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ABSTRACT: An electrogenerated chemiluminescence (ECL) system by the in-situ coreactant production, where Ru(bpy)3
2+ 

emission is generated at a boron-doped diamond (BDD) electrode, is presented.  The system takes advantage of the unique properties 
of BDD to promote oxidation of carbonate (CO3

2─) into peroxydicarbonate (C2O6
2─), which further reacts with water to form hydrogen 

peroxide (H2O2), which acts as a coreactant for Ru(bpy)3
2+ ECL. Investigation of the mechanism reveals that ECL emission is 

triggered by the reduction of H2O2 to hydroxyl radicals (OH●) which later react with the reduced Ru(bpy)3
+ molecules to form excited 

states, followed by light emission. The ECL signal was found to increase with the concentration of CO3
2─, therefore with the 

concentration of electrogenerated H2O2, although at the same time, higher concentrations of H2O2 can quench the ECL emission 
resulting in a decrease in intensity. The carbonate concentration, pH and oxidation parameters, such as potential and time, were 
optimized to find the best emission conditions.

INTRODUCTION
Sensors and biosensors take enormous advantage of 

electrochemical methods,1,2 of which electrogenerated 
chemiluminescence (ECL) is a leading transduction technique, 
which is used in clinical diagnostics,3 and is prominent in point-
of-care testing.4 

Thanks to the combination of electrochemical stimulus and 
luminescent response, ECL showed (i) the best signal to noise 
ratio, theoretically without any background emission, with a 
detection limit typically in the range of pM; (ii) broad dynamic 
range of more than six order of magnitude, (iii) rapid 
measurement (i.e., few seconds), and (iv)  small working 
volume for analysis (tenth of a μl).

In ECL process the signal generation is achieved by 
homogeneous electron transfer between the radical species 
generated at the electrode, to form a light emitting excited 
species.5–8 The so-called coreactant method is mainly applied 
for analytical purposes, where tris(bipyridine)ruthenium(II) 
Ru(bpy)3

2+ and tri-n-propylamine is the leading couple, as the 
luminophore and coreactant, respectively. The overall ECL 
mechanism leads to consumption of the coreactant, a sacrificial 
molecule, with continuous regeneration of the luminophore, in 
a catalytic cycle. The mechanisms of coreactant ECL can be 
achieved for oxidation or reduction reactions, for example tri-

n-propylamine (oxidative-reduction)9 and peroxydisulfate 
(reductive-oxidation),10 respectively.

The advantage of coreactant ECL, compared to annihilation 
ECL, where both the cation and the anion of the luminophore 
are needed, is the feasibility of mechanisms that work in 
aqueous solutions, within the water potential window. Although 
coreactant approach paved the way for extended analytical 
applications in commercial immunoassay and biosensors in 
biocompatible environments, the high concentration of 
coreactants shows some disadvantages such as toxicity and may 
represent a severe drawback in some bioanalytical 
applications.11,12 In addition the electrochemical reactions that 
trigger ECL occurs typically at quite high electrodic potential 
and could be affected by the electrode material and its surface 
proprieties.13 Therefore the analytical signal measured (i.e., 
light) may differ significantly depending on the type of 
electrode used.  For example, applying anodic currents at an 
electrode in an aqueous solution leads to surface modifications, 
such as the formation of metal oxides14 and surface oxygen 
terminations.15  On the other hand, cathodic currents may drive 
sufficient hydrogen evolution to hamper ECL by overwhelming 
the electrochemical reactions of the luminophore and 
coreactant. Nevertheless, reductive-oxidation ECL has been 
reported on nanoporous gold electrodes,16 carbon paste 
electrodes17 and glassy carbon electrodes,18 however, this 
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mechanism is still less common than the oxidative-reduction 
mechanism.

Recently, we demonstrated that boron-doped diamond 
(BDD) is a superior electrode material for reductive-
oxidation.19 Furthermore, we reported a new ECL system, the 
Ru(bpy)3

2+/SO4
2─ system, achieved only at BDD electrode, 

where peroxydisulfate for the ECL reaction is electrogenerated 
by oxidation of the unreactive sulfate precursor.20 Since the 
oxidation of sulfate occurs at high overpotential (E0 = 2.01 V vs 
SHE,21 2.52-3.08 V vs NHE22), the generation of ECL is 
possible only thanks to the wide potential window of BDD, 
combined with the electro-oxidation of SO4

2─.23 Other reactive 
compounds are also known to be generated using BDD 
electrodes, such as hydrogen peroxide from hydroxyl 
oxidation24–26 (E0 = 1.77-1.91 V vs SHE),27–29 which is also a 
coreactant for ECL.18,30,31 Although BDD is able to 
electrogenerate hydrogen peroxide by oxygen reduction, 
efficient production requires an acidic pH23,25,26,32 that might 
enhance the hydrogen evolution process at cathodic currents, 
and consequently affect the ECL reductive-oxidation 
mechanism.

On the other hand, hydrogen peroxide can be conveniently 
prepared by electro-oxidation of carbonate in aqueous solution 
(E0 CO3

2─/●─ = 1.59 V at pH 12 vs NHE)33–35 at a BDD 
electrode.36–39  The electrogeneration mechanism includes the 
formation of peroxydicarbonate (C2O6

2─), mediated by OH●, 
which reacts with water to form hydrogen peroxide and 
carbonate (CO3

2─).
Here, we report on a coreactant free Ru(bpy)3

2+/CO3
2─ ECL 

system that proceeds by the in-situ production of hydrogen 
peroxide at BDD electrode via carbonate oxidation and 
subsequent peroxydicarbonate hydrolysis, giving the overall 
ECL reaction depicted in Figure 1.

Figure 1. ECL scheme of the proposed reaction mechanism for the 
Ru(bpy)3

2+/CO3
2─ system at a BDD electrode. The colors describe 

the electrochemical reactions on carbonate (pink), the H2O2 
coreactant (blue), and the ruthenium luminophore (orange). Ru = 
Ru(bpy)3.

EXPERIMENTAL
Materials.  All the reagents were obtained commercially and 

used without further purification. Ru(bpy)6Cl2•6H2O was 
purchased from TCI (Japan), HClO4, NaClO4, Na2CO3, H2O2 
from WAKO (Japan), and Na2CO3•1.5H2O2 from Sigma-
Aldrich. D2O (99.9%) was obtained from Cambridge Isotope 
Laboratories, Inc. Acetone (TCI) and trimethoxyborane (TCI) 
were used in the preparation of the BDD. Double distilled water 
(18.2 M at 25°C) was obtained from a Simply-Lab water 
system (DIRECT-Q3 UV, Millipore).

Preparation of the BDD Electrodes.  BDD films were 
deposited on silicon (111) wafers (Shinwa Tsusho) using a 
microwave plasma-assisted chemical vapour deposition 
(MPCVD) system (CORNES Technologies/ASTeX-5400). 
Acetone and trimethoxyborane were used as the carbon and 
boron sources, respectively, with an atomic ratio of B/C ≈ 1% 
([B] in BDD ≈ 2 × 1021/cm3).  The surface morphology of the 
BDD was examined with a field emission scanning electron 
microscope (SEM, JEOL JCM-6000). Raman spectra were 
recorded with an Acton SP2500 (Princeton Instruments) with 
excitation wavelength of 532 nm from a green laser diode at 
ambient temperature (Figure S1).

Electrochemical Measurements and ECL. All 
electrochemical measurements were conducted with a 
potentiostat (PGSTAT302N, Metrohm) using a single-
compartment three-electrode Teflon cell with 1% BDD, Pt or 
glassy carbon (GC) as the working electrode, a Pt spiral as the 
counter electrode and an Ag/AgCl (saturated KCl) electrode as 
the reference electrode. The working electrode area was 0.635 
cm2. The ECL signal was measured with a photomultiplier tube 
(PMT, Hamamatsu R928) placed at a fixed height from the 
electrochemical cell, inside a dark box. A high voltage power 
supply socket assembly with a transimpedance amplifier 
(Hamamatsu C6271) was used to supply 500 V to the PMT, 
using an external trigger connection to the potentiostat DAC 
module. Light/current/voltage curves were recorded by 
collecting the amplified PMT output signal with the ADC 
module of the potentiostat. ECL spectra were collected by a 
SEC2000 Spectra system UV-visible spectrophotometer (ALS 
Co., JP). 

Prior to each measurement, the BDD surface was pretreated 
to guarantee reproducibility, with cathodic reduction at −3.5 V 
followed by anodic oxidation at +3.5 V (total fixed charge of 
0.1 C in each step) in 0.1 M NaClO4 solution. The GC (Tokai 
Carbon, Japan) and Pt (Nilaco Co., Japan) electrodes were 
cleaned with a 0.5 μm alumina suspension on cloth tape, then 
sonicated in double distilled water for 5 min (2 times), and dried 
with a nitrogen stream. All experiments were carried out at 
room temperature.

In Situ Attenuated Total Reflectance-Infrared (ATR-IR) 
Measurements.  The BDD film used for the in-situ IR 
measurements was deposited onto a Si ATR prism using the 
MPCVD system, as described above. The carbon and boron 
sources were methane and trimethylboron, respectively, with a 
B/C ratio of 1%. The BDD on the prism, a glassy carbon rod, 
and Ag/AgCl (saturated KCl) were used as the working, 
counter, and reference electrodes, respectively, and controlled 
by a PGSTAT204 (Metrohm). Spectra were recorded with a 
Fourier-transform IR spectrometer (FT/IR-6600, JASCO 
Corp.) with a liquid-nitrogen-cooled mercury-cadmium-
telluride (MCT) detector. Each spectrum was measured at a 
resolution of 4 cm−1.

To record the infrared spectra (ATR-IR), the following 4-step 
sequence was carried out: 1) background (BG) acquisition at 
one potential (Ebase); 2) application of an oxidation pulse at 2.5 
V for 20 seconds (tOx); 3) acquisition of a second spectra at Ebase 
and subtraction of the BG spectrum; 4) application of 0 V while 
bubbling nitrogen for 10 seconds to restore the initial conditions 
(Figure S2). This sequence was repeated 25 times, with 20 
spectra acquired in step 3, so that each spectrum was the 
average of 500 scans.
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Subtractively normalized interfacial Fourier-transform 
infrared spectroscopy (SNIFTIRS) mode was also employed 
with same spectroelectrochemical setup. The detailed 
procedure for this is given in the Supporting Information 
(Figure S2).

RESULTS AND DISCUSSION
The electrochemical and the ECL properties of Ru(bpy)3

2+
 in 

Na2CO3 aqueous solution at a BDD electrode were first 
investigated by cyclic voltammetry (CV). The CV was 
conducted by first scanning the potential from 0 V to 2.5 V 
followed by scanning to a negative potential up to −2.5 V. 
Figure 2a (red line) shows that a high ECL signal was observed 
during the CV starting from −1.5 V reaching a peak at around 
−1.9 V. This ECL emission is due to a combination of the 
unique properties of BDD, which combine an efficient 
generation of peroxydicarbonate, and a high overpotential for 
the hydrogen evolution reaction, allowing ECL to be obtained 
through reductive-oxidation mechanism. ECL emission was 
observed only with the carbonate solution, while no significant 
signal was observed with the NaClO4 solution (Figure 2a, 
black) (see discussion for further details about the background 
signal). The same experiment conducted with conventional 
electrode materials such as GC and platinum could not generate 
any ECL signal (Figure S3), although carbonate can be oxidized 
at Pt electrodes,40 and GC electrodes (Figure S3, inset), the 
higher current for the hydrogen evolution reaction prevents the 
generation of ECL 

The first positive scan generated the peroxydicarbonate from 
the oxidation of carbonate, which further reacts with water to 
produce hydrogen peroxide according to the following 
mechanism:40,41

CO3
2─ → CO3

●─ + e─ (1)
2CO3

●─ → C2O6
2─ (2)

C2O6
2─ + 2H2O → H2O2 + 2HCO3

─ (3)

Peroxydicarbonate hydrolysis was confirmed with a rotating 
ring-disk electrode where the current for H2O2 oxidation was 
simultaneously measured during oxidation of the carbonate.40 
At a BDD electrode, the oxidation of the carbonate is mediated 
by OH● generated from hydroxide oxidation:24,42 

BDD + OH─ → BDD(OH●) + e─ (4)

Therefore, we can write the overall equation for the oxidation 
of the carbonate as:37-39,43

  
2BDD(OH●) + 2CO3

2─ → 2BDD + C2O6
2─ + 2OH─ (5)

where BDD represents the active site on the electrode surface.

      

Figure 2. Comparison between (a) the ECL measurements and (b) 
the CVs of 10 µM Ru(bpy)3Cl2 in aqueous solutions (pH 11.5) of 
100 mM Na2CO3 (red) and 100 mM NaClO4 (black). The potential 
was swept from 0 V, first to 2.5 V then to −2.5 V. Scan rate: 100 
mV/s.

The CV in Na2CO3 (Figure 2b, red line) shows a significantly 
higher anodic current compared to that in NaClO4 (Figure 2b, 
black line), confirming the oxidation process of the carbonate. 
For both electrolytes, an onset oxidation potential of 1.1 V was 
observed, with a peak at 1.3 V in NaClO4 solution. This was 
previously reported to be the oxidation of hydroxide ions at a 
BDD electrode (eq. 4),44,45 which mediates the oxidation of 
CO3

2─ (eq. 5). The second scan, toward negative potentials, 
generated the ECL with the H2O2 produced from the EC 
oxidation mechanism of the carbonate, with the following likely 
mechanism, as proposed by Choi and Bard for the 
Ru(bpy)3

2+/H2O2 system:18

H2O2 + e─ → OH● + OH─ (6)
Ru(bpy)3

2+ + e─ → Ru(bpy) 3
+  (7)

Ru(bpy)3
+

 + OH● → Ru(bpy)3
2+* + OH─  (8)

Ru(bpy)3
2+* → Ru(bpy)3

2+ + hv  (9)
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The ECL emission is obtained after both H2O2 (eq 6) and 
Ru(bpy)3

2+
 (eq 7, E0 = −1.48 V vs Ag/AgCl) are reduced, 

followed by homogeneous electron transfer (eq 8), which leads 
to the emission of light (eq 9). In the cathodic scan, the 
reduction peaks at ≈ −0.8 V are from sp2-carbon impurities on 
the BDD surface. The second peak at ≈ −1.5 V for the NaClO4 
solution is oxygen reduction,43,46,47 since it can be easily 
removed after nitrogen bubbling (Figure S4). The cathodic scan 
for Na2CO3 shows a peak starting at ≈ −1.5 V, at the same 
potential as ECL, likely to be oxygen and peroxydicarbonate 
reduction, since the hydrogen peroxide reduction peak is not 
clearly observed even when using H2O2 directly (Figure S5). 
The ECL spectrum confirms the emission from Ru(bpy)3

2+* 
(Figure S6), with a peak emission wavelength at ≈ 620 nm. 
Without Ru(bpy)3

2+, no ECL signal was obtained (Figure S7). 
Furthermore, the ECL emission was triggered by hydrogen 
peroxide produced in the first positive scan, via the EC 
mechanism of electrogenerated peroxydicarbonate, and not 
from hydroxyl radicals produced by hydroxide oxidation48 (eq 
4) or H2O2 from the recombination of hydroxyl radicals,25 
because only slightly detectable ECL signal was observed in the 
NaClO4 solution (Figure 2a, black line).

In line with this hypothesis, no ECL was observed when the 
first positive scan was swept to a value insufficient to generate 
peroxydicarbonate (Figure S8), although in this case, a weak 
ECL signal could be observed. This signal is likely to have 
originated from the annihilation reaction mechanism between 
oxidized Ru(bpy)2+, electrogenerated at E0 = 1.07 V (vs 
Ag/AgCl), and the reduced Ru(bpy)2+, as follows49: 

Ru(bpy)3
3+ + Ru(bpy)3

+ → Ru(bpy)3
2+* + Ru(bpy)3

2+  (10)

Moreover, the background emission in the NaClO4 solution 
(Figure 2a, black line) can be ascribed to this mechanism.

Figure 3. ECL emission for 10 µM Ru(bpy)3Cl2 with different 
coreactants (pH 7): 25 mM Na2CO3 (red) with potential first 
scanned to 2.5 V then −2.5 V; 10 mM H2O2 (blue) and 6.7 mM 
Na2CO3•1.5H2O2 (black) in 100 mM NaClO4 with potential 

scanned from 0 V to −2.5 V. Scan rate was 100 mV/s. The signals 
have been shifted for clarity.

In order to support the hypothesis of the ECL mechanism 
with H2O2, we carried out experiments comparing carbonate 
solution with percarbonate (Na2CO3•1.5H2O2), and hydrogen 
peroxide solutions (Figure 3, Figure S5). The two solutions 
contained the same amount of hydrogen peroxide at a 
concentration of 10 mM and the CVs were directly swept from 
0 V to −2.5 V. The ECL signals appear to be similar in all three 
systems, therefore supporting the hypothesis that hydrogen 
peroxide is the coreactant in the Ru(bpy)3

2+/CO3
2 - system, as 

outlined in the reaction sequence given in eqs 6-9.
Furthermore, the ECL emission was found to be quenched 

when DMSO, a well-known OH● scavenger,50,51 was added to 
the solution (Figure S9). The residual ECL emission can be 
ascribed to the annihilation reaction (eq. 10). This highlights the 
role of OH● in the ECL mechanism.52

To gain an insight into the ECL emission mechanism of the 
present system, the effect of the oxidation potential was 
investigated using two-potential step chronoamperometry 
(CA). In the first step, an oxidation potential is applied for a 
fixed time (1s), while in the second step a potential of −2.0 V 
triggers the ECL reaction (Figure 4). The ECL signal in the 
second step was integrated to quantify the emission as a 
function of the oxidation potential of the first step (Figure 4, 
inset). The ECL emission was found to increase linearly from 
1.8 V to 2.5 V, which indicates an increase in hydrogen 
peroxide from the electrogenerated peroxydicarbonate. The 
weak ECL emission at 1.5 V was assumed to be due to the 
annihilation reaction of Ru(bpy)2+ (eq 10), similar to that 
obtained by cyclic voltammetry (Figure S8). The present ECL 
system can work at a potential of 1.8 V, which is 500 mV lower 
than that with our previously reported Ru(bpy)3

2+/SO4
2─ system 

(Figure S10, S11).

Figure 4. ECL intensity for 100 mM Na2CO3 and 10 µM 
Ru(bpy)3Cl2 by two-step chronoamperometry: E1 = Eox V, tox = 1 s; 
E2 = −2.0 V, t2 = 9 s. Potentials: 1.5 V (black), 1.8 V (red), 2.0 V 
(orange), 2.2 V (green), and 2.5 V (blue). Insets: (top) plot of 
integrated ECL as a function of oxidation potential; (bottom) 
applied potential used in the chronoamperometry.
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Furthermore, the influence of the oxidation time (tox) on the 
system was also investigated by CA to find the highest ECL 
emission. The current measured at a potential of 2.5 V during 
the first step in the presence of carbonate was integrated and 
found to increase linearly with the square root of oxidation time 
(Figure 5a), suggesting that the oxidation process was 
controlled by carbonate diffusion,52 with increasing amounts of 
peroxydicarbonate, therefore hydrogen peroxide. On the other 
hand, the integrated ECL emission showed an increase up to 5 
s, then nearly stable emission up to 20 s (Figure 5b). The ECL 
is highly affected by the gradient of the coreactant in the 
diffusion layer, which gives a lower peak intensity and broader 
emission. In fact, the diffusion layer thickness for carbonate 
with 1 to 20 s oxidation times ranges roughly from 100 to 600 
µm.53,54 This results in broader ECL emission and an increased 
delay time to reach the maximum intensity (Figure S12).

Figure 5. a) Integrated charge at 2.5 V for different oxidation times 
for 10 µM Ru(bpy)3Cl2 in 100 mM Na2CO3 (black), 100 mM 
NaClO4 (blue), and the difference (red). b) ECL intensity by 
chronoamperometry: E1 = 2.5 V, tox = 1s (black), 2.5s (red), 5s 
(orange), 10s (green), 15s (sky blue), and 20s (blue); E2 = −2.0 V, 
t2 = 30 s. Inset: plot of integrated ECL (black), and ECL intensity 
peak (blue) as a function of oxidation time.

The effect of pH on the ECL signal was investigated using 
CV measurements from pH 11.5, the pH of the starting Na2CO3 
solution, to pH 4 (Figure 6). The oxidation current, ascribed to 
CO3

2−, was found to decrease with decreasing pH (Figure S13), 
suggesting less peroxydicarbonate, and thus less H2O2, was 
generated. This might be the effect of pH on the equilibrium of 
the carbonate species, with the following reactions: 

CO3
2─ + H2O ⇌ HCO3

─ + OH─            pKa = 10.33 (11)
HCO3

─ + H2O ⇌ H2CO3 + OH─           pKa = 6.35 (12)
H2CO3 ⇌ CO2(aq) + H2O                                           (13)
CO2(aq) ⇌ CO2(g)                                                      (14)

In the neutral region, the concentration of carbonate is less 
dominant compared to the bicarbonate, and as the current 
decreases in the oxidation scan, we can infer that it is the 
carbonate ions that is oxidized rather than hydrogenated species 
such as bicarbonate or carbonic acid.  However, the ECL signal 
increases as the pH decreases from 11.5, reaching a maximum 
at pH 7, while a further decrease down to pH 4 almost 
suppresses the ECL completely. In this case, the stability of the 
hydrogen peroxide generated in the solution seems to be the 
main factor for the ECL emission, since hydrogen peroxide is 
more stable when the pH is neutral or acidic.55–57 Moreover, 
carbonate can promote the decomposition of hydrogen 
peroxide.58 In conclusion, the ECL emission peak at pH 7 is due 
to two trends, (i.e., the decreasing CO3

2─ oxidation current and 
the increasing OH● stability). Hydrogen evolution at pH 4 can 
hardly be the reason for the decrease in ECL, since we have 
already demonstrated that this pH does not affect the ECL 
emission at BDD electrode.19 

Figure 6. ECL intensity by cyclic voltammetry for 100 mM 
Na2CO3 and 10 µM Ru(bpy)3Cl2 with different pH adjusted by 
adding appropriate amounts of HClO4 to the solution. The potential 
was first swept to 2.5 V then −2.5 V with a scan rate of 100 mV/s. 
Inset: plot of integrated ECL intensity as a function of pH. 

The ECL emission as a function of Na2CO3 concentration 
was investigated from 25 mM to 1000 mM using CA (Figure 
7). In the present system, the ECL signal is stable (Figure S14) 
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and it was found to be linear within the range of 25 mM to 200 
mM (Figure S15) and reaches a plateau at 500 mM Na2CO3. 
The decrease at 1 M Na2CO3 can be explained by the possibility 
of hydrogen peroxide quenching the Ru(bpy)3

2+*, since it can 
be seen that the carbonate oxidation charge (Figure S16) 
increased with carbonate concentration, suggesting that 
hydrogen peroxide is also increasing. This phenomena has 
previously been reported by Choi and Bard18 with the maximum 
ECL emission achieved at 1 mM of H2O2 in 100 µM 
Ru(bpy)3Cl2 in a pH 7.5 phosphate buffer, with a quenching rate 
constant of 5.7×106 M−1 s−1.

In our experimental setup, equivalent ECL emission was 
obtained in the linear range with a sensitivity to hydrogen 
peroxide of 0.015×[H2O2]/mM (Figure S17) compared to a 
sensitivity to carbonate of 0.003×[CO3

2─]/mM (Figure 7, inset).
The ECL relative efficiency, compared to H2O2 is 20% and it 

reaches the maximum at 200 mM of CO3
2─ (Figure S16).

Figure 7. ECL intensity for 10 µM Ru(bpy)3Cl2 in 25 mM (black), 
50 mM (red), 100 mM (orange), 200 mM (green), and 500 mM (sky 
blue), 1000 mM (blue) Na2CO3 solutions. Two-step 
chronoamperometry: E1 = 2.5 V, t1 = 1 s; E2 = −2 V, t2 = 9 s. Inset: 
integrated ECL as a function of Na2CO3 concentration.

Finally, we considered the energy needed to form 
Ru(bpy)3

2+*. The Gibbs free energy for formation of the excited 
state, ΔGes, can be written as:59

ΔGes (eV) ≈ E0’(Ru(bpy)2+/+) − E0’(OH●/OH─) 
    + Ees(Ru(bpy)3

2+*)

where Ees is the energy of the excited state of Ru(bpy)3
2+* (2.12 

eV).18 E0’(Ru(bpy)2+/+ is −1.28 V (vs SHE), while 
E0’(OH●/OH─) is 1.77 - 1.91 V (vs SHE)27-29, therefore the ΔGes 
is −0.93/1.07 eV, enough to populate the excited states of 
Ru(bpy)3

2+.
Further, the contribution of peroxydicarbonate cannot be 

overlooked, since it is present in the diffusion layer and may act 
as a coreactant. In fact, the redox potential of the couple 
CO3

●−/CO3
2− is similar to that of the hydroxyl radical, E0’ = 1.59 

V,33-35 enough to excite the Ru(bpy)3
2+. This may explain the 

residual ECL signal when DMSO is used to quench the OH●, in 
addition to annihilation reaction. 

The contributions of carbonate oxidation and hydrogen 
peroxide in the present ECL system were investigated by ATR-
IR spectroscopy, as we previously demonstrated for other 
electrochemical systems.60–63 

In the first instance, we recorded the spectra of carbonate and 
hydrogen peroxide which are the main species involved in the 
ECL reaction, in order to identify the two features of interest, 
where both compounds have an absorption at ≈ 1370 - 1380 cm-

1 (Figure S18). The oxidation of carbonate gave a negative peak 
(Figure S19) as a result of depletion near the electrode surface; 
however, this intensity decreased, and an almost identical 
wavenumber prevented direct identification of hydrogen 
peroxide. A clear difference in absorption intensity for 
carbonate oxidation was observed if performed in H2O or D2O, 
therefore we inferred a different reactivity for 
peroxydicarbonate hydrolysis.64 Spectra collected in the 
potential region of ECL emission showed an intense peak at 
1380 cm-1 only for carbonate in H2O, while carbonate in D2O 
and perchlorate in H2O (i.e., BG) did not show this signal 
(Figure 8, S20).

We ascribe this absence of a peak at 1380 cm-1 to slow or 
even no peroxydicarbonate hydrolysis to generate hydrogen 
peroxide in D2O. This also implies that OH● is not a source of 
hydrogen peroxide in this electrochemical system (Figure 8, 
black line), which agrees with lack of relevant ECL emission in 
NaClO4.  Interestingly, this IR peak starts at a potential of −1.5 
V (Figure S21), the same potential at which the ECL signal 
appears (Figure 2, red line), and has a lower intensity in the 
presence of Ru(bpy)3

2+ (Figure S22) as hydrogen peroxide is 
consumed in the ECL reaction.

Figure 8. ATR-IR spectra on a BDD electrode in 0.5 M Na2CO3 in 
H2O (red) and in D2O (blue), and 0.5 M NaClO4 in H2O (black). 
Each spectrum was measured at Ebase = −2.5 V after 20 seconds 
oxidation pulse at 2.5 V.

CONCLUSION
A coreactant-free ECL system using Ru(bpy)3

2+ as the 
luminophore in aqueous solutions containing carbonate is 
reported. The underlying mechanism involves the oxidation of 
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carbonate to peroxydicarbonate, which hydrolysis leads to the 
in-situ production of the coreactant, hydrogen peroxide. This 
ECL system was made possible only by using a BDD electrode, 
which has a wide potential window and promotes direct 
oxidation of hydroxide, allowing the mediated oxidation of 
carbonate, while at the same time suppressing hydrogen 
evolution at the cathodic currents where the ECL reaction takes 
place. The ECL emission was found to be dependent on the 
carbonate concentration, so can be applied to carbonate 
detection, while it can be controlled by several parameters such 
as the pH, the oxidation potential and time to tune the ECL 
intensity.
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