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Electrogenerated chemiluminescence (ECL) 79.
Reductive-oxidation ECL of tris(2,2′-bipyridine)ruthenium(II) using

hydrogen peroxide as a coreactant in pH 7.5 phosphate buffer solution
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Abstract

Hydrogen peroxide (H2O2) can be used as a coreactant to generate reductive-oxidation ECL of Tris(2,2′-bipyridine)ruthenium(II),
Ru(bpy)32+ (bpy = 2,2′-bipyridine), in pH 7.5 phosphate buffer solution (PBS). Although Ru(bpy)3

+ is adsorbed and precipitated on the
electrode upon reduction of Ru(bpy)3

2+ in aqueous solutions, ECL can still be generated and scanning electrochemical microscopy (SECM)
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xperiments verified the presence of some dissolved Ru(bpy)3
+ in the solution. When H2O2 is electrochemically reduced, it produces hydro

adical (•OH). ECL is generated by an energetic electron transfer (ET) reaction between Ru(bpy)3
+ and•OH. The ECL intensity depen

n both the Ru(bpy)3
2+ and H2O2 concentrations. However, a relatively high concentration of H2O2 (>1 mM H2O2 with 0.1 mM Ru(bpy)32+)

uenches ECL significantly. H2O2 also quenches the photoluminescence of Ru(bpy)3
2+ with a quenching rate constant of 5.7× 106 M−1 s−1.

2004 Elsevier B.V. All rights reserved.
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. Introduction

Electrogenerated chemiluminescence (ECL) involves
ight emission that arises from a highly energetic elec-
ron transfer (ET) reaction between electrogenerated species.
sually, the emitting species is regenerated after ECL[1–3].
here are two main methods of generating ECL. The first

s ion annihilation, which involves ET between oppositely
harged radical ions (R•− and R•+) generated at an electrode
vide infra):

•− + R•+ → R + R∗ (1)

∗ → R+ hν (2)

here R is an ECL emitter.

∗ Corresponding author. Tel.: +1 512 471 3761; fax: +1 512 471 0088.
E-mail address:ajbard@mail.utexas.edu (A.J. Bard).

1 Present address: Kenan Laboratories of Chemistry, University of North
arolina, Chapel Hill, NC 27599-3290, USA.

The second involves the use of a coreactant, that prod
a strong reducing or oxidizing agent in a reaction follow
ET. Employing a coreactant is useful especially when e
R•+ or R•− is not sufficiently stable for the ECL annih
lation reaction, or when the solvent has a narrow pote
window so that R•+ and R•− cannot both be formed. Wi
a coreactant, ECL can be generated by applying a p
tial in one direction. Depending on the reaction path to
duce the ECL emitter in the excited state, it is referred t
oxidative-reduction or reductive-oxidation ECL. For exa
ple, oxalate ion (C2O4) [4,5] and various amines[6–9] are
used for oxidative-reduction ECL where an oxidative s
produces a strong reductant. Peroxidisulfate ion (S2O8

2−)
[10–12] is frequently used for reductive-oxidation ECL.
widely used system for coreactant ECL is the Ru(bpy)3

2+/tri-
n-propylamine (TPrA) system[8,13], shown below:

Pr2N CH2 Et− e− → Pr2N•+ CH2 Et (3)

Pr2N•+ CH2 Et → Pr2N C•H Et (4)
003-2670/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.aca.2004.11.075
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Ru(bpy)3
2+ − e− → Ru(bpy)3

3+ (5)

Ru(bpy)3
3+ + Pr2N C•H Et → Ru(bpy)3

2+∗ + P (6)

or

Ru(bpy)3
2+ + Pr2N C•H Et → Ru(bpy)3

+ + P (7)

Ru(bpy)3
3+ (from Eq. (5)) + Ru(bpy)3

+

→ Ru(bpy)3
2+∗ + Ru(bpy)3

2+ (8)

where Pr is CH3CH2CH2 , Et is CH3CH2 , and P is a reac-
tion product.

ECL produced by a coreactant has been used in a vari-
ety of aqueous analytical techniques[2,14–17], because the
electrochemical potential window of an aqueous solution is
too narrow to readily produce both sufficiently stable radical
cations and anions for annihilation ECL. Therefore, devel-
opment of a coreactant is important in adopting ECL in such
analytical techniques as well as improving sensitivity and
reproducibility of the ECL emitter/coreactant system.

H2O2 as a coreactant in ECL has not yet been reported. In
this paper, we demonstrate that hydrogen peroxide (H2O2)
can be used as a coreactant to generate ECL of Ru(bpy)3

2+ in
an aqueous solution via reductive-oxidation. We also discuss
electrochemical reduction of Ru(bpy)3

2+ in pH 7.5 phosphate
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versus Ag/AgCl, unless mentioned otherwise. All solutions
used for electrochemistry and ECL were purged with nitro-
gen gas to remove oxygen, unless mentioned otherwise.

2.3. Scanning electrochemical microscopy (SECM)

SECM measurements were performed with a CHI-
900 scanning electrochemical microscope (CH Instruments,
Austin, TX). An annealed carbon fiber 10�m diameter
(Goodfellow, Cambridge, UK) was heat-sealed in a glass
capillary to prepare the SECM tip as described previously
[19]. The RG value of this tip was 5, determined from mea-
surements with an optical microscope. A GCE (0.07 cm2)
was used as the substrate electrode. The tip was polished and
rinsed with water and acetone prior to each measurement.

2.4. Photoluminescence and ECL measurements

Photoluminescence (PL) spectra were obtained with an
ISA Spex Fluorolog-3 (JY Horiba, Edison, NJ). A quartz
cuvette with a 1 cm path length was used for all PL mea-
surements. All solutions used for PL were purged with N2
gas.

To obtain a simultaneous CV and integrated ECL signal, a
photomultiplier tube (PMT, Hamamatsu R4220p) was used,
with −750 V supplied to the PMT with a high-voltage power
s Y).
T orted
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uffer solution (PBS) using cyclic voltammetry and scann
lectrochemical microscopy (SECM).

. Experimental

.1. Chemicals and solutions

Tris(2,2′-bipyridine)dichlororuthenium(II) hexahydra
u(bpy)3Cl2·6H2O (99.99%) and sodium hydroxide we
btained from Aldrich (Milwaukee, WI) and used as
eived. Hydrogen peroxide (30%), NaH2PO4·H2O, and
a2HPO4·12H2O from Fischer Scientific Co. (Fair Law
J) were used without further purification. Phosphate bu
olution (PBS) (0.2 M) was prepared by a literature me
18] and the pH was adjusted to 7.5 by addition of 2 M Na
ll aqueous solutions used in this work were prepared
eionized water (MilliQ, Millipore).

.2. Electrochemistry

A conventional three-electrode electrochemical cell
sed for the electrochemistry and ECL experiments. G
arbon (GCE, 0.07 cm2), platinum wire (Pt, 0.4 mm diam
er), and silver/silver chloride (Ag/AgCl in saturated po
ium chloride solution) were employed as working, cou
or auxiliary), and reference electrodes, respectively. C
oltammograms (CVs) were obtained with either a CHI
lectrochemical workstation (CH Instruments, Austin, T
r a homemade potentiostat. All potentials are reported
upply series 225 (Bertan High Voltage Co., Hicksville, N
he ECL spectrum was measured as previously rep

20]. A charge-coupled device (CCD) camera (Photome
H260, Tucson, AZ) cooled to−110◦C and interfaced t
computer was used to obtain the ECL spectra. The

amera was focused on the exit slit of a grating spectrom
concave grating) having a 1 mm entrance slit (Holograp
nc.). All integrated ECL signals were produced by scan
otentials from 0 V to a potential sufficiently negative to
uce both H2O2 and Ru(bpy)32+. The ECL spectrum wa
roduced by pulsing the potential from 0 to−1.5 V.

. Results and discussion

.1. Electrochemical reduction of Ru(bpy)3
2+ in pH 7.5

BS

Electrochemical reduction of Ru(bpy)3
2+ in aqueous so

utions is rarely discussed, because the potential windo
ater is narrow and the background reduction current o

er interferes with the reduction waves of Ru(bpy)3
2+ in CV.

owever, one can see a reduction wave of Ru(bpy)3
2+ in

V even in the aqueous solution, if the following con
ions are satisfied: (a) low proton (H+) concentration, (b
ufficiently high concentration of Ru(bpy)3

2+ to overcome
he background reduction current of water, and (c) use
CE that has more negative overpotential for H+ and wa-

er reduction than metal electrodes, such as Pt and Au
xample, Fiaccabrino et al.[21] showed that ECL could b
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Fig. 1. Cyclic voltammogram (CV) of 5 mM Ru(bpy)3
2+ (solid line) in pH

7.5 PBS at 0.1 V/s. The dotted line represents the background CV at 0.1 V/s.
Inset is CV of 5 mM Ru(bpy)32+ under same conditions but scanned from
0.0 V. All CVs were measured at GCE (0.07 cm2).

obtained with the Ru(bpy)3
2+ system in aqueous solution by

generation of the +1 and +3 species. They also demonstrated
production of dissolved Ru(bpy)3

+ in aqueous solution by a
generation/collection experiment using carbon interdigitated
microelectrode arrays.

Fig. 1 shows CV of 5 mM Ru(bpy)32+ in pH 7.5 PBS,
measured at GCE (0.07 cm2) with a scan rate of 0.1 V/s.
Oxygen was removed from the solution by bubbling N2 gas
for at least 1 min. Although water began to be reduced at
around−1.25 V, this background current did not interfere
with the first reduction of Ru(bpy)3

2+. Unlike the reduction
wave of Ru(bpy)32+ in nonaqueous solvents (e.g., acetoni-
trile) [22,23], the reduction of Ru(bpy)3

2+ in pH 7.5 PBS
showed two waves: a small wave at−1.39 V and a larger one
at −1.45 V. When the electrode potential scan was reversed
at −1.50 V, a large and sharp oxidation peak was observed
at−1.33 V.

To analyze these waves, we carried out experiments of the
scan rate (ν) dependence of the CV behavior.Fig. 2shows the
CVs of 5 mM Ru(bpy)32+ in pH 7.5 PBS at various scan rates
(0.02–0.5 V/s). InFig. 2(a), two consecutive waves appeared
at all scan rates. As shown inFig. 2(b) and (c),ip of the first
wave linearly increased withν (but not withν1/2) and showed
at zero intercept. On the other hand,ip of the second wave
was linearly dependent with zero intercept only withν1/2.
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of the prewave was independent of the Ru(bpy)3
2+ concen-

tration from 2 to 7 mM. However, when the electrode poten-
tial was scanned back, the corresponding diffusion-controlled
wave and prewave for oxidation of Ru(bpy)3

+ were not ob-
served in the CV (Fig. 2(a)). Instead, a sharp oxidation peak
appeared with the characteristic stripping peak shape. This
may indicate that some precipitation of Ru(bpy)3

+ also oc-
curs on the electrode in addition to adsorption. The solubil-
ity of Ru complexes having highly hydrophobic bipyridine
ligands probably decreases in the aqueous solution upon re-
duction of the charge. Similar results were reported for an
acetonitrile–water (1:1, v/v) mixture[26].

Even though adsorption and precipitation of Ru(bpy)3
+

occurs, some dissolved Ru(bpy)3
+ is formed in the aqueous

solution. To verify this, tip approach experiments were per-
formed using SECM. The substrate-generation/tip-collection
(SG/TC) mode was chosen because the glassy carbon
substrate (0.07 cm2) produced a larger diffusional flux of
Ru(bpy)3+ than the carbon fiber tip.Fig. 3shows the experi-
mental approach curve for reduction of 1 mM Ru(bpy)3

2+/pH
7.5 PBS at the substrate held at−1.48 V and the tip at−1.2 V
to oxidize Ru(bpy)3+ back to Ru(bpy)32+. As the tip ap-
proached to the substrate (at 2�m/s), the tip current (itip) in-
creased because of the concentration gradient of Ru(bpy)3

+

produced at the substrate electrode as well as the positive
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ased on these results, theip of the first wave is not diffusion
ontrolled and the prewave probably results from a pro
here Ru(bpy)3+) strongly adsorbing on the electrode[24,25].
his prewave is followed by a diffusion-controlled wave
eduction of dissolved Ru(bpy)3

2+ to dissolved Ru(bpy)3
+.

he prewave exists because the free energy of adso
f Ru(bpy)3+ makes reduction of Ru(bpy)3

2+ to adsorbe
u(bpy)3+ easier than reduction to Ru(bpy)3

+ in solution.
n addition, the calculated charge (average, 10.4± 0.7�C)
eedback mode of the tip[27]. This indicates that dissolve
u(bpy)3+ is also generated upon Ru(bpy)3

2+ reduction
nce the tip made contact with the substrate,itip steeply in-

reased and this point was designated asd= 0�m (d is the
istance between tip and substrate).

.2. Electrochemical reduction of hydrogen peroxide
H2O2)

Electrochemical reduction of H2O2 shows a broad irre
ersible wave in CV.

Fig. 4 shows CVs of 10 mM H2O2 in pH 7.5 PBS
easured at various scan rates. H2O2 began to reduce
0.4 V at GCE and peak potentials (Ep) shifted in a negativ
irection as a function ofν (inset ofFig. 3). Assuming tha
lectrochemical reduction of H2O2 is a totally irreversible
ystem with the rate-determining step of the first elec
ransfer, one can expect thatEp would shift by 1.15RT/αF for
ach 10-fold increase inν. Therefore, the transfer coefficie
α), which is a measure of the symmetry of the ene
arrier, can be extracted from a slope of the inset plo
ig. 4. The obtainedα was 0.2, consistent with the literatu
alues (0.15–0.3)[28,29].

Electrochemical reduction of H2O2 seems to occur by E
9), which is analogous to the Fenton reaction[30,31]. Im-
ediate decomposition of H2O2 would occur after acceptin
ne electron from the electrode,

2O2 + e− → •OH + OH− (9)

ollowed by the one-electron reduction of the hydroxyl ra
al. Imamura et al. verified the presence of hydroxyl rad
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Fig. 2. (a) Cyclic voltammograms (CVs) of 5 mM Ru(bpy)3
2+ measured at various scan rates (ν) in pH 7.5 PBS: (I) 0.02 V/s, (II) 0.05 V/s, (III) 0.1 V/s, (IV)

0.2 V/s, (V) 0.3 V/s, and (VI) 0.4 V/s. All CVs were measured at GCE (0.07 cm2). (b) Dependence of peak current (ip) on ν. (c) Dependence ofip on ν1/2. In
(b) and (c), squares and circles representip of the first and second waves in CVs shown in (a), respectively. All error bars represent 10% error.

Fig. 3. Experimental approach curve for reduction of 1 mM Ru(bpy)3
2+/pH

7.5 PBS in the SG/TC mode. The tip potential was held at−1.2 V and the
substrate potential at−1.48 V. Tip approaching rate, 2�m/s.

(•OH), generated upon electrolysis of H2O2, by electron spin
resonance (ESR)[32]. The•OH produced has a high redox
potential (E◦′ = 1.77–1.91 V versus SHE)[33–35] and 99%
of initial amount of•OH is usually consumed within 5�s by
reactions with H2O2, another•OH, dissolved CO2 and O2
[32], and at the electrode.

3.3. Background emission from the Ru(bpy)3
2+ solution

Prior to the ECL study, we checked to see if there was
any background emission on reduction. For this, pH 7.5 PBS
containing 0.1 mM Ru(bpy)3

2+ was used and emission was
measured in the absence of H2O2 by scanning the electrode
potential only in a negative direction (0.0 to−2.0 V). As
shown inFig. 5(a) and (b), a small background emission was
seen, if the Pt counter electrode was exposed to the solution
(Fig. 6(a)). On the other hand, scanning the GCE in a posi-
tive direction (0.0 to +1.3 V) did not produce such light. In
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Fig. 4. Cyclic voltammograms (CVs) of 10 mM H2O2 in pH 7.5 PBS at
different scan rates (bottom to top): 0.02 (· · ·), 0.05 (—, dashed), 0.1 (-· -
· -), 0.2 (-·· - ·· -), and 0.4 (—, solid) V/s. All CVs were measured at GCE
(0.07 cm2). Inset is a plot ofEp vs. logν.

the presence of dissolved O2, this emission occurred when
current for O2 reduction appeared at the working electrode,
and continued until the backward potential scan finished (see
Fig. 5(a)). After the solution was purged with N2 for 20 min,

F
s
p
a
a

Fig. 6. Electrochemical cells used for ECL measurement. (a) Exposed
counter electrode and (b) isolated counter electrode.

the background emission still was observed when current
passed for Ru(bpy)3

2+/+ (seeFig. 5(b)). This emission had
a higher intensity than that measured in the presence of O2,
and also continued until the backward potential scan finished.
However, no light emission was observed from 0.0 to−2.0 V
(seeFig. 5(c)) when the Pt counter electrode was isolated
from the Ru(bpy)32+-containing solution by a glass capil-
lary and a porous Vycor tip (Fig. 6(b)). The experiments
described here bear directly on recent reports by Cao et al.
[36] that claimed emission from Ru(bpy)3

2+ during the re-
duction of dissolved oxygen in aqueous solution. According
to their emission mechanism, when dissolved O2 is reduced at
the working electrode, reactive oxygen species (ROS), such
as H2O2, are produced, ultimately leading to hydroxyl radi-
cal (•OH) which can oxidize Ru(bpy)3

2+ to Ru(bpy)33+. The
latter is then reduced to Ru(bpy)3

2+*, e.g. by hydroxide ion.
Moreover, they reported that addition of TPrA enhanced this
cathodic ECL signal. However, our experiments with an iso-
lated counter electrode did not show any emission in a N2-
purged or unpurged solution. In addition, no emission was
observed, even in a solution containing 0.1 mM Ru(bpy)3

2+

and 100 mM TPrA when an isolated counter electrode was
used. Thus, we feel the observation of ECL during a back-
ground cathodic scan in our experiments and those in Ref.
[36] results from anodic processes at the counter electrode,
where the light from that electrode is scattered into the detec-
t ction
i ida-
t d
f

3

M
R th
a ,
n ential
ig. 5. Plot of background emission vs.E. Background emission was mea-
ured in pH 7.5 PBS containing only 0.1 mM Ru(bpy)3

2+. (a) As-is (no N2

urging) and exposed counter electrode (Fig. 6(a)), (b) N2 purging for 20 min
nd exposed counter electrode (Fig. 6(a)), and (c) N2 purging for 20 min and
n isolated counter electrode (Fig. 6(b)).

a s
g ax-
i at
R is:

H

ion device. This suggests that the counter electrode rea
s the main contributor to the background emission, via ox
ion of Ru(bpy)32+. The cell shown inFig. 6(b) was employe
or further ECL studies.

.4. Reductive-oxidation ECL of Ru(bpy)3
2+ with H2O2

Fig. 7 shows the simultaneous ECL and CV of 3 m
u(bpy)32+ and 1 mM H2O2 in pH 7.5 PBS, measured wi
GCE (0.07 cm2) at 0.1 V/s. When only H2O2 was reduced
o luminescence was observed. As the electrode pot
pproached the potential of Ru(bpy)3

2+ reduction, ECL wa
enerated. Its maximum intensity was found at the PL m

mum of 620 nm (inset ofFig. 7(b)), demonstrated th
u(bpy)32+* was produced. A suggested ECL mechanism

2O2 + e− → •OH + OH− (10)
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Fig. 7. Simultaneous ECL (a) and CV (b) of 3 mM Ru(bpy)3
2+/1 mM H2O2

in pH 7.5 PBS. Scan rate = 0.1 V/s. Inset of (a) is the ECL spectrum of this
system. GCE (0.07 cm2) was used for all measurements.

Ru(bpy)3
2+ + e− → Ru(bpy)3

+ (11)

Ru(bpy)3
+ + •OH → Ru(bpy)3

2+∗ + OH− (12)

Ru(bpy)3
2+∗ → Ru(bpy)3

2+ + hν (620 nm) (13)

Because of the high redox potential of•OH
(E◦′ = 1.77–1.91 V versus SHE[33–35]) the produced
•OH is a sufficiently strong oxidizing agent to oxidize
Ru(bpy)3+ to Ru(bpy)32+*. To verify this, we estimate the
energy (−�H◦′) available in Eq.(12) by employing the
following equation:

−�H◦′ ∼= E◦′(•OH/OH−)

−E◦′(Ru(bpy)3
2+/+) − 0.1 eV (14)

where 0.1 eV is an estimate of the entropy term (T�S◦) at
25◦C [1].

Then, −�H◦′ was compared with the energy (2.12 eV
[12]) of Ru(bpy)32+*. The estimated−�H◦′ was at least
2.95 eV (2.95–3.09 eV), which is higher than the energy of
Ru(bpy)32+*, therefore, Eq.(12) is the energy-sufficient sys-
tem.

If one considersE◦′ of Ru(bpy)32+/3+ as +1.26 V versus
SHE [37], another ECL route is also possible. In addition
to Eq. (12), the generated•OH can oxidize Ru(bpy)3

2+ to
R 3+ as
f

•

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

+ → Ru(bpy)3
2+∗ + Ru(bpy)3

2+

(16)

Although Lytle and Hercules reported light emission by the
reaction of Ru(bpy)33+ and OH− in strong base[38], this
is probably not the ECL mechanism in the present case. The
concentration of OH− produced was buffered in pH 7.5 PBS.
This route would also allow the appearance of ECL at H2O2
the reduction wave, i.e. Ru(bpy)3

3+ formation by reaction
with •OH followed by reaction with OH−, which was not
observed.

3.5. Dependence of ECL on Ru(bpy)3
2+ and H2O2

concentration

To see the effect of the Ru(bpy)3
2+ concentration, ECL

was measured with a PMT by scanning the electrode poten-
tial at 0.1 V/s.Fig. 8 shows a plot of ECL intensity versus
Ru(bpy)32+ concentration. When 1 mM H2O2 was used as
a reference concentration of coreactant, ECL was not ob-
served at the concentration of Ru(bpy)3

2+ less than 0.1 mM.
This limitation is probably due to adsorption and precipita-
tion of Ru(bpy)3+. However, ECL was observed from 0.1 mM
Ru(bpy)32+ to 3 mM (Fig. 8). No significant increase in ECL
was observed above 3 mM Ru(bpy)3

2+ with 1 mm H2O2. This
m w-
e in
t
R s
m ial at
0
I
W
i -
t n-
t 0 mM

F )
w PBS.
S

u(bpy)3 . Therefore, annihilation could occur for ECL
ollows: Eq.(10) followed by

OH + Ru(bpy)3
2+ → OH− + Ru(bpy)3

3+ (15)
ay indicate that•OH became the limiting reactant. Ho
ver, higher concentrations of H2O2 caused a decrease
he ECL intensity.Fig. 9 shows how the ECL of 0.1 mM
u(bpy)32+ is affected by the H2O2 concentration. ECL wa
easured with a PMT by scanning the electrode potent
.1 V/s and the same GCE (0.07 cm2) was used as inFig. 8.

n this system, ECL was not observed below 5�M H2O2.
eak ECL was detected beginning at 5�M H2O2, and its

ntensity linearly increased up to 1 mM H2O2. At a concen
ration greater than 1 mM H2O2, the ECL intensity expone
ially decreased and almost no ECL signal was seen at 9

ig. 8. Dependence of ECL intensity on the concentration of Ru(bpy3
2+,

ith1 mM H2O2 as a reference concentration of coreactant in pH 7.5
can rate 0.1 V/s, GCE (0.07 cm2).
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Fig. 9. Dependence of ECL intensity on the concentration of H2O2 with
0.1 mM Ru(bpy)32+ in pH 7.5 PBS. Scan rate 0.1 V/s, GCE (0.07 cm2).

H2O2. This suggests that H2O2 can quench the excited state
of Ru(bpy)32+, and this becomes more important at relatively
high concentrations.

To test the quenching effect of H2O2, photoluminescence
(PL) quenching experiments were performed with 2�M
Ru(bpy)32+ in pH 7.5 PBS. As shown inFig. 10, PL of
Ru(bpy)32+ was quenched by addition of H2O2 without any
change in the wavelength of maximum intensity of emission.
To quantitatively analyze this quenching, the PL quenching
rate constant (kq) was estimated from the Stern–Volmer rela-
tionship (inset ofFig. 10) as defined by[39]:

F0

F
= 1 + KSV[H2O2] = 1 + kqτ[H2O2]

whereF andF0 denote the PL intensity with H2O2 and the
initial PL intensity without H2O2, respectively,KSV is the
Stern–Volmer quenching constant,kq the PL quenching rate
constant, andτ is the lifetime of Ru(bpy)32+*. The estimated

F d
w
1 artz
c

KSV was 2.3 M−1 andkq was 5.7× 106 M−1 s−1 by takingτ

as 400 ns[40].

4. Conclusions

Electrochemical reduction of Ru(bpy)3
2+ in an aqueous

solution induces three different forms of Ru(bpy)3
+: (1)

adsorbed, (2) precipitated, and (3) dissolved. Because
it produces•OH, H2O2 can be used as a coreactant for
reductive-oxidation ECL. In the Ru(bpy)3

2+/H2O2 system,
ECL is generated mainly by high energy ET between
dissolved Ru(bpy)3+ and•OH. Excess H2O2 quenches both
ECL and PL. While oxidative-reduction ECL of Ru(bpy)3

2+

is detected as low as∼pM in an aqueous solution containing
oxalate or TPrA[13], the limit of reductive-oxidation ECL
of Ru(bpy)32+ is about 100�M probably due to adsorption
and precipitation of Ru(bpy)3

+.
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