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ABSTRACT: We report on the use of boron doped diamond electrodes for the electrochemiluminescence (ECL) of the
coreactant peroxydisulfate and the luminophore ruthenium(II)-tris(2,2'-bipyridine). Compared to common electrode materials
(i.e., Pt, Au, glassy carbon), boron doped diamond has a large overpotential for the evolution of hydrogen in aqueous electrolyte
solutions. This intrinsic feature enables reductive-oxidation ECL with peroxydisulfate to be obtained without interference from
hydrogen evolution and with high reproducible signals and stable emission. We investigated the effects of the peroxydisulfate
concentration and the pH on the ECL emission to find the optimal conditions for enhancing the signal.

lectrogenerated chemiluminescence (ECL) is a complex
phenomenon involving light emission triggered by
electrochemical reactions at an electrode surface. Despite
the emission being generated from an excited state by a
homogeneous electron transfer in solution, ECL is highly
dependent on the electrode material, since this may have a
large effect on the heterogeneous electron transfer that ignites
ECL.” The combination of electrode material and solvent is
also extremely important, fixing the available potential window.
Nowadays, aqueous solutions are prominent in analytical
ECL applications,” ™ and thanks to the optimal signal-to-noise
ratio, ECL is a leading technique in bioanalysis, also in very
complex matrixes such as urine and serum.””® On the other
hand, organic solvents retain a useful application in
luminophores characterization,” ™ "? emitting devices,"*™'® and
mixed annihilation.'”” However, water oxidation and hydro-
gen evolution hampers the possibilities of ECL. This drawback
has been overcome by the use of a coreactant, a sacrificial
molecule that allows the generation of ECL within the water
potential window. This dependency was investigated to a great
extent for many ECL coreactant/electrode material systems”
and mainly for the oxidative-reduction ECL mechanism of
Ru(bpy);>*/tri-n-propylamine.”"**

For example, ECL for the Ru(bpy),*/tri-n-propylamine
system has oxidation potentials of 1.27 and 1.12 V (vs NHE),
respectively, which are comparable or lower than the potential
for water oxidation, 1.23 V (vs NHE).

On the other hand, ECL working with a cathodic current by
the reductive-oxidation coreactant mechanism can be easily
hampered by hydrogen evolution.”® In fact this approach is
used mainly in organic solvents,”*" although coreactant ECL
has been reported for water solutions with carbon paste
electrodes and glassy carbon electrodes, for peroxydisul-
fate®*™*® and hydrogen peroxide.29 In this context, the
electrode material can play a crucial role by shifting the
hydrogen evolution to a higher potential, while retaining the
reduction potentials for the ECL reactants.”*’

Boron doped diamond electrodes (BDD) have a wider
potential window in water compared to common electrode
materials, with a high overpotential for hydrogen evolu-
tion,”"*” thus are highly suited to reductive-oxidation ECL in
water. Moreover, the properties of BDD electrodes are tunable




33,34 .
and various surface

by the amount of sp* carbon
functionalizations are easily accessible.” >’ However, nowa-
days, ECL applications of the reductive-oxidation of perox-
ydisulfate are performed at GC or carbon based electro-
des**™** that limit the sensitivity of this ECL system.

Here, we report on the electrogenerated chemiluminescence
of the Ru(bpy);>*/peroxydisulfate system using boron doped
diamond electrodes. We examine a wide range of perox-

ydisulfate concentrations and the effect of the pH value.

B EXPERIMENTAL SECTION

Materials. Ru(bpy);Cl,-6H,0, NaClO,, Na,S,04,
KH,PO,, and Na,HPO, were purchased from Wako Pure
Chemical (JP) and used without further purification. A
phosphate buffer (PB) was prepared at pH 6.8 using
KH,PO, and Na,HPO, only. Pure double distilled water
(ddw), conductivity <18 M, was obtained from a SimplyLab
water system (DIRECT-Q3 UV, Millipore).

Preparation of BDD. The BDD films were deposited on a
silicon (111) wafer using a microwave plasma-assisted
chemical vapor deposition (MPCVD) system (CORNES
Technologies/ASTeX—5400). Trimethoxyborane and acetone
were used as the boron and carbon sources, respectively, with
an atomic ratio of B/C = 1% (B =~ 2 X 10?!/cm?). The surface
morphology of the BDD was examined using a field emission
scanning electron microscope (FESEM, JEOL JSM-7600F).
Raman spectra were recorded with an Acton SP2500
(Princeton Instruments) with an excitation wavelength of
532 nm from a green laser diode at ambient temperature
(Figure S1).

Electrochemical Measurements. All the ECL measure-
ments were conducted with a conventional three-electrode
system in a PTFE cell (2.5 cm®) with a 1% BDD, a Pt or glassy
carbon (GC) working electrodes (0.635 cm®), counter
platinum spiral, and Ag/AgCl (saturated KCI) reference
electrode (all potentials throughout the text are referred to
this electrode). The electrodes were connected to an Autolab
PGSTAT302N (Metrohom).

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 S00 V to the
PMT, using an external trigger connection to the Autolab DAC
module. Light/current/voltage curves were recorded by
collecting the amplified PMT output signal with the ADC
module of the Autolab. ECL spectra were collected by a
SEC2000 Spectra system UV—visible spectrophotometer (ALS
Co.,, JP), by means of an optical fiber on top of the
electrochemical cell.

The BDD electrode was cleaned by sonication in
isopropanol for S min, rinsed in ddw, and dried in a stream
of nitrogen. Prior to each ECL measurement, the BDD surface
was pretreated electrochemically to guarantee reproducibility,
by performing 10 voltammetric cycles between —2.0 and 2.0 V
followed by 10 cycles between 0 and —2.0 V in a 0.1 M
NaClO, solution at a scan rate 0.3 V/s. The GC (Tokai
Carbon, JP) and Pt (Nilaco Co., JP) electrodes were cleaned
with 0.5 ym alumina powder on cloth tape, then sonicated in
ddw for 5 min, rinsed in ddw, and dried in a nitrogen stream.

B RESULTS AND DISCUSSION

First, we investigated the ECL of Ru(bpy);**/peroxydisulfate
at a BDD electrode by cyclic voltammetry and we compared
this with the results obtained using Pt and GC electrodes
(Figure 1). However, there were no ECL signals with the Pt
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Figure 1. Comparison of ECL (a) and CV (b) with BDD (black), GC
(blue), and Pt (red) electrodes for 10 uM Ru(bpy);** and 100 uM
S,04>” in 200 mM PB. The scan rate is 100 mV/s and the pH 6.8. In
part a, the curves are shifted for clarity.

and GC electrodes, though there was detectable ECL emission
for Ru(bpy);**/peroxydisulfate with the GC electrode when
the concentration was S times higher (Figure S2). In contrast,
the ECL signal from the BDD electrode was high. 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 favor 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.
The ECL signal starts at —1.47 V corresponding to
Ru(bpy);**/Ru(bpy);* (E° = —1.46 V), with a steep rise at
—1.5 V and a maximum at —1.6 V. The ECL with the GC
electrode shows similar potentials; however, a higher
concentration of Ru(bpy),**/peroxydisulfate was needed
(Figure S2), similar to that used by Choi and Bard where
Ru(bpy);>* was in the millimolar concentration range.”” The
BDD electrode has high ECL stability with repetitive cycling
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(Figure S3), even though a decrease in the emission is
observed after the first cycle, likely due to surface modification
after the potential scan,”"***” and commonly observed for the
ECL emission.”"*’

The ECL with the BDD electrode features two emission
peaks at different potentials. In the ECL plot, Ru(bpy);*** is
identified as the emitting species, with a maximum at 610 nm
for —1.6 V, together with a second peak at 630 nm at a
potential of —1.7 V (Figure 2 and Figure S4).
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Figure 2. 3D surface plot of ECL spectrum with a BDD electrode as a
function of applied potential. The solution is 10 M Ru(bpy);>* and

100 uM S,04*™ in 200 mM PB. The scan rate is 100 mV/s and the
pH 6.8. Integration time for the spectrum: 200 ms.

The ECL underlying the first peak is described by reactions
1—8 in Scheme 1, the mechanism of reductive-oxidation ECL
for Ru(bpy);>*/peroxydisulfate.”****

Scheme 1

S04 + & — $:04°" (1)
[Ru(bpy)s]** + e~ — [Ru(bpy)s]* ()
[Ru(bpy)s]" + $:05" — [Ru(bpy)s] + $.05*> ®3)
$:04° — SO + S0, (4)
[Ru(bpy)s]* + SO4*~ — [Ru(bpy)s]*** + SO O]
[Ru(bpy)s]** + SO4*~ — [Ru(bpy)s]** + SO (6)
[Ru(bpy)s]**+ [Ru(bpy)s]* —

[Ru(bpy)s]*** + [Ru(bpy)s]** (7)
[Ru(bpy)s]** — [Ru(bpy)s]** + hv (8)

The second ECL peak, which is a shoulder on the main
peak, is cautiously ascribed to emitting oxygen species
generated by peroxydisulfate (Scheme 2, reactions 9-15).%
This ECL emission has previously been demonstrated for
electrolysis in an aqueous solution of peroxydisulfate, where
excited oxygen species such as '0,, '(0,),, and *(0,), were
generated. 7% The emission is quite broad, with a range of
wavelengths from 500 to 700 nm. In particular, a peak at 634
nm can be assigned to the chemiluminescent reaction
(Oz(lAg))2 - (02(3Zg_))2,49_52 which is very close and can
be ascribed to the observed ECL peak of 630 nm.

Scheme 2

0:+H;0" + ¢ — HO,* + H,O ©)

0:+H,0 +e —HO:* + OH- (10)
Oz +e — O (11)
HO,* + SO,*” — HSOy + O,* (12)
0:* + $,04 — 0" + SO, + SO+ (13)
0" +804* — O," + SO (14)
0= Os+hy (15)

The ECL response as a function of the peroxydisulfate
concentration was assessed in the range from 1 yM to 100 mM
(Figure 3). A linear increase was found at low peroxydisulfate
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Figure 3. Integrated ECL emission with a BDD electrode as a
function of S04’ concentration, from 1 M to 100 mM, by cyclic
voltammetry. Inset: magnification of ECL response from 1 yM to 10
mM. Solution, 10 uM Ru(bpy);>* in 200 mM PB; scan rate, 100 mV/
s; pH, 6.8.

concentrations (1—100 gM), resulting in LOD = 0.5 yM and
LOQ =1 uM (Figure S5). The maximum emission occurs at
10 mM, while at 100 mM, the emission is much less.

This trend in ECL emission for peroxydisulfate has been
observed previously,B’45 and it reflects the oxidative quenching
of peroxydisulfate on the excited state of Ru(bpy);*" by
reaction 16, with a quenching rate constant (kq) and an
electron transfer rate constant (k,,) within the excited-state ion
pair (Ru(bpy);>**1S,04’7) of 9.8 X 10* M~' s™" and 4.2 x 10*
s7!, respectively.” Interestingly, we found new evidence for
ECL emission for solutions with a Ru(bpy);>*/peroxydisulfate
ratio down to 1/1000 (10 yM/10 mM), while previous data
from White et al.”® reported a value of 1/20 and those from
Yamazaki-Nishida et al.>” gave 1/200. This increases the range
of persulfate concentrations available that can be used
profitably without interference by oxidative quenching, which
will enable a wider range of Ru(bpy);** detection.

[Ru(bPY)s]H>k + 82082_
— [Ru(bpy),’* + SO,>” + SO,*~ (16)

We observed, not only changes in the ECL intensity with
concentration but also in the relative intensities of the first and

second peaks (Figure 4). While the first peak intensity
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Figure 4. Comparison of ECL peak intensity for first (black) and

second (red) peaks as a function of peroxydisulfate concentration.
The scan rate is 100 mV/s and the pH 6.8.

increases with concentration, through a maximum to a
quenched emission, resembling the integrated ECL of Figure
3, the second peak intensity increases with increasing
peroxydisulfate concentration. These results support the
assignment of first peak to ECL from Ru(bpy),**/peroxydi-
sulfate (Scheme 1) and the second peak to O,/peroxydisulfate
(Scheme 2).

Since the main drawback of reductive-oxidation processes in
aqueous solutions is the evolution of hydrogen, we assessed the
effect of pH on the ECL intensity by cyclic voltammetry, from
pH 2 to 9 (Figure S). Even at higher concentrations of
peroxydisulfate (1 mM), the trend is similar (Figure S6).

A decrease in pH results in two distinctive effects, an
increase in the ECL emission and a shift to negative potentials
of the ECL peak (Figure Sb). The ECL decrease from pH 4 to
9 can be ascribed to the quenching effect of hydroxyl ions on
sulfate radical anions, with a rate constant of 6.5 + 1.0 X 107
M s7! (reaction 17).54

SO,"” + OH™ - SO,”” + OH" (17)

Although the cathodic current for hydrogen evolution
increases (Figure S7), this is not a limiting factor that hinders
the ECL emission, at least until pH 4, while for pH 3 the ECL
decreases and is completely turned off at pH 2. However, this
might be responsible for the shift in potential of the ECL peak
to more negative values with decreasing pH. The decrease in
ECL due to hydrolysis of the peroxydisulfate is negligible, since
the rate constants for the hydrogen ion catalyzed thermal
decomposition of peroxydisulfate are very low at room
temperature.”” A similar trend in ECL emission was previously
observed,*® although by using ruthenium bipyrazine (Ru-
(bpz);**/Ru(bpz);" E° = —0.77 V),”” which can be protonated
at low pH, in that case decreasing the ECL emission.

B CONCLUSIONS

Here, we report on the superiority of BDD as an electrode
material for ECL from the coreactant peroxydisulfate in water.
Nowadays, many ECL applications with peroxydisulfate are
performed using GC or carbon based electrodes; however,
BDD can effectively increase the ECL emission for
peroxydisulfate, suppressing the hydrogen evolution and
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Figure 5. (a) ECL by CV for 10 uM Ru(bpy);** and 100 uM S,04>~
in 200 mM PB, for pH 2 to 9. The scan rate is 100 mV/s. (b)
Integrated ECL (black) and ECL peak potential (red) as functions of
pH.

increasing the stability, leading to higher sensitivity and
lower detection limits, which cannot be reached using GC
electrodes. ECL can be performed over a wide range of
peroxydisulfate concentrations and pH values, thus meeting
the experimental requirements of many applications. The
reported results, besides contributing to a better understanding
of the mechanisms operating in the generation of ECL, also
pave the way for the development of highly efficient ECL for
ultrasensitive bioanalysis.
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