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Electrogenerated chemiluminescence (ECL) refers to the phenomenon of light emission from molecular
species which is triggered by an electrochemical reaction. Therefore, like most electrochemical systems,
the electrode material plays a pivotal role and much effort has been made in order to find the best
material for ECL, in terms of light signal intensity and long-term stability, especially after the
development of ECL for analytical applications. In this article, we will introduce and highlight the
distinctive features of boron-doped diamond (BDD) as an electrode material for ECL which has
complementary properties compared to the most common metals (e.g., Au or Pt) and carbon materials
(e.g., glassy carbon, carbon nanotubes and graphene). Boron-doped diamond electrodes emerged as
novel electrodes, gaining more and more interest from the electrochemical community for their peculiar
characteristics such as a wide solvent window, low capacitance, resistance to fouling and mechanical
robustness. Furthermore, compared to metal electrodes, BDD does not form an oxide layer in aqueous
Received 28th March 2023, solutions, and the sp® carbon hybridization gives BDD the ability to enable peculiar electrochemical
Accepted 16th May 2023 reactions that are not possible on sp? carbon materials. Electrogenerated chemiluminescence
DOI: 10.1039/d3cc01507f investigations with boron-doped diamond electrodes have been reported for common ECL systems
(luminophores and co-reactants), and special ECL that is only possible on BDD which includes the
rsc.li/chemcomm in situ electrochemical generation of the co-reactant.
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Introduction

Electrogenerated chemiluminescence, also known as electro-
chemiluminescence (ECL), is the emission of photons from a
molecular species following a homogeneous high-energy (2-3 eV)
electron transfer process in solution, which is triggered by a
heterogeneous electrochemical reaction. The first experiments on
luminescence induced by electrolysis date back to the 1920s™* and
1954.> The development of ECL as it is known nowadays began in
the mid-1960s with the pioneering works of Hercules," Chandross®
and Bard.® Nowadays, the research on ECL is mainly focused on
analytical applications, mostly concerning important biological
targets found in serum, plasma, whole blood, and cells.”® The
advantages peculiar to ECL are (1) high sensitivity achieved from
amplification of the signal, (2) a broad dynamic range, (3) a low
background as a result of the decoupling of electrochemical
stimulus from the light signal, and (4) fast measurement. However,
the molecular electrochemistry approach is still very important.’®
The latter comprises the development of new luminophores such
as inorganic complexes'®'" or organic molecules,"” either freely
diffusing in solution or embedded within nanosystems,*™” and
ECL imaging with spatial and temporal resolution for the investiga-
tion of reaction mechanisms,'®® and biological applications.*”>*
Because ECL is primarily triggered by a heterogeneous electro-
chemical reaction, electrode materials are crucial in the signal
development and intensity, and this subject was already reviewed
for common electrode materials.>® Here, we focus our attention on
doped diamonds, as special electrode materials with their own
peculiarities, for application in electrochemiluminescence.

Doped diamonds are semiconducting materials, and have
received increasing attention in the electrochemical field over
the last few decades, in electroanalytical chemistry,>®~® organic
and inorganic electrosynthesis,®>*® and water treatment.*!
Nitrogen, phosphorus and boron are the typical elements used
for diamond doping, although boron is the most used element.
Boron-doped diamond (BDD) is a p-type semiconductor
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S,0%™ + e~ — SO~ + SO2~ (1.1)
Ru(bpy)%* + e~ 2 Ru(bpy)3 (1.2)

Ru(bpy)? +S,032~ — Ru(bpy)3* + SO5~ + S0%~ (1.3)
Ru(bpy)3 + SO3~ — Ru(bpy)3** + S03~ (1.4)
Ru(bpy)3** — Ru(bpy)3* + hv (1.5)

Scheme 1 Reductive-oxidation ECL mechanism for Ru(bpy)z2*/S,0g°".

material, and has several notable features when used as an
electrode, such as a wide potential window, low capacitive
currents, high chemical and physical stability, the ability to
endure very high potential, and better resistance to fouling
compared to other conventional electrodes.*® In particular, due
to the wide potential window provided by BDD, both oxidation
and reduction ECL reactions are accessible without interfer-
ence from water oxidation or proton reduction, in addition to
new pathways for the in situ co-reactant generation directly.
Furthermore, depending on the growth of the diamond, the
amount of boron concentration, and the pretreatment before
the electrochemical measurement, the electrochemical proper-
ties of BDD can be adjusted at will, making it an even more
interesting electrode material for electrochemists.

Because the research on ECL at BDD electrodes investigates
mainly the co-reactant mechanisms,”” a useful classification is
the distinction among the luminophores/co-reactants used, i.e.,
the reaction mechanism involved in the light generation. These
include tris(bipyridine)ruthenium(u), and luminol as lumino-
phores, and tri-n-propylamine, peroxydisulphate, and hydrogen
peroxide as co-reactants, in particular for the in situ generation
of the co-reactant, as developed by our research groups.

Reductive-oxidation co-reactant

Peroxydisulfate is a well-known co-reactant for reductive-
oxidation ECL (Scheme 1).*"*
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Fig.1 ECL (a) and corresponding cyclic voltammograms (b) with BDD
(black), GC (blue), and Pt (red) electrodes (0.635 cm?) for 10 uM Ru(bpy)s>*
and 100 puM S,04%~ in 200 mM phosphate buffer (pH 6.8). Scan rate:
100 mV s~ In a, the curves are shifted for clarity. ECL and peak potential as
a function of pH (c). ECL as a function of peroxydisulfate concentration (d).
Reproduced from ref. 46 with permission of the American Chemical Society.

The ECL of tris(bipyridine)ruthenium(), [Ru(bpy)s]**/perox-
ydisulfate (S,05>7) at a BDD electrode was investigated through
cyclic voltammetry and the results were compared with those of
Pt and GC electrodes (Fig. 1).*°

No ECL signals were observed with Pt and GC electrodes,
although there was a detectable ECL emission with the GC
electrode when the Ru(bpy);>" concentration was increased by
5 times. In contrast, the ECL signal from the BDD electrode was
clearly evident. The rate of hydrogen evolution, which is related
to the cathodic current (BDD < GC « Pt), adversely affects the
ECL emission, preventing light detection, and hindering the
reduction of Ru(bpy);** and peroxydisulfate in favour of proton
reduction. The higher overpotential for proton reduction at
BDD, compared to GC and Pt, makes diamond electrodes far
superior for reductive-oxidation ECL in aqueous solutions.

A pH variation, from 9 to 4, resulted in two distinctive
effects: an increase in the ECL emission which was ascribed
to lower quenching by hydroxyl ions of sulphate radical anions,
and a shift to negative potentials of the ECL peak. Although the
cathodic current for hydrogen evolution increased, this was not
a limiting factor that hindered the ECL emission, at least until
pH 4, while at pH 3, the ECL decreased and it completely
turned off at pH 2. However, this might be responsible for the
potential shift of the ECL peak to more negative values as the
pH decreased.

The ECL response as a function of peroxydisulfate concentration
was linear at low peroxydisulfate concentrations (1-100 pM), and
the maximum emission occurred at 10 mM, while at 100 mM, the
emission decreased due to the oxidative quenching of the excited
state of Ru(bpy);>" by peroxydisulfate ions. Interestingly, we found
new evidence of ECL emission for solutions with a Ru(bpy)s;>'/
peroxydisulfate ratio down to 1/1000, while previous data from
White et al.*® reported a value of 1/20 and Yamazaki-Nishida et al.*’
reported a ratio of 1/200. This increases the range of available
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TPrAH* 2 TPrA + H* (2.1)
TPrA — TPrA®t + e~ (2.2)
TPrA®* — TPrA® + H* (2.3)
Ru(bpy)%* 2 Ru(bpy)3* + e~ (2.4)
Ru(bpy)3* + TPrA® — Ru(bpy)3*™™ + P, (2.5)
Ru(bpy)%** — Ru(bpy)3* + hv (2.6)

Scheme 2 Oxidative-reduction ECL mechanism for Ru(bpy)s2* and TPrA.
P, is the degradation product of TPrA®* by oxidation and following
hydrolysis.

persulfate concentrations that can be used profitably without
interference from oxidative quenching, which will enable a wider
range of Ru(bpy);>* detection.

Oxidative-reduction co-reactant

Tri-n-propylamine is the most used and studied tertiary amine
co-reactant in ECL for inorganic complexes, mainly of ruthe-
nium and iridium.**>° The [Ru(bpy);]**/tri-n-propylamine
(TPrA) couple is the benchmark for academic research'® and
the only available system in commercial applications of ECL for
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Fig. 2 ECL intensity and cyclic voltammograms (a) at 100 mV s~ for
10 pM Ru(bpy)s2* and 100 mM TPrA in 0.2 M phosphate buffer (pH 8.0).
Logarithmic plot of kgt for TPrA oxidation at anodic oxidised (AO, red), and
cathodic reduced (CR, black) BDD electrodes (b). Potential referred to Ag/
AgCl (KCl sat'd). Reproduced from ref. 56 with permission of the American
Chemical Society.
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TPrAH* 2 TPrA + H* (3.1)
TPrA - TPrA®** + e~ (3.2)
TPrA** — TPrA® + H* (3.3)
Ru(bpy)3* + TPrA® — Ru(bpy)? + P, (3.4)
Ru(bpy)? + TPrA®* 2 Ru(bpy)3™ + TPrA (3.5)
Ru(bpy)3** — Ru(bpy)3* +hv (3.6)

Scheme 3 Mechanism involved in ECL emission before Ru(bpy)s>* oxi-
dation, triggered only TPrA oxidation. P; is the degradation product of
TPrA® from oxidation and following hydrolysis.

clinical analysis,”® with previous attempts to investigate this
system also on BDD.>'™® The oxidative-reduction mechanism
leading to ECL emission has been long established (Scheme 2),
and this mechanism applies when Ru(bpy),>" is freely diffusing
in solution, i.e., the direct oxidation at the electrode is possible
(eqn (2.4)).**

The ECL from this mechanism is reported in Fig. 2 for the
anodic oxidized (AO) and cathodic reduced (CR) surface states of
BDD.>® CR-BDD performed better compared to AO-BDD, with
higher intensity and lower onset potential of emission. This is a
direct consequence of different kinetics for TPrA oxidation,
where a higher current for CR-BDD leads to higher ECL intensity.
This was further confirmed by measuring the rate of electron
transfer (kgr, Fig. 2b). CR-BDD has higher hydrophobicity than
AO-BDD as a consequence of the hydrogen terminated surface,
facilitating the adsorption of the hydrophobic TPrA molecule
before oxidation. The lower onset potential for ECL emission,
especially before Ru(bpy);>* oxidation, depends on TPrA oxida-
tion as well, although it is more affected by a different mecha-
nism which requires only TPrA oxidation (Scheme 3).

Furthermore, this mechanism is of outmost importance
because it is the only active mechanism leading to ECL emis-
sion in bead-based immunoassay analysis.

Interestingly, the mechanism swapping from Ru(bpy),** free
diffusing to labelled on beads is evident from the pH effect on
the TPrA oxidation and follow up reactions (Fig. 3).

Normalised ECL
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Fig. 3 Normalised ECL as a function of pH at the 1% BDD electrode:
Ru(bpy)s* free diffusing in solution (black), and Ru(bpy)s>* labelled on
2.8 um beads deposited on the electrode (red). Author's own elaboration
based on data available from ref. 56.
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Fig. 4 ECL imaging from 2.8 ym Ru(bpy)s>* labelled beads for AO-BDD
(a) and CR-BDD (b). The images were obtained by applying a constant
potential of 1.7 V (vs. Ag/AgClL 3 M KCl) for 4 s. Scale bar: 10 um.
Comparison of the bead profile lines (c) and integrated ECL (d) for AO-
BDD (red) and CR-BDD (black). ECL intensity obtained from single
Ru(bpy)s>* labelled beads at 100 mV s~! through CV (e). Solution:
100 mM TPrA in 0.2 M phosphate buffer (pH 7.0). Reproduced from ref.
56 with permission of the American Chemical Society.

The ECL relationship with pH is dictated by two opposite
effects: (i) a pH increase will bring a higher amount of free TPrA
available for oxidation (i.e., TPrAH' is not electroactive,
eqn (3.1) and (3.2)); meanwhile, (ii) higher concentrations of
hydroxyl ions promote the TPrA*" deprotonation by proton
scavenging which leads to lower ECL (eqn (3.3)-(3.5)).

The ECL generated by BDD has been investigated by ima-
ging single Ru(bpy);>* labelled beads (Fig. 4) which mimics
exactly an ECL immunoassay. According to the mechanism
proposed by Miao et al,” which was re-examined by Zanut
et al.,” the emission is described using Scheme 3. ECL from
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Fig. 5 Integrated ECL from Ru(bpy)s®" labelled beads for AO-BDD at
2.4 V (red), CR-BDD at 1.6 V (black), and Pt at 1.5 V (green). Solutions:
100 mM TPrA in 0.2 M phosphate buffer (pH 7) for both AO-BDD and CR-
BDD electrodes; 180 mM TPrA and 0.1 wt % Cy>Eg surfactant in 0.2 M
phosphate buffer (pH 6.9) for Pt electrode. Reproduced from ref. 56 with
permission of the American Chemical Society.
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Ru(bpy);>" labelled beads is clearly evident from BDD, although
AO-BDD resulted in higher emission compared to CR-BDD, as
opposite to Ru(bpy);>" in solution.

To assess the full potential of BDD in analytical applications,
the ECL has been benchmarked against Pt electrodes which is
used in analytical instrumentation with bead conjugates for
clinical analysis.>””*® In this case, the electrodes are covered
with a layer of Ru(bpy);>" labelled beads, and the ECL is the
sum of all single bead emissions.

As shown in Fig. 5, AO-BDD has a superior ability to produce
ECL as the emission reached a value 70% higher compared to
Pt electrodes.

Metal electrodes, such as Pt, are known to develop a layer of
metal oxide during potential application that suppresses the
ECL signal by hindering TPrA oxidation. For this reason, they
benefit from the addition of surfactants to prevent the for-
mation of the surface oxides and favour the TPrA adsorption,
therefore enhancing the ECL signal.*>*%° However, BDD could
achieve a higher ECL signal without surfactant addition; it
showed a signal-to-noise ratio for AO-BDD that was 2 times
higher compared to Pt electrodes, and noteworthily, the
amount of TPrA needed was lowered from 180 to 100 mM with
a significant savings of this toxic and relatively expensive
chemical.’® These results can be a step forward for its practical
application beyond fundamental studies to expand the fron-
tiers of ECL immunoassays and BDD electrodes.

As a concluding remark, we would like to draw attention to
the opposite ECL outcome of the CR-BDD and AO-BDD when
used in homogeneous (Fig. 2) or heterogeneous (Fig. 4 and 5)
systems. Although the better performance of CR-BDD com-
pared to AO-BDD in homogeneous systems has been straight-
forwardly attributed to the faster oxidation rate of TPrA
(Fig. 2b), the better performance of AO-BDD compared to CR-
BDD in heterogeneous systems does not have a suitable expla-
nation. This subject is still a matter of investigation; however
we want to point out that these opposing results are not
necessarily in contradiction as the ECL systems are homoge-
neous vs heterogeneous, and the optimal potentials applied are
different. In addition, the same results on beads were con-
firmed independently by two methods: (1) single bead emission
detected using a CCD camera (Fig. 4), and (2) collective bead
signals measured using a PMT (Fig. 5).

Co-reactant in situ generation

Besides analytical applications,*” BDD is well-known for electro-
chemical advanced oxidation processes, in particular the produc-
tion of oxidants from hydroxyl radical mediated processes.®***

The reaction sequence initiated by hydroxyl radicals can
generate radicals active as co-reactants if particular species are
present in solution. We proved this concept by the generation
in situ of peroxydisulfate and hydrogen peroxide, as co-
reactants for Ru(bpy);>* and luminol, by oxidation of sulfate
and carbonate, respectively. The procedure is rather straight-
forward, not requiring any particular electrode geometry, with
the reactive co-reactant generated on the electrode surface for a
short time.
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Fig. 6 Reaction mechanism of electrochemiluminescence from
Ru(bpy)s>" on BDD electrode with sulphate ions. Ru = Ru(bpy)s. Repro-

duced from ref. 64 with permission of the American Chemical Society.

Peroxydisulphate co-reactant from sulphate oxidation

The reaction mechanism for the generation of the peroxydisul-
phate co-reactant from sulphate oxidation and following ECL
reaction with Ru(bpy);>" is depicted in Fig. 6.%*

The ability of BDD (i) to promote peroxydisulphate generation
with high efficiency was coupled with (ii) the high overpotential
for the hydrogen evolution reaction to allow, in the end, the
efficient ECL generation in a Ru(bpy);>*/S0,>~ aqueous solution.
The mechanism begins with sulphate oxidation at BDD
(Scheme 4) during the first positive scan of cyclic voltammetry.

Then, it proceeds with the ECL mechanism of Ru(bpy);**/
peroxydisulphate as reported previously in Scheme 1 during the
negative potential scan and emission started at —1.5 V, in
conjunction with Ru(bpy);>" reduction to Ru(bpy);" (Fig. 7).

On the other hand, the cyclic voltammetry curves obtained
in the absence of sulphate ions, that is, in aqueous KClO,
(Fig. 7a, red line) showed only a much lower ECL emission which
has been ascribed to annihilation mechanism (eqn (1)) from
Ru(bpy);>" oxidation and reduction during cyclic voltammetry.
Such a mechanism, which involves a couple of fluorophores in
either their oxidized and reduced form, is generally unobserved
in aqueous media where the prevailing hydrogen evolution
reaction prevents the formation of the reduced species
Ru(bpy);", while in the present case it would be made possible
by the high overpotential for hydrogen evolution on BDD.

Ru(bpy);" + Ru(bpy)s®*  Ru(bpy);*'* + Ru(bpy)s*" (1)
Oxidation charge for sulphate oxidation increased linearly
with oxidation time, thus suggesting that the formation of
surface reactive species (eqn (4.1)), rather than diffusion of
the sulphate, controls the oxidation process. In contrast, the
ECL signals decreased linearly with the square root of oxidation
time for sulphate, indicating that the efficiency of the overall

BDD + H,0 — BDD(OH") + H* + e~ (4.1)
BDD(OH") + SO%~ — BD(S0;™) + OH™ (4.2)
BDD(SO;™) + SO2~ - BDD +S,0%™ +e (4.3)

Scheme 4 Electrogeneration of peroxydisulphate at BDD by sulphate
oxidation.

This journal is © The Royal Society of Chemistry 2023
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Fig. 7 ECL (a) and corresponding cyclic voltammograms (b) comparison
between 0.1 M Na,SO4 (black) and 0.1 M KClOy4 (red) with 5 uM Ru(bpy)sCly
in water solution. Scan rate 100 mV s~ potential referred to Ag/AgCl
(KCl sat'd). Reproduced from ref. 64 with permission of the American
Chemical Society.

ECL generation process is limited by diffusion of the sulphate
precursor to the electrode and of electrogenerated peroxydisul-
fate toward the bulk of solution (Fig. 8a).

The ECL generation was investigated at various sulphate
concentrations. There was a linear range from 10~ M to 0.1 M,
followed by a slower increase of ECL emission which reached a
plateau at [SO,>"] ~ 0.5 M, stable until 1 M. However, the
charge for oxidation was linear until 2 0.6 M and kept increasing
until 1 M. The observed trend of ECL intensity vs. sulphate
precursor concentration can be ascribed to the known ability of
peroxydisulfate ions to effectively quench the excited state
Ru(bpy);>**, as demonstrated previously (Fig. 1d).

Hydrogen peroxide co-reactant from carbonate oxidation

If carbonate is used instead of sulphate, it is possible to obtain a
co-reactant for Ru(bpy);>* through the same procedure already
presented, although not carbonate radicals, but hydrogen perox-
ide will be involved in the ECL generation.®> The sequence of
chemical reactions involved in this Ru(bpy);>*/carbonate ECL
system is reported in Scheme 5 for hydrogen peroxide production.

The ECL generation involves reactions reported in Scheme 6, in
agreement with the “reductive-oxidation” mechanism for H,0,.%

ECL can be obtained by cyclic voltammetry of Ru(bpy);>* in
carbonate aqueous solution (Fig. 9), first scanning the potential
from 0 V to 2.5 V to generate the hydrogen peroxide (Scheme 5),
followed by scanning to a negative potential up to —2.5 V to
generate the ECL emission (Scheme 6) concurrently to
Ru(bpy);>* reduction at —1.5 V.

The ECL emission was found to increase linearly from 1.8 to
2.5 V, which indicates an increase in hydrogen peroxide pro-
duction from the electrogenerated peroxydicarbonate (Fig. 10a).

This journal is © The Royal Society of Chemistry 2023
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Fig. 8 ECL intensity transients measured by chronoamperometry with
5 uM Ru(bpy)sCl,: (a) in 0.1 M Na,SO4 aqueous solution (inset: integrated
ECL intensity vs. square root of sulphate oxidation time step, toy). (b) ECL
at various Na,SO4 concentrations (Inset: integrated ECL intensity as a
function of concentration). Reproduced from ref. 64 with permission of
the American Chemical Society.

If the oxidation time was increased, the ECL emission
showed an increase up to 5 s and then nearly a stable emission
up to 20 s (Fig. 10b). The ECL is highly affected by the gradient
of the co-reactant in the diffusion layer. In fact, the diffusion
layer thickness for carbonate within 1-20 s oxidation times
ranges roughly from 100 to 600 pm. This results in a lower peak
intensity, in broader ECL emission, and an increased delay
time to reach the maximum intensity.

Because carbonate is a weak base, the effect of pH on the ECL
signal was investigated to highlight the effect of the carbonate/
bicarbonate couple. The oxidation current was found to decrease
with decreasing pH, and because in the neutral region the
concentration of carbonate is less dominant compared to that

BDD + OH™ — BDD(OH") + e~ (5.1)
2BDD(OH") + 2C0%~ — 2BDD + C,0%~ + 20H" (5.2)
C,0%™ + 2H,0 - H,0, + 2HCO3 (5.3)

Scheme 5 Hydrogen peroxide production from carbonate oxidation at
BDD.
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H,0, + e~ — OH" + OH™ (6.1)
Ru(bpy)3* + e~ — Ru(bpy)3 (6.2)
Ru(bpy)3 + OH* — Ru(bpy)3** + OH~ (6.3)
Ru(bpy)%** — Ru(bpy)3* + hv (6.4)

Scheme 6 Reductive—oxidation ECL mechanism for Ru(bpy)s>*/H,O,.

0.7
a)
0.6

0.5
0.4

0.3+

ECL intensity / a.u.

0.2+

0.14

i/ mA

-1.0 0 1.0 2.0
E/V

Fig. 9 ECL (a) and corresponding cyclic voltammograms (b) comparison
between 0.1 M NaClO,4 (black) and 0.1 M Na,COs (red) with of 10 uM
Ru(bpy)sCl, in water solution (pH 11.5). Scan rate 100 mV s, potential
referred to Ag/AgClL (KCl sat'd). Reproduced from ref. 65 with permission of
the American Chemical Society.

of the bicarbonate, the current measured could be ascribed the
carbonate ions rather than bicarbonate. However, the ECL signal
increased as the pH decreased from 12 to 7, while a further
decrease in pH to 4 also resulted in a decrease in the ECL
emission, with the maximum ECL emission being observed at
pH 7. In this case, the stability of the hydrogen peroxide
generated in solution might be responsible for the ECL emission,
as hydrogen peroxide is more stable at neutral or acidic pH.
Moreover, carbonate can promote the decomposition of hydrogen
peroxide. In conclusion, the ECL emission as the pH decreases is
influenced by two trends: (i) the decreasing carbonate oxidation
current therefore, low hydrogen peroxide production, and (ii) the
increasing hydrogen peroxide stability.
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Fig. 10 ECL emission as function of: oxidation potential, Ex (a); oxidation
time, tox (b); pH (c); carbonate concentration (d). Reproduced from ref. 65
with permission of the American Chemical Society.

The ECL emission as a function of carbonate concentration
was found to be linear within the range of 0.025-0.2 M and
reached a plateau at 0.5 M. The decrease at 1 M carbonate can be
explained by the possibility of quenching the Ru(bpy);>* excited
state by hydrogen peroxide, similar to peroxydisulphate. The
carbonate oxidation increased with carbonate concentration,
suggesting that hydrogen peroxide production is also increasing.
The ECL efficiency compared to that of hydrogen peroxide was
20%, and it reached the maximum at 200 mM of carbonate.

Attenuated total reflectance-IR spectroscopy revealed a dif-
ference in absorption when the carbonate oxidation was per-
formed in H,O or D,O (Fig. 11).

Only oxidation of carbonate in H,O, as opposed to carbonate
in D,O or perchlorate in H,O showed a signal at around

—— 0.5 M Na,COj in H,0

Absorbance

— 0.5 M NaClO, in H,0
— 0.5 M Na,CO, in D,0

LR I UL UL UL I
1500 1450 1400 1350 1300
Wavenumber /cm’”
Fig. 11 Attenuated total reflectance-IR spectra on a BDD electrode:
0.5 M Na,COs in H,O (red), in D,O (blue); 0.5 M NaClO4 in H,O (black).
Oxidation at 2.5 V (vs. Ag/AgCl, KCl sat'd). Reproduced from ref. 65 with
permission of the American Chemical Society.
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Fig. 12 ECL intensity by cyclic voltammetry of 100 uM luminol in 100 mM
Na,COs (red) and in 100 mM NaClO,4 (black) at pH 12. Scan rate,
100 mV s~1 Reference electrode: Ag/AgCl (KCl Sat'd). For clarity, the
potentials of forward and backward scans have been plotted consecu-
tively, and peaks are named using roman numerals. Subscripts “f" and “b"
stand for forward and backward, respectively. Reproduced from ref. 75
with permission of the American Chemical Society.
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1380 cm ™ * which can be interpreted by slow or even no peroxy-
dicarbonate hydrolysis to generate hydrogen peroxide in D,O.
This also implies that hydrogen peroxide was not generated
during oxidation without carbonate, which is consistent with
the lack of relevant ECL emission in NaClO,.

In this particular process for hydrogen peroxide production,
Ru(bpy);>* can be replaced with luminol, a classical compound
for hydrogen peroxide detection in chemiluminescence,®” and
electrochemiluminescence.?>®”””° The classical ECL of luminol
and hydrogen peroxide by using BDD was reported previously,
for example, our group investigated a particular application for
the detection of hypochlorite,”* in addition to investigations of
reaction mechanisms.”>”*

ECL from the luminol/carbonate system can be obtained
through an oxidation step only (Fig. 12).”°

The ECL emission was obtained in the whole potential range
from 0 V to 4 V, both in the forward and backward scan, for a
total of 4 peaks.

The peak I is the ECL from direct luminol oxidation, while
peak II is peculiar of BDD where hydrogen peroxide is gener-
ated by carbonate oxidation (Scheme 5). Peak III was associated
to accumulation of hydrogen peroxide in bulk solution.

The reaction of luminol and hydrogen peroxide is reported
in Scheme 7.

Direct correlation with carbonate concentration was obtained
for peak II, validating the direct involvement of carbonate oxida-
tion in the ECL development (Fig. 13a); therefore we focused our
attention on this peak for the following pH investigation.

In fact, it was possible to shed light on the species between
carbonate and bicarbonate which underwent oxidation at the
BDD electrode. The ECL emission was not detected when
bicarbonate was the prevalent species in solution (pH 8), while
the ECL emission increased promptly with the molar fraction of
carbonate (Fig. 13b). This clearly confirms that the electrochemical
oxidation in carbonated solutions on the BDD electrode is specifi-
cally on carbonate rather than bicarbonate or both anions. We
reported this evidence for the first time,”> which was later sug-
gested by other researchers.”®
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LoL*t+e” (7.1)
L*t>L*+Ht (7.2)
L* + H,0, - 3AP" (7.3)
3AP* - 3AP + hv (7.4)

Scheme 7 Simplified ECL reaction mechanism of luminol and hydrogen
peroxide. L = luminol, 3AP = 3-aminophthalate dianion.

In conclusion, the in situ production of the co-reactant from
inactive species permitted to realise new ECL pathways which
could not be obtained using common electrode materials,
highlighting the outstanding ability of BDD. As a highly pro-
mising transduction method in analytical chemistry, ECL by
in situ production of the co-reactant might hypothetically fulfil
this task. However, the emission intensities are generally low
(vide infra) which might preclude real analytical applications. In
contrast, it could find application in mechanistic investigation,
for example, as we showed in the discrimination of carbonate/
bicarbonate oxidation for the production of hydrogen peroxide.

Effect of boron concentration

The level of boron doping can affect greatly the electrochemical
properties of BDD,”® ie., the ECL generation and intensity;
therefore we investigated this effect for a range of boron
concentrations near the transition of hopping-metallic conduc-
tion, as it was observed near 3 x 10%° em™? (Fig. 14).”°

Q 160+
1404
1204
- 1004
©
5 804
(@]
w 604
404
204
04
0 50 100 150 200
b [Na,COz] / mM

HCO3 0%~

Mole fraction of carbonate
7103 pazijewioN

Fig. 13 (a) ECL emission as a function of carbonate concentration and (b)
mole fraction of carbonate (left y-axis), and ECL emission (right y-axis) as a
function of pH (ECL signals are normalized to the maximum of peak Il¢).
Reproduced from ref. 75 with permission of the American Chemical
Society.
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The ECL emission was evaluated for all the previous systems
(Fig. 15). Ru(bpy);>*/TPrA was confirmed to be a superior ECL
couple, also on BDD. The tunable proprieties of BDD, as the
concentration of boron is changed, have shown that every ECL
system has its own optimal boron concentration. Furthermore,
this proves that BDD offers a remarkable advantage compared
to electrodes where the properties are intrinsic of the material
used because the properties can be tuned through boron
doping and electrochemical pretreatment, which later show a
remarkable effect on the ECL emission.

a s o 5 5 Luminol
co;*
4 Ru(bpy);*
] o
w
B 34 Ru(bpy),?*
2 S0,z
©
E 2
S Ru(bpy);?*
5,05
1 Ru(bpy);**
_—° TPrA
0 T T T T T T T 1

[B]x10*' / cm™

b
1.01 0.008
o 0.8 0.006
o
i}
T 06 0.004
2
g 0.002
5 04
z
0.000
0.24 Ru(bpy):**  Ru(bpy);**  Ru(bpy)*
5,0 50, co,*
004 . . s
Ru(bpy);2 Ru(bpy);2 Ru(bpy);? Ru(bpy);>* Luminol
TPrA 5,0 SO €O €O

Fig. 15 (a) ECL emission as a function of the boron doping level in BDD;
(b) relative ECL emission normalised to Ru(bpy)s2*/TPrA for the best boron
doping level from (a). Author's own elaboration based on data available
from ref. 77.
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Table 1 Summary of ECL systems at BDD and relative parameters

BDD In situ

B/C  Beads co-reactant pH Rel. ECL
Ru(bpy);>'/TPrA 1% X 8 1

7 (beads)

Ru(bpy);>*/S,04*~ 1% X X 4 0.008
Ru(bpy);>'/sOs°>~ 2% X $,05%" 'S 0.0004
Ru(bpy);>/CO>~ 1% X H,0, 7 0.0006
Luminol/CO;*~ 01% X H,0, 11 0.06

Boron concentrations in the range 3-6 x 10*" cm ™ were

found generally the most suitable for ECL applications. While
higher boron concentrations can result in the insertion of a
non-negligible amount of sp” carbon during BDD fabrication,
lower boron concentrations might exhibit sluggish electron
transfer kinetics. This highlights that care must be taken when
investigating the electrochemical system of interest to select the
most appropriate boron concentration. For this reason, the
effect of boron doping should be considered as a general
parameter worth the optimization. In addition, we can infer
that cathodic reduction of the BDD surface is more suitable for
oxidation reactions, while it is the opposite for reduction
reactions where anodic oxidation of the BDD surface seems
more appropriate.

Conclusions

Here we revised the ECL studies conducted in recent years by
our research groups, where the most relevant ECL systems have
been examined by using boron-doped diamonds as electrode
materials. These comprised Ru(bpy);>/tri-n-propylamine,
Ru(bpy);>*/peroxydisulphate, Ru(bpy);>*/sulphate, Ru(bpy)s;>*/
carbonate, and luminol/carbonate. Sulphate and carbonate
are not co-reactants for ECL, but thanks to the properties of
BDD, it was possible to generate in situ the co-reactants
peroxydisulphate and hydrogen peroxide, respectively. From
the perspective of in situ co-reactants, we would like to point
out that new ECL reactions can be unveiled by using cutting-
edge electrode materials, which might advance the ECL toward
more robust and sensitive technological applications. As a final
remark, although this review focuses on ECL, some of the
reaction mechanisms are of general application, and could be
helpful in the broad context of electrochemistry with boron-
doped diamond electrodes. We have summarised important
parameters in Table 1 to show the electrochemiluminescence
with boron-doped diamonds at a glance.
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