
Analytical
Methods

PAPER

Pu
bl

is
he

d 
on

 2
0 

Ja
nu

ar
 2

02
5.

 D
ow

nl
oa

de
d 

on
 2

1.
06

.2
02

6 
21

:2
7:

10
. 

View Article Online
View Journal  | View Issue
Comparison betw
aDepartment of Chemistry, Faculty of M

Indonesia, Jakarta, Indonesia. E-mail: ivand

sci.ui.ac.id
bDepartment of Chemistry, Keio University

Japan
cDepartment of Chemistry, Faculty of Mathem

Padjajaran, Bandung 45363, Indonesia
dDepartment of Chemistry, Faculty of Mathe

Dramaga, Bogor 16680, Indonesia
ePhysics Engineering Department, Institut

60111, Indonesia

† Electronic supplementary informa
https://doi.org/10.1039/d4ay02175d

Cite this: Anal. Methods, 2025, 17, 1790

Received 29th November 2024
Accepted 19th January 2025

DOI: 10.1039/d4ay02175d

rsc.li/methods

1790 | Anal. Methods, 2025, 17, 1790
een electrochemiluminescence
of luminol and electrocatalysis by Prussian blue for
the detection of hydrogen peroxide†

Isnaini Rahmawati, *a Andrea Fiorani, b Irkham, c Wulan Tri Wahyuni, d

Ruri Agung Wahyuono,e Yasuaki Einaga b and Tribidasari A. Ivandini *a

Electrochemiluminescence (ECL) of luminol and electrocatalysis by Prussian blue were compared for the

selective detection of H2O2 at the boron-doped diamond (BDD) electrodes. The H2O2 detection was

optimized by various parameters such as the applied potential at pH 7.4, which is a physiological value

usually used for H2O2 detection in enzymatic reactions. At an optimum applied potential of +0.5 V,

a linear increase in the ECL signals (R2 = 0.99) was achieved for H2O2 concentrations ranging between

0 to 100 mM with an estimated limit of detection (LOD) of 2.59 mM. This LOD was better than that

obtained with electrocatalysis measurements using the same electrode modified with Prussian blue.

Furthermore, the interference study in the presence of glucose, Fe3+, Cl−, Ca2+, CO3
2−, Na+, and F− ions

showed a comparable selectivity of the luminol ECL and PB-BDD electrochemical current. Nevertheless,

the ECL method exhibited significant advantage in the high stability of its signal response.
Introduction

Hydrogen peroxide (H2O2) is an important species in biology
and chemistry and has wide applications in environmental,
pharmaceutical, clinical, and industrial research.1–3 It is also
known as a by-product of the reactions catalysed by many
oxidase enzymes.4 Therefore, the detection of H2O2 is important
in biomedical and environmental applications. Various detec-
tion techniques for H2O2 have been established, including
colorimetry,5 titrations,6 chemiluminescence,7 and uores-
cence.8 However, these methods can be time-consuming and
costly or offer low selectivity and sensitivity.2,3 Nowadays, elec-
trochemical detection of H2O2 is widely used and has become
a promising method with some advantages, such as reasonable
cost, high sensitivity, good selectivity, simple instrumentation,
and short measurement times.1,2,9
athematics and Sciences, Universitas

ini.tri@sci.ui.ac.id; isnaini.rahmawati@

, 3-14-1 Hiyoshi, Yokohama, 223-8522,

atics and Natural Sciences, University of

matics and Natural Sciences, Kampus IPB

Teknologi Sepuluh Nopember, Surabaya

tion (ESI) available. See DOI:

–1796
In electrochemical systems, the electrode is an important
component in determining the performance of the sensor.
Accordingly, various electrodes have been studied in the elec-
trochemical detection of H2O2 to improve the sensitivity and
selectivity of the sensor.1 In the last decades, boron-doped
diamond (BDD) has been widely studied as an electrode in
electrochemical detection owing to their outstanding charac-
teristics, such as good stability and biocompatibility as well as
a signicantly wider potential window and lower background
current compared to the conventional electrodes.10–15 This wide
potential window happens owing to the high overpotential of
the oxygen and hydrogen evolution reactions, which may
further allow more selective detection of many chemical species
in aqueous electrolytes.11,12 In addition, BDD provides high
resistance for applications at extreme potentials.12 These char-
acteristics make BDD electrodes attractive for electrochemical
sensor applications.

Unfortunately, carbon-based electrodes, including BDD, are
not electroactive for oxidation or reduction of H2O2.16–19 A
mediator or a catalyst is necessary to provide its electrochemical
reaction on the carbon electrode surface. Among various cata-
lysts that have been studied for the detection of H2O2 via elec-
trochemical methods at carbon-based electrodes, the most
studied electrocatalyst is Prussian blue (PB).20–23 PB, with an
empirical formula of Fe4III[FeII(CN)6]3, is well known as an
articial peroxidase owing to its high activity and selectivity in
reducing H2O2 (ref. 24–28) and its ability to operate in physio-
logical solutions as well.28,29 This distinctive feature makes PB
largely used as a catalyst in electrochemical sensors. Moreover,
PB can act as a charge transfer mediator owing to its mixed-
This journal is © The Royal Society of Chemistry 2025
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valent iron cyanide.29 PB-modied electrodes have been largely
used in electrochemical sensing of H2O2 with the electrodepo-
sition of PB being the commonly used technique to prepare the
PB-modied electrode surface.28,29

Meanwhile, another method based on an electrochemical
technique largely developed for the detection of H2O2 is elec-
trochemiluminescence (ECL). ECL is generated from a redox
reaction of highly reactive species on the electrode surface when
a potential is applied with the generation of an excited state that
emits light.30–32 Besides, because the excitation of light is not
needed in ECL, this method exhibits nearly zero background.33

Moreover, ECL possesses the excellence of electrochemical
techniques, such as fast measurements, simple operation
processes as well as good selectivity and sensitivity.30,31 The
analytical applications of ECL are mainly performed through
a co-reactant pathway in a solution containing luminophore or
emitter. It has been reported that the use of H2O2 as a co-
reactant in ECL systems at BDD electrodes with luminol as
a luminophore enhances the ECL signal of luminol due to the
radical H2O2 helping luminol to undergo an excited state and
eventually emits luminescence.33 The high resistance toward
extreme potentials is oen required to promote co-reactants to
form the intermediate species for ECL measurements.34–37

Accordingly, this phenomenon was studied to provide the
detection of hypochlorite based on luminol ECL at BDD
electrodes.38

In this work, the detection of H2O2 at BDD electrodes was
studied using both electrocatalysis by PB and luminol ECL, and
a comparison of these two sensing methods is provided.
Experimental
Materials

Experiments were carried out in Milli-Q water (18.2 MU cm at 25
°C). Potassium ferricyanide (K3Fe(CN)6), iron(III) chloride
(FeCl3), hydrochloric acid (HCl), potassium chloride (KCl) and
30% hydrogen peroxide (H2O2) were purchased from Sigma-
Aldrich. Luminol, methane, and trimethoxy borane were ob-
tained from the Tokyo Chemical Industry. Phosphate buffer
saline (PBS) pH 7.4 was used as a supporting electrolyte, except
otherwise stated. All the chemicals were of analytical grade and
used as received.
BDD electrode preparation

The BDD lms were prepared on the surface of a silicon wafer
(Si 111) using a microwave plasma-assisted chemical vapour
deposition system (Model AX-5400, CORNES Technology Corp).
As the sources of carbon and boron, methane and trimethoxy
borane were used, respectively, with a boron-to-carbon ratio of
1%.12 The quality of BDD lms was conrmed by Raman spec-
troscopy (Acton SP 2500 Princeton Instruments, with a 532 nm
laser) showing a sharp sp3 peak at 1333 cm−1 and scanning
electronic microscope (JCM-6000, JEOL) images showed that
the polycrystalline lms had an average grain size of 5 mm
(Fig. S1†). These lms were used to replace the working elec-
trodes of screen-printed carbon electrodes (SPCE, DropSens
This journal is © The Royal Society of Chemistry 2025
150, Metrohm). The SPCEs (d= 0.3 cm) consist of platinum and
silver as counter and quasi-reference electrodes, respectively.
Prior to use, a pre-treatment on the BDD electrode surface was
performed by a cathodic reduction and anodic oxidation at
−3.5 V and +3.5 V, respectively, in 0.1 M NaClO4 solution for
10 min each.
Prussian blue electrodeposition on BDD

The PB-modied BDD (PB-BDD) was prepared by electro-
chemical deposition of PB on the working electrode of the BDD-
SPCE. The deposition was carried out using cyclic voltammetry
(CV) from a potential of 0.75 V to 0.4 V at a scan rate of 20 mV
s−1 for 6 cycles.29 The electrolyte contained 5 mM K3[Fe(CN)6]
and 5 mM FeCl3 in 0.1 M KCl and 0.1 M HCl, respectively, to
prevent the hydrolysis of ferric ions and to achieve regular and
stable polycrystalline lms. The PB-BDD was characterized by
CV using 0.1 M KCl in 0.1 M HCl from potentials of −0.4 V to
1 V.
Electrochemical and ECL detection instrumentation

All electrochemical and ECL measurements were performed
using the Autolab PGSTAT204 electrochemical workstation
(Metrohm) at room temperature in phosphate buffer solution
(PBS) pH 7.4 to simulate the physiological conditions. Mean-
while, the ECL intensity was collected as the same as in previous
research in a dark box by using a Photosensor Module (H11902-
20) set at a 1 cm distance above the electrochemical cell.38 The
voltage of 800 mV, triggered by the potentiostat, was applied at
the photomultiplier tube (PMT) for the direct acquisition of the
ECL signals. All measurements were carried out in 3 repetitions.
The schematic of the ECL system is provided in the ESI, S2.†
Detection of H2O2

ECL detection of H2O2 was carried out by step chro-
noamperometry using BDD in 0.1 M PBS containing 0.5 mM
luminol and various concentrations of H2O2. A potential of 0 V
was applied for 2 s, and then the optimum potential was applied
for 10 s. Electrochemical detection of H2O2 was performed by
using PB-BDD by chronoamperometry at the optimum potential
of 0.2 V for 90 s in 0.1 M PBS solution, current sampled at 30 s.
Results and discussion

Cyclic voltammetry was used to study the ECL behaviour of
luminol by using the BDD electrode in the absence and the
presence of H2O2 (Fig. 1). The ECL of luminol has been previ-
ously reported; however, these results are necessary to assess
the quality of our electrodes.

A typical ECL peak of luminol was observed at a starting
potential of +0.3 V, and the presence of H2O2 increases the ECL
intensity by approximately eight times. The enhancement is
ascribed to the reaction of the oxidised luminol and H2O2 in
alkaline conditions, where luminol forms luminol radical (Lc)
and H2O2 forms superoxide radical anion (O2c

−); those radicals
further react in a catalytic reaction, which leads to higher
Anal. Methods, 2025, 17, 1790–1796 | 1791
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Fig. 1 ECL signal by cyclic voltammetry of 0.5 mM luminol in 0.1 M
PBS (pH 7.4) in the absence (black line) and in the presence (red line) of
10 mM H2O2, scan rate 0.1 V s−1. WE: BDD.

Scheme 1 Simplified ECL mechanism of luminol (L) and hydrogen
peroxide, with emission from 3AP (3-aminophthalate dianion) excited
state.

Fig. 2 (a) ECL by chronoamperometry of 0.5 mM luminol in 0.1 M PBS
(pH 7.4) in the presence of 10 mM H2O2 at different potentials; (b)
integrated ECL signals vs. applied potential. WE: BDD.

Fig. 3 Cyclic voltammetry of solutions containing (a) 0.1 M KCl and
0.1 M HCl and (b) PBS (pH 71.4) containing 100 mM H2O2. WE: bare
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production of the 3-aminophthalate dianion excited state
(Scheme 1).39,40

For practical applications in the monitoring of H2O2

concentration, chronoamperometry is more suitable than cyclic
voltammetry, therefore, investigation for the optimum potential
by the highest ECL signal generation was measured. Fig. 2
shows the ECL signals at various potentials between +0.3 V and
+0.6 V, the potential range of the ECL peak by cyclic voltam-
metry, where +0.5 V results in the highest signal. Accordingly,
this potential was selected for the following experiments.

The luminol ECL response with H2O2 was compared against
the electrocatalytic reduction of H2O2 on Prussian Blue. PB
electrocatalyst was electrodeposited on a BDD electrode, namely
PB-BDD, in a solution containing hexacyanoferrate(III) and
iron(III) chloride. The reaction between iron(III) cations and
hexacyanoferrate(III) anions form a highly reactive complex of
ferric ferricyanide, or Prussian green (PG). An acidic supporting
electrolyte was used to prevent the hydrolysis of ferric ions and
to achieve regular and stable polycrystalline lms. The reduced
PG reacts with free iron(III) cations in the solution and forms
insoluble PB according to the following reaction mechanism
(eqn (2)–(4)).41

Fe3+ + Fe(CN)3−6 / FeIIIFeIII(CN)6 (2)

FeIIIFeIII(CN)6 + e− / FeIIFeIII(CN)−6 (3)
1792 | Anal. Methods, 2025, 17, 1790–1796
3FeIIFeIII(CN)−6 + Fe3+ / FeIII4 [FeII(CN)6]3 (4)
BDD (black line) and PB-BDD (red line). Scan rate 0.1 V s−1.

This journal is © The Royal Society of Chemistry 2025
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Characterization was performed by cyclic voltammetry of PB-
BDD electrodes in a solution containing 0.1 M KCl and 0.1 M
HCl. Two sets of redox peaks were observed (Fig. 3a), where the
rst peak at around +0.12 V corresponds to the PB/PW (Prussian
white) redox reaction, while the second couple at higher
potentials (around +0.9 V) is related to PB to Prussian Yellow
(PY) via the mixed-valence form of PG, also called Berlin Green
(BG).10,42,43 The sharp couple peaks of PB/PW indicate a regular
structure of PB with a homogeneous distribution of charge
transfer rates throughout the deposited layer.29

Cyclic voltammetry in the presence of H2O2 was conducted
on PBS at pH 7.4, which is known as the physiological pH, in
comparison with the bare BDD electrode (Fig. 3b). Signicant
currents for both oxidation and reduction were observed at PB-
BDD, while there was no relevant current response at the bare
BDD.

In the peak observed at a positive potential, Fe undergoes
oxidation from FeII as FeIII[FeII(CN)6]

− (PB) to FeIII as
FeIII[FeIII(CN)6] (PY).44,45

Further electrocatalysis of H2O2 was performed at negative
potentials as PB is known as a superior electrocatalyst for the
reduction of H2O2, according to the reaction in eqn (5).46,47

FeII4 K4[Fe
II(CN)6]3(PW) + 2H2O2 /

FeIII4 [FeII(CN)6]3(PB) + 4OH− + 4K+ (5)

Chronoamperometry measurements at various potentials
between −0.1 V to −0.4 V were conducted in a solution con-
taining 10 mM H2O2 with the PB-BDD electrode (Fig. 4). The
highest current response was observed at −0.2 V. This result
Fig. 4 (a) Chronoamperometry of 10mMH2O2 in 0.1 M PBS (pH 7.4) at
various potentials; (b) current response vs. the applied potentials. WE:
PB-BDD.

This journal is © The Royal Society of Chemistry 2025
conrms the potential of the maximum peak of the cyclic vol-
tammogram of PB/PW redox reactions, which was reported at
around−0.1 V to−0.2 V.28 Accordingly, the potential−0.2 V was
used for further analysis.

For potential applications in a biosensor, signal stability for
both methods was studied at their optimum potential in PBS at
pH 7.4 containing 100 mM H2O2 (Fig. 5). Luminol ECL signal at
bare BDD was stable for 10 measurements as the ECL intensity
showed an RSD of 4.8%. BDD is well-known for its chemical
stability, which can prevent surface fouling, therefore retaining
good electrochemical response under continuous measure-
ments. The stability of the BDD surface is due to sp3 carbon
hybridization, which contributes to the very weak adsorption
properties and makes BDD an ideal non-active electrode.

On the contrary, the reduction current at the PB-BDD elec-
trode signicantly decreases by about 30% aer 10 measure-
ments. The probable reason of the progressive loss of catalytic
activity is the leaching of PB by the reaction with hydroxide ions,
which are produced from the reaction with H2O2 according to
the reaction in eqn (6),44 although the phosphate electrolyte,
which contains KCl is known to stabilize the PB lm.

FeIII4 [FeII(CN)6]3 + 12OH− / 4Fe(OH)3 + 3[FeII(CN)6]
4− (6)

The loss of PB from the BDD electrode surface was also
conrmed by cyclic voltammetry of the PB-BDD aer the
stability test (Fig. 5b, inset), which showed a lower current for
PB/PG, in particular for the redox peak of PW/PB, which plays
a pivotal role in the reduction of H2O2.
Fig. 5 Stability of the signal responses of PBS at pH 7.4 containing 100
mM H2O2 performed with (a) luminol ECL at single unmodified BDD
electrodes, and (b) electrocatalyst at PB-BDD.

Anal. Methods, 2025, 17, 1790–1796 | 1793
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Fig. 6 Calibration curve of (a) chronoamperometry ECL of luminol
and (b) electroreduction by PB of various concentrations of H2O2 at
optimum potential. Error bars indicate standard deviation from tripli-
cate measurements.

Fig. 7 Evaluation of selectivity for H2O2 100 mM determination on the
(a) luminol ECL and (b) electroreduction by PB in the presence of
possible interferences compounds at 100 mM. Error bars indicate
standard deviation from triplicate measurements.
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The quantitative detection of H2O2 was performed using
both analytical methods (Fig. 6), where response was found to
be proportional with the H2O2 concentrations. The linear range
of luminol ECL was from 0 to 100 mM (R2 = 0.9975) with an
estimated limit of detection (LOD, S/N = 3) of 2.59 mM (Fig. 6a).
In the case of PB-BDD electrocatalyst, the linear range was from
40 to 100 mM (R2= 0.9954) with an estimated LOD of 4.92 mM. In
particular, our PB-BDD had a sensitivity of about 110 times (23 A
cm−2 M−1) higher than those previously reported for PB on BDD
(0.21 A cm−2 M−1).28

The analytical performances of both methods have been
compared in Table 1. BDD shows a better detection limit using
PB as a catalyst, particularly for low H2O2 concentration
measurements compared with other electrodes.20,21 However,
electrocatalyst Pt has better performance than PB at the BDD
Table 1 Comparison of the current work against other literature studies

Electrode Detection method

HRP-nano-undoped BDD16 Colorimetry
Pt BDD18 CV
Hemepeptide-peroxidase-
BDD19

CA

PB-fCNT/GC20 CA
PB nanocubes/GO21 CA
CdSeQDs/GO-Au/GCE22 ECL
G/rGO/polyHm23 CV
PB-BDDThis work CA
BDDThis work ECL

1794 | Anal. Methods, 2025, 17, 1790–1796
electrode.17 The developed ECL methods are favourable among
other reported sensors and mostly have lower limit detection
than normal electrochemistry.16,19–21,23 However, previous work
reported an ECL method using glassy carbon modied with
quantum dots, graphene, and gold nanoparticles that showed
better performance.22 This is because an unmodied BDD
electrode was used in this work, while that research used
modied electrodes for better catalytic performance.22

Several potential interferences were studied to investigate
the selectivity of the developed sensingmethods. Both proposed
methods have good selectivity towards H2O2 and not being
affected by interfering species, although luminol ECL was
slightly enhanced by the presence of sulphate (Fig. 7b),
however, the possible reasons are still unclear.

The nal comparison of the two sensing methods was
assessed on the detection of hydrogen peroxide for a complex
of various detection methods for the measurements of H2O2

Linear range (mM) LOD (mM)

0–40000 100
0.05–20000 0.1
0.1–1000 105

50–800 15
0–150 40
0.5–500 0.5
9.9–50 8.86
40–100 4.92
0–100 2.59

This journal is © The Royal Society of Chemistry 2025
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Table 2 Determination of H2O2 in toothpaste sample using proposed
methods. Error represents the standard deviation (n = 3)

Spiked (mM)

Found (mM) Recovery (%)

ECL PB ECL PB

20 23.18 � 0.01 37.68 � 0.80 111 155
40 41.77 � 0.02 41.06 � 0.93 104 98
60 62.87 � 0.03 59.41 � 0.59 105 94
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matrix, and in this case, toothpaste was chosen as the real
sample. The recovery performance was evaluated by matrix
spiking of different H2O2 concentrations (Table 2). The results
showed a recovery of H2O2 between 104 to 111% and 94 to 156%
for ECL and PB, respectively. Although comparable results
could be achieved, a very high recovery percentage (155.27%)
was observed when spiking 20 mM using the PB electrocatalyst
method, probably due to the interference from components in
the toothpaste. Consequently, it can be concluded that
although both sensing strategies are acceptable for practical
applications, the ECL method provided a more accurate
response.
Conclusions

Two different electrochemical methods were successfully
compared for the detection of H2O2, namely luminol ECL and
electroreduction by Prussian blue catalyst, both used a boron-
doped diamond electrode. Luminol ECL showed a lower
detection limit with an LOD of 2.59 mM compared to 4.92 mM for
Prussian blue. A comparable selectivity of the luminol ECL and
PB-BDD electrochemical current was shown in the presence of
glucose as well as Fe3+ and Cl− ions. Nevertheless, an increase in
the ECL signal was measured in the presence of sulphate. Both
methods detected H2O2 in the toothpaste matrix, although
better accuracy of luminol ECL than Prussian blue was found at
lower H2O2 concentration. These results indicate that the
developed sensor could potentially be used as a cholesterol
sensor with cholesterol oxidase as the recognition element. This
is because the cholesterol concentration will be proportional to
the H2O2 detected.
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