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ABSTRACT

Hot electron-induced cathodic electrochemiluminescence of the Ru(bpy)3*/S,0%~ system was inves-
tigated at an oil film-covered carbon paste electrode (CPE) under cathodic pulse polarization for the
first time. Compared with other electrodes, the CPE is of lower background, better stability and
reproducibility. The method is also applied to the determination of catechol. Under the optimum
conditions, the linear correlation between the quenched ECL intensity (AI) and the logarithm of
catechol concentration (10g Ceatechol) Was observed over the range of 2.0 x 10~ '° mol/L-4.0 x 10~° mol/
L and 4.0 x 10~° mol/L-4.0 x 10~7 mol/L with the limit of detection (LOD) of 2.0 x 10~ '° mol/L, which
is lower than the other reported methods. The proposed method is applied to determine catechol in
reservoir water. The mean recoveries of 83.3%-99.0% and the relative standard deviations (RSDs) of
0.8%-2.2% were obtained.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Compared with common electrogenerated chemilumines-
cence, hot electron-induced cathodic electrochemiluminescence
(cathodic ECL) owns a wider potential window and higher
sensitivity. These advantages is attributed to the special manner
of polarization (polarization potential can be set more negative
than —10.0 V) and the insulating-film covered electrodes [1]. The
injection of hot electrons tunneled through the insulating film
into the aqueous electrolyte solution, resulting in the generation
of hydrated electrons as reducing mediators; and then the redox
reactions successively occurred between the reducing mediators
and fluorescein, leading to fluorescence emission. The cathodic
ECL can also be enhanced by adding coreactants [2]. The Al/Al,O3
[3-6], Ta/Ta,05 [7-10], Si/SiO, [11], Mg/MgO [12] and other
composite electrodes [13] are commonly used for cathodic ECL
in previous studies. Kulmala et al. reported the cathodic electro-
luminescence at an oxide-coated aluminum electrode in the early
age, and put forward the theory [3-6]. Bard developed the
cathodic ECL at oxide-covered tantalum electrode [7-10]. These
electrodes suffer from their own drawbacks, such as strong
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background luminescence, poor stability of insulating film, and
the complicated preparing processes. Therefore, different kinds of
new electrode materials which are suitable for cathodic ECL have
been studied recently [14-17]. For example, a C/C,0; _ electrode
[16] was fabricated by oxidizing a glassy carbon electrode and
used as a reagentless DNA biosensor based on the quenching
effect of intrinsic cathodic ECL. Such electrodes possess excellent
biocompatibility, a wide pH range and high sensitivity.

The carbon paste electrode (CPE) was first introduced by
Adams in 1958, which is made simply by direct mixing of graphite
powder with a pasting liquid (e.g. liquid paraffin, silicone) and can
be regenerated by polishing or cutting [18-21]. Since then, it has
attracted a great deal of attention and been widely used for
electrochemical analysis [22-24] due to its low cost, easy fabrica-
tion and good reproducibility. In 1999, CPE was used for electro-
chemiluminecence of the Ru(bpy)3*/S,03~ system in purely
aqueous solution for the first time [25]. The luminescence was
quite bright and clearly visible to the non-dark-adapted eye in
solution.

In this work, a CPE is used for the hot electron-induced
cathodic ECL with extremely low background under cathodic
pulse polarization, while here the paraffin oil was used as an
insulating film. The cathodic ECL of the Ru(bpy)3*/S,03~ system
at the CPE exhibited excellent sensitivity and perfect stability.
Phenol, resorcinol, catechol and hydroquinone have various degrees
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Fig. 1. Cathodic ECL at: (a) graphite electrode in 10.0 mM Ru(bpy)3*; (b) CPE in
0.0 mM Ru(bpy)3* and (c) CPE in 10.0 mM Ru(bpy)3* with 0.2 M borate buffer
solution (pH 9.0) containing 0.1 M Na,SO,. Pulse amplitude: —20.0V (vs. Ag/AgCl),
pulse width: 0.2 ms, pulse period 10 ms.

of quenching effect to the cathodic ECL of Ru(bpy)3*/S,03~
system. Typically, it is applied to the detection of catechol with
a low LOD down to 2.0 x 10~ 1° M. Applied to the determination
of catechol in water from reservoirs, the method is of high
sensitivity. The mean recoveries of 83.3%-99.0% and the RSDs of
0.8%-2.2% were obtained, which are basically satisfactory.

2. Experimental
2.1. Chemicals and materials

0.2 M borate buffer solution (pH 9.0) containing 0.1 M Na,;SO4
was used for ECL investigations. Tris(2,20-bipyridyl)ruthenium(II)
chloride was purchased from Aldrich Chemical Co. (Milwaukee, WI).
Graphite powder and paraffin oil were purchased from Shanghai
Sinopharm Chemical Reagent Co. Ltd., China. The iron in water
(GBW(E)080601), the manganese in water (GBW(E)08060), the
copper in water (GBW(E)080605), the zinc in water (GBW(E)-
080607), the lead in water (GBW(E)080581), the arsenic in water
(GBW(E)080586), the cadmium in water (GBW(E)080608), the
mercury in water (GBW(E)08617); standard materials, and the
nitrites standard solution (GBW(E)080223), the nitrate standard
solution (GBW(E)080264), the sulfate standard solution (GBW(E)-
080266), the chloride standard solution (GBW(E)082048) were
purchased from National Research Center for Certified Reference
Material (NRCCRMS). All other reagents were of reagent grade. All
solutions were prepared with Milli-Q water (resistivity of
18.2 MQ.cm at 25 °C) from a Millipore system. The counter
electrode was a platinum foil (area ca. 200 mm?), and the
reference electrode was an Ag/AgCl (3 M KCl) electrode.

The water samples were collected from Youxi section of
Jiemian reservoir, Eyang section and zhanghu section of shuikou
reservoir respectively.

2.2. Apparatus and measurements

A model VMP3 multichannel potentiostat (VMP3, Princeton
Applied Research Co., Ltd., USA) was used as pulse generator. The
cathodic pulse parameters are fixed unless specially mentioned,
with amplitude of —17.0V (vs. Ag/AgCl), pulse width of 0.2 ms,
and pulse period of 10 ms. The ECL signal was recorded by an
Ultra-weak Chemiluminescence Analyzer (BPCL-K, Institute of

Biophysics, Academia Silica, Beijing, China). The time for collect-
ing ECL signals was 30s, PMT was operated at —900 V, and the
PMT window was opened towards the working electrode only.
ECL spectrum was obtained by a series of optical filters and was
rectified to a fluorometer using a tungsten lamp.

2.3. Electrode preparation

The CPE was prepared by hand mixing of graphite powder
with paraffin oil thoroughly in the proportion of 3:1 (W/W). The
mixture was firstly ground fully and mixed uniformly, and then
was packed firmly into the electrode cavity (2.5 mm diameter,
5 mm depth) of a PTFE sleeve with a copper lead. 1.0 uL of the
paraffin oil was dropped on the surface of CPEs, and the surface of
the resulting carbon paste electrodes were smoothed gently on
weighting paper and dried in the air to obtain the CPEs.

3. Results and discussion

3.1. Dependence of cathodic ECL on the paraffin oil film covered
on the CPE

To investigate the dependence of intensity of cathodic ECL (Igcy)
on the paraffin oil, the CPE covered with liquid paraffin (the CPE)
and the graphite electrode were used for cathodic ECL of the
Ru(bpy)3*/S,03~ system respectively. As shown in Fig. 1, low Igc
of the Ru(bpy)3+/S,0%~ system is detected at graphite electrode
during cathodic pulse polarization (Fig. 1a), while strong intensity
(Fig. 1c) and low background emission (Fig. 1b) are observed at the
CPE. It is indicated that the ECL intensity of Ru(bpy)3* was
enhanced dramatically with S,03~ as a coreactant during the
cathodic pulse potential of —20.0V due to the paraffin oil on
the CPE.

The CPE is made by direct mixing of graphite powder with
paraffin oil, the liquid paraffin spread on the surface of the CPE,
acting as a thin insulating film, which is essential for cathodic
ECL [3]. The paraffin oil is an organic insulation material, it is
electrically non-conductive. Under cathodic pulse polarization,
the electrons are emitted and tunneled through the paraffin oil
film into the conduction band of water. They gain energy from the
insulating film, and become the hot electrodes (ey). Some of the e,
turn into hydrated electrons (e,q) after thermalization and hydra-
tion [26,27], and interact with S,0%~, forming SO4~. Hence,
Ru(bpy)3* and SO%~ are simultaneously achieved in the vicinity
of the electrode surface, and cathodic ECL of Ru(bpy)3* occurred.

3.2. Quenching effects of hydrated electron scavengers

Hydrated electron is another key to cathodic ECL. After
tunneling through the insulating film, the hot electrons under-
went a fast hydration reaction in the conduction band of water,
and forming hydrated electrons partially. The hydrated electrons
reacted with S,03~ which acted as coreactant and the strong
oxidants SO%~ were formed. Ultimately, the cathodic ECL results
from the reaction between SO%~ and Ru(bpy)3+.

The quenching effects of several common hydrated electron
scavengers including NO5, NO3, and Co(NH3)2* were illuminated
in Fig. 2. Igq is reduced by all these scavengers and the degree
depends on their scavenging concentration. The quenching capabil-
ities are positive proportional to the second-order reaction rate
constant of them reacting with hydrated electron [k(eq+NO3 )=
41 x10% k(eg+NO3)=9.7 x 10°, Kk(ez+Co(NH3)2+)=8.7 x 10'°
[28]. It is demonstrated that hydrated electron is so important to
cathodic ECL at the CPE.
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Fig. 2. Quenching effects of hydrated electron scavengers, NO5, NO3, Co(NH3)2 ",
in 0.2 M borate buffer solution (pH 9.0) containing 0.1 M Na,SO4 and 1.0 mM
K5S,05 with 1.0 x 10~> mol/L of Ru(bpy)3*. Other conditions are as in Fig. 1.
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Fig. 3. Influence of cathodic pulse potential. 0.2 M borate buffer solution (pH 9.0)
containing 0.1 M Na,SO,4 and 1.0 mM K,S,0g with 1.0 x 10~> mol/L of Ru(bpy)3+,
pulse width: 0.2 ms, pulse period 10 ms.

3.3. Influence of cathodic pulse polarization and pH

Similar to the potential voltage of the formation of hydrated
electrons [29], the onset pulse potential induced ECL of the CPE is
about —2.9V, and the ECL intensity increases abruptly and
reaches a plateau after —17.0 V (shown in Fig. 3).

As a type of thin insulating film-coated electrode [30], the primary
step for the cathodic ECL of the CPEs has been suggested to be the
injection of hot electrons from the insulating film to the conduction
band of water during strong cathodic pulse polarization. The cathodic
onset pulse potential is in accordance with those of several other
luminophores as they share the same primary processes [31], during
which the onset pulse is close to the conduction band edge of water
[29] (E'=—2.9V vs. SCE). With the pulse potential increasing, the
more electrons tunneled through the insulating film, the more hot
electrodes engender with absorption of the energy. When the pulse
potential is higher than —17.0V, the process of generating hydrated
electrons tends to be stabilized. To deliberate on all of this, —17.0V
was selected as the cathodic pulse potential.

While the —17.0 V was chosen as the optimal cathodic pulse
potential, the influence of cathodic pulse width was investigated.

When the pulse width was 0.2 ms, the intensity of cathodic ECL
was stable, and when the pulse width increased, the intensity was
enhanced initially and decreased dramatically after 20 s for the
electrode surface dissolved gradually. The decrease of the catho-
dic ECL could be accounted for the damage of the CPE by the
increasing of the pulse width, and 0.2 ms was chosen as the
optimum pulse width.

As shown in Fig. 4, the influence of pH on the ECL intensity was
investigated in the range from pH 3.0 to pH 13.0. The cathodic ECL
signals were weak when pH was lower than 3.0 for the conjugate
reaction of hydrated electrons; in the range from pH 3.0 to pH
11.0, the intensity at the CPE was not relevant to the pH value. It
is indicated that the CPEs’ stability to the pH variation is superior
to the other electrodes. The signals were decreased with pH above
11.0 and the surface of the CPE lost its luster, became coarse.
Probably, under strong alkalic condition, the paraffin oil on the
surface of the CPE was dissolved and the electrode structure was
damaged, which ultimately resulted in the decrease of the ECL.

3.4. Calibration and stability of cathodic ECL at CPE

Under the optimized conditions selected above, the cathodic
ECL spectrum of the Ru(bpy)3*/S,0%~ system at the CPE in Fig. 5A
reveals that its emission maxima at about 630 nm, in accordance
with traditional ECL spectrum of Ru(bpy)3* [32]. It is indicated
that the mechanism of ECL of Ru(bpy)3*/S,03~ system is
unchanged by cathodic pulse polarization, while the intensity is
much stronger.

The intensity of the ECL was linearly increased with the
concentration of Ru(bpy)3* in the range of 4.0 x 10~° mol/L-
4.0 x 107 mol/L (slope:2 x 10'°, intercept: 2168, R?=0.994) with
the LOD of 1.0 x 10~° mol/L (S/N=3).

In addition, the reproducibility of the ECL at the CPE was
shown in Fig. 6. The 9 parallel determinations of Ru(bpy)3™* at a
concentration of 1.0 x 107> mol/L gave a RSD of 0.82%. These
results indicate that the CPE covered with paraffin oil have good
stability and repeatability. This method is in the advantages of
low cost, ease of fabrication, and good stability and
reproducibility.

3.5. Determination of catechol

Catechol is widely used in many fields, such as chemical
industry, pharmaceutical industry and dyes. However, it is also
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Fig. 4. Influence of pH. 0.2 M borate buffer solution containing 0.1 M Na,SO4 and
1.0 mM K,S,0g with 1 x 10~ of Ru(bpy)3*. Pulse amplitude: —17 V (vs. Ag/AgCl),
pulse width: 0.2 ms, pulse period 10 ms.
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Fig. 5. Calibration curve of cathodic ECL of Ru(bpy)3*. Inset: Cathodic ECL
spectrum of the Ru(bpy)3*/S,03~ system at the CPE. 0.2 M borate buffer solution
(pH 9.0) containing 0.1 M Na,SO4 and 1.0 mM K;S,0g. Pulse amplitude: — 17.0V
(vs. Ag/AgCl), pulse width: 0.2 ms, pulse period 10 ms.
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Fig. 6. Stability of CPE. 0.2 M borate buffer solution (pH 9.0) containing 0.1 M
Na,S0,4 and 1.0 mM K,S,05 with 1 x 10~ mol/L of Ru(bpy)3*. Pulse amplitude:
—17.0V (vs. Ag/AgCl), pulse width: 0.2 ms, pulse period 10 ms.

a widespread contaminant in the environment, and it is hazar-
dous to human health and difficult to degrade. It has been
included in the lists of priority pollutants to be monitored in the
aquatic environment by international body [33].Various methods
[32-36] for quantification of catechol have been described earlier.
Here catechol is determined based on its competitive consuming
oxidized radicals with Ru(bpy)3+.

Quenching effect of phenols on the cathodic ECL was investi-
gated and the results are shown in Fig. 7. As known, phenols are
good antioxidants, and they would react with the strong oxidant
radical SO, forming quinoidal products. The possible mechan-
ism was shown in Fig. 8. Phenol, catechol, hydroquinone exhib-
ited strong quenching effect of the cathodic ECL due to their
excellent deoxidization ability. While the quenching effect of
resorcinol is weaker because it is difficult to be oxidized to
quinone. As an example, the cathodic ECL method for the
determination of catechol was performed.

The effects of pH and concentration of S0~ on the determi-
nation of catechol were investigated and the results are shown in
Figs. 9 and 10 respectively. Fig. 9 manifested that the quenching
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Fig. 7. Quenching effect of phenols on the cathodic ECL. 8.0 x 10~° mol/L of
phenol, resorcinol, catechol, hydroquinone were respectively added into 0.2 M
borate buffer solution (pH 9.0) containing 0.1 M Na,SO,4 and 1.0 mM K,S,0g with
1 x 107> mol/L of Ru(bpy)3*.Pulse amplitude: —17.0 V (vs. Ag/AgCl), pulse width:
0.2 ms, pulse period 10 ms. ( I was an abbreviation for the intensity of cathodic
ECL of the Ru(bpy)3*/S,0%~ system, I’ was for the ECL intensity after adding
phenols into the Ru(bpy)3*/S,0%~ system, the quenching effect of intensity was
abbreviated to Al AI=I-T).
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Fig. 8. The quenching effect of phenols.

effect of catechol was most evident at pH 4.0. With the increase of
pH value, the quenching effect decreased, it is probably because
catechol is easier to react with SO;~ in acidic environment, so pH
4.0 was chosen. As shown in Fig. 10, the fluorescence quenching
value of catechol increased with the increase of the concentration
of S,03~ (CS,037) until the CS,0%~ reaches 5.0 x 10> mol/L,
which might be correlated with the concentration of Ru(bpy)3+.
When too much S,0%~ added into buffer solution, the catechol
will react with surplus S,03~, the competition between catechol
and Ru(bpy)3* will be eliminated.

Under the optimal condition, The relationship between the
decrease of the ECL intensity (AlI) and the logarithm of catechol
concentration (log Ccatechol) €xhibited satisfactory linearity over
the concentration range of 2.0 x 10~ '° mol/L-4.0 x 10~° mol/L
(slope:5545, intercept:58340, R*=0.979) and 4.0 x 10~ mol/L-
4.0 x 10" " mol/L (slope:897, intercept:18931, R>=0.976) with
LOD of 2.0 x 10~ ® mol/L. The standard deviation of 9 parallel
determination of catechol at each concentration is also shown in
Fig. 11. Compared with other methods including electrochemical,
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in Fig. 9.

fluorescent, GC-MS method listed in Table 1, this result is the
lowest one over other reported methods.

As shown in Fig. 7, phenols exhibited strong quenching effect
of the cathodic ECL. So the method also can be used for
determination of other phenols. But at the same time, when the
method used to determine the analyses coexisting with various
phenols, other phenols would affect the accuracy of the measure-
ment of catechol. Applied to determination of catechol in reser-
voir water, the proposed method is of high sensitivity. The
interfering effects of (1.0 x 107°-1.0 x 10~>) mol/L of the metal
ions and anions common in water from reservoirs were investi-
gated to make a synthetic consideration of interference factors. If
the concentration was less than 1.0 x 10~° mol/L, the quenching
effect of these pollutants would not be found. And when the
concentration is higher than 1.0 x 10~® mol/L, Fe, Pb, Hg and
NOs3, NO3, SO5~ showed obvious quenching effect as shown in
Figs. 12 and 13. To sum up, the interfering effects on the
determination of catechol would become obvious, only when
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Fig. 11. Calibration curve for catechol detection. 0.2 M borate buffer solution
(pH 4.0) containing 0.1 M Na,SO, and 5.0x10 °mol/L K,S,0g with
1.0 x 10~° mol/L of Ru(bpy)3*. Pulse amplitude: —17.0V (vs. Ag/AgCl), pulse
width: 0.2 ms, pulse period 10 ms.

Table 1
Various methods for quantification of catechol.

Method LOD Linear range Reference

(umol L~1) (umol L~1)

Quenching effect on 20x10"% 2.0x10"%-4.0x10~3 This

cathodic ECL 4.0x1073-0.40 work
Chemiluminecence 0.010 0.010-0.2 32
Voltammetric sensor 0.032 2-100 33
Fluorescence quenching 0.10 0.50-1000 34
method

GC-MS 0.18 0.9-980 35
On-line molecularly 0.81 2.7-100 36
imprinted solid phase

extraction

the concentration of those disturbing substances is higher than
1.0 x 10~ ¢ mol/L.

It is found that the water sample of shuikou reservoir both
from eyang section and zhanghu section exhibited very low-level
quenching effect on the cathodic ECL, while the water sample in
the Youxi section of Jiemian reservoir shows faint strengthening
effect on the cathodic ECL. Moreover, 10.0 nmol/L and 1.0 nmol/L
of catechol were added into the water of reservoirs respectively to
investigate the recovery rate. As shown in Table 2, the mean
recoveries of 83.3%-99.0% and RSDs of 0.8%-2.2% were obtained.

4. Conclusions

The hot electron induced cathodic ECL of the Ru(bpy )3 * /S,03~
system at the CPEs were investigated for the first time. The signals
of cathodic ECL were sensitive, stable and reproducible, and its
ECL intensity of Ru(bpy)3*/S,03~ system exhibited satisfactory
linearity over the concentration range of about three orders of
magnitude. It is concluded that the CPE is an effective electrode to
realize the cathodic ECL of the Ru(bpy)3*/S,03~ system. At the
same time, the determination of catechol at trace level were
realized successfully based upon its decreasing effect on the
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Table 2
Recovery of catechol in water of reservoirs.

The water of The water of The water of

Shuikou Shuikou Jiemian
reservoir reservoir reservoir (Youxi
(Eryang section) (Zhanghu section)
section)
Added/ nmol L~! 10.0 1.0 10.0 1.0 10.0 1.0
Determined/ nmol L~! 9.76 0.87 9.90 0.86 9.21 0.83
Recovery/% 97.6 86.6 99.0 86.3 92.1 833
R.S.D/% 1.0 1.6 0.8 1.5 13 2.2

cathodic ECL of the Ru(bpy)3*/S,0%~ system. The method is
applied to the determination of catechol in the water of reservoirs.
And the results are basically satisfactory.
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