buffered solution Ascorbic acid; [30]
Potassium peroxydisulfate; [31]

Tripropylamine, Diethanolamine,
Triethylamine, Triethanolamine;

Oleylamine (OA)/ [32]
Ascorbic acid + OA;
Hydrogen peroxide [36]

[53]
Ethyl acetate

Ethyl acetate/tetra-n-
butylammonium

hexafluorophosphate
Ethyl acetate + Tripropylamine [52]

[55]
Dichloromethane/tetra-n-

butylammonium
hexafluorophosphate

Tripropylamine,

Benzoyl peroxide [38]
Acetonitrile Tripropylamine [56]

CsPbBr3 (3D) Ce4+-doped
Acetonitrile/tetra-n-

butylammonium
hexafluorophosphate

Tripropylamine [27]

CsPbBr3 (3D) Sb-doped
Acetonitrile/tetra-n-

butylammonium
hexafluorophosphate

Tripropylamine [28]

CsPbBr3 (3D) inside graphitic
carbon nitride nanospheres Phosphate-buffered solution Ascorbic acid [39]

CsPbBr3 (3D)/aminated carbon
dots in hierarchical zeolite

imidazole framework-8
Phosphate-buffered solution Tripropylamine [33]
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Table 1. Cont.

Type
of Nanoparticles Solution Coreactant References

CsPbBr3 (3D)/N-doped
graphene quantum dot Phosphate-buffered solution Amine groups of N-doped

graphene quantum dot [62]

CsPbBr3 (3D) in SiO2 shell
Dichloromethane/tetra-n-

butylammonium
hexafluorophosphate

2-(dibutylamino)ethanol,
2,2′-(butylimino)diethanol,

3-(diethylamino)propylamine,
[3-(diethylamino)propyl]

trimethoxysilane,
Tripropylamine

[34]

CsPbBr3 (3D)/
Ag+ @UiO-66-NH2 Phosphate-buffered solution Peroxydisulfate [35]

Rb0.2Cs0.8PbBr3 (3D)
Dichloromethane/tetra-n-

butylammonium
hexafluorophosphate

2-dibutyaminoethanol,
Benzoyl peroxide [54]

Cs4PbBr6 (0D)
Acetonitrile/tetra-n-

butylammonium
hexafluorophosphate

Benzoyl peroxide [24]

CH3NH3PbBr3 (3D) Phosphate-buffered solution Tripropylamine,
Peroxydisulfate [57]

CH3NH3PbCl1.08Br1.92 (3D)
Dichloromethane/tetra-n-

butylammonium
hexafluorophosphate

Tripropylamine [40]

Cs3Bi2Br9 (2D)
Acetonitrile/toluene/tetra-n-

butylammonium
hexafluorophosphate

Tripropylamine,
Benzoyl peroxide [25]

CsPbCl3 Mn2+-doped (3D) Ethyl acetate Benzoyl peroxide [26]

CH(NH2)2PbBr3 (3D)/
carbon nanotubes/TiO2

Phosphate-buffered solution Tripropylamine [58]

Further subsections discuss more details about the mechanisms of anodic and cathodic
ECL of PeNCs with coreactants and the potential for analytical application of such ECL
systems.

6.1. Anodic ECL of Perovskite Nanocrystals

Several perovskite-like nanomaterials showed an anodic ECL behavior with the num-
ber of coreactants. The main challenge for anodic ECL is the interference of compounds in
real samples that could be oxidized on the electrode at high positive potentials [31].

Most of the anodic ECL reactions have been conducted with classical all-inorganic
PeNCs (CsPbBr3). The following reagents were used as coreactants: ascorbic acid (on-
set potential = 0.65 V; peak potential = 0.8 V) [30], hydrogen peroxide (peak potential
= 1.2 V) [52], ethyl acetate (EA) (on-set potential = 0.85 V; peak potential = 0.95 V) [37],
tripropylamine (on-set potential = 0.65 V; peak potential = 1.05 V) [32]. The scheme of
the anodic ECL reaction of CsPbBr3 PeNCs and TPrA, which is the most common anodic
coreactant, is shown below:

CsPbBr3 − e− → CsPbBr3
•+ (12)

TPrA− e− → TPrA•+ (13)

TPrA•+ − H+ → TPrA• (14)

CsPbBr3
•+ + TPrA• → CsPbBr3

∗ + TPrA oxidate (15)
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CsPbBr3
∗ → CsPbBr3 + hv (16)

Some groups investigated ECL of highly crystallized 3D organometallic halide PeNCs:
CH3NH3PbBr3 (on-set potential = 0.8 V and peak potential = 1.2 V) and CH3NH3PbCl1.08Br1.92
(on-set potential = 1.75 V and peak potential = 2.6 V) in aqueous medium with TPrA as
coreactant [40,57]. Yue Cao et al. showed the ability of 2D all-inorganic lead-free PeNCs
(Cs3Bi2Br9) PeNCs to have ECL reactions with TPrA (on-set potential = 1.4 V; peak potential
= 1,8 V) in the anodic potential range [25].

Besides TPrA, a group of other amine compounds was tested as anodic coreactants
for PeNCs ECL generation [32]. The ECL intensity of CsPbBr3 PeNCs increased as the
coreactant was changed from diethylamine to triethylamine to tripropylamine. This is due
to the ability of aliphatic alkyl groups to stabilize positive radical ions. As a result, an
increase in the number and length of the alkyl chains attached to the nitrogen atom causes
an increased ECL response. It was also demonstrated that the CsPbBr3-triethanolamine
system gave higher ECL than CsPbBr3-triethylamine one even though both coreactants
have the same number and length of alkyl chains. The reason is the catalysis of the electro-
oxidation of amines by hydroxy groups leading to a substantial increase in ECL intensity.

Additionally, the possibility of enhancing of ECL signal of PeNCs by other nanomateri-
als was shown. Wang et al. achieved an ECL signal (on-set potential = 0.85 V; peak potential
= 1.1 V) of 3D lead bromide PeNCs (CH(NH2)2PbBr3) mixed with carbon nanotubes (CNTs)
and deposited on a glassy carbon electrode with TPrA coreactant in phosphate-buffered
solution. In this case, CNTs were also used as the electrical conductivity enhancer that
reduces the impedance between PeNCs and glassy carbon electrodes. Such modification led
to a lower impedance of the modified electrode which in turn increased the ECL intensity
(Figure 7) [58].
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ECL emission from CsPbBr3 PeNCs with the surface oleylamine as both coreactant and 
stabilizer [36]. The ECL of CsPbBr3 PeNCs was also observed in ethyl acetate media, and 
the solvent itself was claimed to act as a coreactant [52,55]. The system was used in a closed 
bipolar electrode configuration of the electrochemical cell as an indicator of redox pro-
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products. The latter serves as a reducer in the oxidative-reduction ECL pathway. 

Figure 7. Anodic ECL profiles of FAPbBr3 NC/GCE (a), TiO2 NPs@FAPbBr3 NC/GCE (b), FAPbBr3

NC@CNT/GCE (c), and TiO2 NP@FAPbBr3 NC@CNTs/GCE (d) in pH 7.4 PBS containing 0.2 M KCl
and 15 mM TPrA. Inset: oxidative-reduction ECL emission spectra. Reproduced with permission
from Ref. [58]. © Elsevier.

Aside from ECL with coreactant in the solution comes the discovered self-enhanced
ECL emission from CsPbBr3 PeNCs with the surface oleylamine as both coreactant and
stabilizer [36]. The ECL of CsPbBr3 PeNCs was also observed in ethyl acetate media, and
the solvent itself was claimed to act as a coreactant [52,55]. The system was used in a
closed bipolar electrode configuration of the electrochemical cell as an indicator of redox
processes taking place in a conjugated PBS-based redox system. The results suggested that
ethyl acetate was undergoing oxidation at the electrode producing CH3CO as one of the
products. The latter serves as a reducer in the oxidative-reduction ECL pathway.

Therefore, a variety of PeNCs types and coreactants used for the generation of anodic
ECL shows the great potential of such ECL systems to be used in existing analytical
applications as a replacement for common fluorophores.
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6.2. Cathodic ECL of Perovskite Nanocrystals

Cathodic ECL often offers such advantages as extending the number of possible
ECL reactions, eliminating the oxidation products of luminophores, and removing the
interference of compounds present in the samples that could be oxidized on the electrode
at high positive potential [31,65].

All existing research of cathodic ECL with PeNCs has been conducted with structures
that contain Cesium as A-site and Bromine as X-site, respectively. CsPbBr3 PeNCs demon-
strate cathodic ECL reaction with potassium peroxydisulfate (K2S2O8) with on-set potential
= −1.4 V and peak potential = −2.2 V. The scheme of this reaction is shown below [31]:

S2O8
2− + e→ SO4

2− + SO4
• (17)

SO4
• + CsPbBr3 → SO4

2− + CsPbBr3
+ (18)

CsPbBr3 + e→ CsPbBr3
− (19)

CsPbBr3
+ + CsPbBr3

− → CsPbBr3
∗ (20)

CsPbBr3
∗ → CsPbBr3 + hv (21)

Rugeng Liu et al. achieved an ECL signal of 0D lead–halide PeNCs (Cs4PbBr6) with
benzoyl peroxide as coreactant (on-set potential = −0.5 V and peak potential = −0.7 V) as
shown in Figure 8 [24].

Crystals 2022, 12, x FOR PEER REVIEW 12 of 17 
 

 

Therefore, a variety of PeNCs types and coreactants used for the generation of anodic 
ECL shows the great potential of such ECL systems to be used in existing analytical ap-
plications as a replacement for common fluorophores. 

6.2. Cathodic ECL of Perovskite Nanocrystals 
Cathodic ECL often offers such advantages as extending the number of possible ECL 

reactions, eliminating the oxidation products of luminophores, and removing the inter-
ference of compounds present in the samples that could be oxidized on the electrode at 
high positive potential [31,65]. 

All existing research of cathodic ECL with PeNCs has been conducted with structures 
that contain Cesium as A-site and Bromine as X-site, respectively. CsPbBr3 PeNCs demon-
strate cathodic ECL reaction with potassium peroxydisulfate (K2S2O8) with on-set poten-
tial = −1.4 V and peak potential = −2.2 V. The scheme of this reaction is shown below [31]: 

2 2
2 8 4 4S O e SO SO− − •+ → +  (17)

2
4 3 4 3SO CsPbBr SO CsPbBr• − ++ → +  (18)

3 3CsPbBr e CsPbBr −+ →  (19)

3 3 3CsPbBr CsPbBr CsPbBr+ − ∗+ →  (20)

3 3CsPbBr CsPbBr hv∗ → +  (21)

Rugeng Liu et al. achieved an ECL signal of 0D lead–halide PeNCs (Cs4PbBr6) with 
benzoyl peroxide as coreactant (on-set potential = −0.5 V and peak potential = −0.7 V) as 
shown in Figure 8 [24]. 

Cathodic ECL of Cs3Bi2Br9 PeNCs with benzoyl peroxide coreactant (on-set potential 
= −1 V; peak potential = −1.2 V) was also studied by Yue Cao et al. alongside their anodic 
ECL with TPrA [25]. 

  
Figure 8. (a) Schematic drawing of Cs4PbBr6/GCE modified electrode and the light generation pro-
cess therein. (b) ECL (Red curve)—CV (Blue curve) simultaneous measurements of Cs4PbBr6/GCE 
in the presence of 50 mM BPO as the coreactant by the pulsing potential from approximately 0.0 V 
to −0.75 V. Reproduced with permission from Ref. [24]. © Royal Society of Chemistry. 

Despite examples of stable cathodic ECL emission of certain mentioned PeNCs, sev-
eral works indicate much weaker ECL emission for the reductive-oxidation coreactant 
pathway [38,54,57]. The same tendency is confirmed by the radical ions annihilation path-
way indicating that the ECL of PeNCs displays the “on/off” typed feature by changing 
the sequence of hole/electron injecting processes. Efficient ECL is often obtained by 

Figure 8. (a) Schematic drawing of Cs4PbBr6/GCE modified electrode and the light generation pro-
cess therein. (b) ECL (Red curve)—CV (Blue curve) simultaneous measurements of Cs4PbBr6/GCE
in the presence of 50 mM BPO as the coreactant by the pulsing potential from approximately 0.0 V to
−0.75 V. Reproduced with permission from Ref. [24]. © Royal Society of Chemistry.

Cathodic ECL of Cs3Bi2Br9 PeNCs with benzoyl peroxide coreactant (on-set potential
= −1 V; peak potential = −1.2 V) was also studied by Yue Cao et al. alongside their anodic
ECL with TPrA [25].

Despite examples of stable cathodic ECL emission of certain mentioned PeNCs, several
works indicate much weaker ECL emission for the reductive-oxidation coreactant path-
way [38,54,57]. The same tendency is confirmed by the radical ions annihilation pathway
indicating that the ECL of PeNCs displays the “on/off” typed feature by changing the
sequence of hole/electron injecting processes. Efficient ECL is often obtained by inject-
ing holes into the electron-injected NPs while no or very weak ECL is obtained in the
opposite case.
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6.3. Analytical Application of ECL with Perovskite Nanocrystals

ECL of perovskite-related nanostructures is still quite a new area, but research con-
ducted so far demonstrates numerous potential analytical applications. ECL at electrodes
covered with PeNCs-containing films is used to detect and quantify numerous analyti-
cally important species in the solution by applying inhibition, coreaction, and impedance
detection principles [36].

Among analytically important species that have coreactant properties and contribute
to ECL generation with PeNCs are hydrogen peroxide [53,64] and ascorbic acid [36], which
could be directly detected in the solution of PeNCs-modified electrodes.

Dopamine (an important neurotransmitter) has demonstrated efficient ECL quenching
of the CsPbBr3/TPrA system allowing its quantification in the 0.010–1.0 µM range with a
detection limit of 0.0050 µM (S/N = 3) [64].

Hydrogen peroxide has also demonstrated the ability to quench ECL emission of
the CsPbBr3/oleylamine ECL system by scavenging intermediate radicals generated in
the course of oleylamine oxidation [36]. The ECL system has demonstrated a 0.01–5 mM
quantification range of hydrogen peroxide and a detection limit of 7.1 µM.

The detection of alkaline phosphatase enzyme was demonstrated with the detection
limit of 0.714 mU/L due to its ability to convert ascorbic acid 2-phosphate to ascorbic acid
which in turn serves as ECL coreactant for CsPbBr3 PeNCs [30].

The impedance detection principle of HeLa cells became possible because of the high
impedance of cells. The CsPbBr3/oleylamine ECL system was inhibited due to electrode
surface blockage. The PeNCs-covered electrode was further bio-functionalized with folic
acid in a mixture with chitosan solution to capture HeLa cells. The constructed label-free
signal-off biosensor was sensing HeLa cells from 0.5 to 15 Kcells mL−1 and had a detection
limit of 0.24 Kcells mL−1 [36].

A ratiometric ECL quantification of CD44 receptors expression on the MCF-7 cell
surface and MCF-7 cells concentration can be made by simultaneously recording anodic
and cathodic ECL from nanocomposite made of CsPbBr3 PeNCs inside of hollow graphitic
carbon nitride nanospheres [39]. The anodic ECL originating from PeNCs in the presence
of ascorbic acid coreactant is quenched due to resonant energy transfer onto rhodamine
6G labels on the MCF-7 cell surface whereas cathodic ECL from graphitic carbon nitride
nanospheres in reaction with dissolved oxygen remains unchanged, thus serving as an
internal standard for a ratiometric analysis. The sensing strategy exhibited good analytical
performance for MCF-7 cells, ranging from 1.0 × 103 to 3.2 × 105 cells mL−1 with a
detection limit of 320 cells mL−1.

Prometryn, a selective internal absorption-conducting triazine herbicide that is banned
in many countries because of its endocrine-disrupting property and potential environ-
mental and health risks, was successfully detected using an MIP-based PeNC ECL sen-
sor. Prometryn was blocking cavities of MIP film, thus hindering electron transfer and
quenching the CsPbBr3/H2O2 ECL system, which allowed its detection in the range of
0.10–500.0 µg/L [63]. The technique was shown applicable for prometryn detection in fish
and seawater samples.

Another analyte that was successfully detected using an MIP-based PeNC ECL sensor
is nitrofurazone—a synthetic nitrofuran derivative with an antibacterial effect [35]. Nitro-
furazone has exhibited the properties of the co-reaction promoter in the CsPbBr3/S2O8

2−

ECL system, and the ECL signal was linearly proportional to its concentration in the range
of 0.5–100 µM.

Ochratoxin A detection with an MIP-based PeNC ECL sensor was based on the
blockage of MIP cavities by the analyte and corresponding reduction in ECL response of
self-enhanced superstructures of N-doped graphene quantum dots and CsPbBr3 PeNCs on
graphene supported two-dimensional mesoporous SiO2 nanosheets [62]. The ECL sensor
has demonstrated the linear range from 10−5 ng/mL to 1.0 ng/mL.

Separately, it is worth mentioning the closed bipolar electrode system approach, where
the ECL reaction of PeNCs modified electrode in organic solvent on one end of a bipolar
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electrode is used to report redox reaction taking place on the other end of the electrode in
aqueous solution. Using this approach, it was possible to quantify hydrogen peroxide [52]
and tetracycline (a broad-spectrum antibiotic) on an aptamer-modified electrode [55].

7. Conclusions

The conducted review of recent scientific works reveals perspectives and possibilities
of application of perovskite and perovskite-related nanocrystals as light emitters for the gen-
eration of electrochemiluminescence with coreactants and development of corresponding
analytical techniques.

The list of research aimed at ECL detection of various analytes (coreactants) with the
use of PeNCs has been systematized. It was found that despite a relatively small number of
publications, they cover various classes of analytes including such common small molecular
substances of biological significance as hydrogen peroxide, ascorbic acid, and dopamine as
well as more complicated biological species such as enzymes (alkaline phosphatase) and
even whole cells (HeLa cells), and also examples of herbicides (prometryn) and synthetic
antibacterial substances (nitrofurazone).

Additionally, the possibility of the use of PeNCs, synthesized by hot-injection and
LARP techniques, in aqueous and non-aqueous solutions as well as in the cathodic and
anodic range of potentials for the generation of ECL emission has been shown. The vast
majority of reviewed PeNCs used for ECL generation were either pristine CsPbBr3 3D
perovskite structures or nanocomposite containing CsPbBr3 moiety linked with some
other nanostructures (carbon or graphene quantum dots) or within a shell (SiO2, car-
bon nitride nanospheres)/metal-organic framework. Other scarce examples include 3D
perovskite structures of CsPbBr3 doped with some ions (Ce4+; Sb3+), 2D perovskite
structures of Rb0.2Cs0.8PbBr3 and Cs3Bi2Br9, the 0D structure of Cs4PbBr6 as well as 3D
structures of organic-inorganic perovskites CH3NH3PbBr3, CH3NH3PbCl1.08Br1.92, and
CH(NH2)2PbBr3.

Various types of coreactants used for ECL generation mostly belong to oxidative-
reduction types such as ascorbic acid, various amines such as tripropylamine and 2-
(dibutylamino)ethanol, and some other less commonly applicable members of this class,
such as ethyl acetate (used as reaction media). Only a few works were dealing with the
reductive oxidation type of ECL coreactant such as peroxydisulfate and benzoyl peroxide,
and in several cases, these ECL systems were demonstrating poor ECL efficiency.

The great potential of the use of this class of nanomaterials in the ECL method of
analysis of liquids has been illustrated. Existing analytical applications of PeNCs-based
ECL systems demonstrate the feasibility of exploiting almost all available ECL detection
principles including ECL inhibition, coreaction, ratiometric analysis, and altering electrode
impedance. It is worth noting that all analytical applications are based on ECL from PeNCs
immobilized in a form of a thin film on the electrode surface.

Despite a variety of successful and promising examples of applications, research on
perovskite ECL systems is still in its infancy, and further systematic study of the ability to
detect different classes of analytes and elucidate the ECL mechanisms involved is needed.
Here, it should be noted that the majority of discussed works only propose some non-
contradictory hypotheses about the mechanisms of ECL generation, and much deeper and
more dedicated research is necessary to prove their validity.

Further work should also focus on PeNCs stability in electrochemical experiments with
an emphasis on the optimization of PeNCs structure and synthesis techniques providing
such stability.

The design of a new efficient ECL system with PeNCs should pay special attention
to the choice of suitable coreactant that meets the required potential range and chemistry
of analytical reaction, the proper type of PeNCs capable of ECL emission under required
conditions, and approaches providing stability of selected PeNCs within the selected
ECL system.
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