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Abstract

Bipolar electrochemistry has a variety of applications ranging from chemical analysis,
material modification and synthesis, to generate motions, etc, and it is also a very simple, cheap,
useful technology. The main goal of this thesis is to analyze chemicals based on
electrochemiluminescence (ECL) and surface enhanced Raman spectroscopy. Since bipolar
electrochemistry does not have a direct readout in current, electrochemiluminescence is
becoming a more and more useful technique for electroanalysis on bipolar electrochemistry.
Small molecules like O 2 capable of quenching ECL can be detected according to Stern−Volmer
equation. A linear potential gradient was created going through the solution along the bipolar
electrode when the external voltage is sufficient on the bipolar cell. As the redox reactions were
relative to the potential applied, the extent of reaction on bipolar electrode was different due to
the potential gradient, which can be observed by surface enhance Raman scattering.
Consequently, the potential distribution was obtained.
Chapter 1 presents a detailed literature review on the principle and application of bipolar
electrochemistry including chemical analysis based on electrochemiluminescence and
electrodissolution, material modification, synthesis and generating motions, concentration
enrichment and separation. Additionally, a short introduction of electrochemiluminescence and
Raman spectroscopy was given at the end of chapter 1.
Chapter 2 describes the detection of small molecules like 1-ferrocenylmethanol (1hydroxymethyl ferrocene) and oxygen capable of quenching the electrochemiluminescence via
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energy or electron transfer in terms of Stern−Volmer equation in a bipolar electrochemical cell.
It opens a new area of research using ECL quenching to detect small molecules based on bipolar
electrochemistry.
Chapter 3 illustrates different quenching effect of halide ions (Cl–, Br–, and I–), indicating
the quenching ability of the halides follows the order I– > Br– > Cl–, and the quenching rate
constants are also related to their formal oxidation potential.
Chapter 4 deals with the potential distribution on bipolar electrode by observing the Raman
intensity change of a surface enhanced Raman scattering probe at the cathodic pole when the
external voltage is sufficient to drive redox reactions. The Raman intensities of 2-AQS and 2H 2 AQS corresponded to the amount of them on bipolar electrode, respectively, and the relative
population of 2-AQS to 2-H 2 AQS will vary at different positions according to the potential
gradient going through the solution along bipolar electrode.
Chapter 5 gives a summary of my research work and the future work.
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Chapter 1
Introduction
1.1 Bipolar electrochemistry
Bipolar

electrochemistry

with

a

wide

range

of

applications

like

sensors,1-14

electrodeposition,15-18 microobject and Janus particles,19-24 lighting swimmers,25-27 motions,28-31
electrocatalyst,32,

33

fluorescence,34-36 materials enrichment and separation37,

synthesis,39-41 corrosion,42,

43

38

polymer

and Metal-Organic Framework (MOF) synthesis44 has received

considerable attention throughout the world in the past twenty years, because it is a powerful,
simple and low-cost analytical technique.45 Electrochemical reactions can be generate at the
extremes of bipolar electrode (BPE) when applied sufficient voltage without direct connection
with the power supply, which results in a voltage gradient along the bipolar electrode.46 The bipolar
electrode can be made from any conductive object such as gold, platinum, stainless steel, carbon
bead, glassy carbon particles, carbon nanotubes, paper, etc.14, 47-50 Bipolar electrochemistry has
been applied in a variety of fields from materials to analysis.51, 52 For instance, interestingly,
Shinsuke Inagi's group deposited poly(3,4-ethylenedioxythiophene) film on the bipolar electrode
obtaining a multicolored gradient along the film, confirmed by UV-Vis and energy dispersive Xray analyses,41 and they later modified conducting polymer surface on bipolar electrode with
electro-click chemistry reaction in a gradient manner,40 most recently, they firstly used
1

electrochemically mediated atom transfer radical polymerization (eATRP) to form a gradient and
patterned polymer brushes by the use of bipolar electrochemistry.53 Since Dr. Andreas Manz first
introduced electrochemiluminescence (ECL) into bipolar electrochemistry and Dr. R.M. Crooks
further developed the electrochemical generated chemiluminescence with the marriage of bipolar
electrochemistry as a report in the pursuit of the detection of benzyl viologen and DNA,2, 54 more
and more analytical chemists adopted this technique to analyze materials quantitatively with great
interest. Jing-Juan Xu's group has done lots of work in this area,9, 10, 49, 55-57 and recently, they
described a new platform to detect cancer biomarker based on a closed bipolar electrode array.58
Erkang Wang's group developed a novel sensing platform based single or multichannel close
bipolar system obtaining 100% efficiency in theory.11, 12 More interestingly, Alexander Kuhn's
group developed the "swimmer" in which ECL reaction was generated at one side and the hydrogen
gas was generated in the other side to propel the "swimmer" move.59 They also prepared different
kinds and applications of "Janus particles" by bipolar electrochemistry.21,

23, 60, 61

Our group

previously synthesized gradients of CdS and Ag-Au alloys using bipolar electrodeposition
characterized by Raman spectroscpy.15, 16 Recently, Shinsuke Inagi's group achieved bifunctional
modified conductive particles with gold or platinum deposited on the both sides by employing
alternating current power supply. However, it seems hard to modify because of the size and
difficult to control deposition area of Au on glassy carbon particles since the oxygen generated can
influence the potential drop during experiment.50 Bipolar electrochemistry has been a useful,
simple and low-cost analytical technique in a wide range of applications for chemists, both now
2

and future.

1.1.1 Principle of bipolar electrochemistry
Bipolar electrochemical cell consists of two driving electrodes connected with an external
voltage and one bipolar electrode fixed on the bottom of the bipolar electrochemical cell. When
sufficient voltage "Eappl" was applied on the bipolar electrochemical cell, reactions would be
triggered at the ends of bipolar electrode. Reduction reaction occurred at the cathode of bipolar
electrode directly opposite the positive driving electrode, on the contrary, oxidation reaction
occurred at the anode of bipolar electrode directly opposite negative driving electrode in Figure
1.1.1.54, 62

Figure 1.1.1 Bipolar electrochemical cell consists of two driving electrodes which connected with
an external voltage "Eappl". Reactions (Reduction and Oxidation) occur at the two extremes of the
3

bipolar electrode fixed in the middle of the cell fulfilled with solution.

Figure 1.1.2 a) Bipolar electrochemical cell consists of a simple PDMS microfluidic channel, one
bipolar electrode fixed in the middle of the cell, and two driving electrodes connected to a voltage
"Etot" b) An interfacial potential difference decreased linearly along the bipolar electrode fixed on
the bottom of bipolar electrochemical cell. (Reprinted with permission from Anal. Chem. 2009,
81, 6218–6225. Copyright 2009 American Chemical Society)

The potential in solution dropped exponentially near the driving electrodes when applied
4

voltage (E tot ) on the bipolar electrochemical cell. There also exit a potential drop between the two

ends of the bipolar electrode fixed in the bipolar electrochemical cell because of solution resistance,
and it approximately linearly dropped along the interface between bipolar electrode and solution.63

∆𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = 𝐸𝐸𝑐𝑐 − 𝐸𝐸𝑎𝑎 = 𝑉𝑉0 × 𝑙𝑙𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 =

𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡
𝑙𝑙
𝑙𝑙channel 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

(1)63

Here, ∆𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 is the potential difference between two poles (cathode and anode) of BPE (𝐸𝐸𝑐𝑐

and 𝐸𝐸𝑎𝑎 ),

E tot represents the driving voltage applied on the feeding electrodes, 𝑙𝑙channel is the

length of the bipolar cell, 𝑙𝑙𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 is the length of BPE, and electric field

potential drop around the feeding electrodes is negligible.

V0 =

𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡

𝑙𝑙channel

if the

According to the equation (1), the potential difference between the BPE is related to the
voltage applied on the electrochemical cell, the length of BPE, and the length of the channel in the
cell. So a higher 𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡 and longer BPE can lead to a bigger potential difference between the

bipolar electrode, in contrast, it will decrease with the longer length of the bipolar cell. In addition,
the potential difference is also determined by the concentration of solution.

X 0 in Figure 1.1.2 b is a particular position on bipolar electrode at which solution potential

is equal to an equilibrium value (E elec ), which also divided the bipolar electrode into two parts:
one is cathode and another is anode.63 At the cathode part (ｘ <

R

ｘ0), Ex > Eelec , (𝐸𝐸𝑥𝑥 is the

potential at bipolar electrode at the location 𝑥𝑥 in solution) oxidants obtain electrons and gets
reduced, on the other hand, at the anode part, (ｘ >ｘ0), Ex <

Eelec , reductant losses electrons and

gets oxidized.63 The redox reactions at both sides of bipolar electrode must maintain
electroneutrality on the electrode surface. η(x) represents the difference in potential between the
5

electrode and the solution at one position x and it is calculated by the equation (2) as followed:
∆𝐸𝐸

𝜂𝜂(𝑥𝑥) = 𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 − 𝐸𝐸𝑥𝑥 = 𝑉𝑉0 × (𝑥𝑥0 − 𝑥𝑥) = 𝑙𝑙 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 (𝑥𝑥0 − 𝑥𝑥)
𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

(2)63

Here, 𝐸𝐸𝑥𝑥 is the potential at bipolar electrode at the location 𝑥𝑥.

According to the equation (2), 𝜂𝜂(𝑥𝑥) is the driven force which triggers the electrochemical

oxidation at anode of BPE and reduction at the cathode of BPE and it linearly changes with the
positon 𝑥𝑥 along the bipolar electrode when the electric field is considered constant.63

1.1.2 Application of bipolar electrochemistry

1.1.2.1 Electrochemical analysis based on electrogenerated chemiluminescence
Electrogenerated chemiluminescence (ECL) is an electrochemical process at electrode
surface which can generate excited states materials that emit light by electro-transfer reactions.64
It has been used widely in science and application because its high sensitivity and selectivity.65-67
Ru(bpy)32+/TPrA or Ru(bpy)32+/C2O42- system is often used to detect chemicals based on bipolar
electrochemistry.1, 14, 49
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Figure 1.1.3 a) Bipolar electrodes were fixed in a microfluidic channel on the bottom of a bipolar
cell b) An external potential

Etot is applied on the bipolar cell, and it leads to a linear potential

gradient (dE/d𝑥𝑥) across the bipolar electrode because of the resistance of electrolyte c) faradaic
electrochemical process at the ends of bipolar electrode, oxygen reduction at the cathode, and ECL
reaction at the anode (Reprinted with permission from J. Am. Chem. Soc. 2008, 130, 7544–7545.
Copyright 2008 American Chemical Society)

Figure 1.1.3 shows how Crook’s group detected DNA with electrochemiluminescence based
on bipolar electrode.3 Modified electrodes as bipolar electrodes were fixed in a microfluidic
channel on the bottom of a bipolar cell connected to an external voltage Etot in Figure 1.1.3 a.3 As
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discussed in 1.1.1, the potential difference between two ends of bipolar electrode can be adjusted
by changing Etot in Figure 1.1.3 b. Faradaic electrochemical processes (oxygen reduction and ECL
oxidation) will generate at two ends of bipolar cell if the Etot is sufficient enough in Figure 1.1.3
c.3 The intensity of ECL at anode of bipolar cell corresponds to the amount of oxygen reduced at
the cathode, because charge balance should be kept on the bipolar electrode, which means this
system has the same rate of electron transfer at both ends.3 It can indirectly measure the amount of
DNA labeled with Pt on the cathode of bipolar electrode, overcoming the deficiency in bipolar
electrochemistry that there is no method to gauge the current flow going through the bipolar
electrode.1-3
Figure 1.1.4 a is the top-view schematic illustration of the microdevice, in which three Au
electrodes microfabricated on a glass slide in the middle of the electrochemical bipolar cell and
paralleled to each other.3 (See in Figure 1.1.4 b) Prior to begin the experiment, these three Au
electrodes were immobilized with thiol-functionalized DNA and then exposed to target DNA
labeled with Pt-NPs.3 Red emission can be seen in Figure 1.1.4 c at these three gold electrode after
applied 16.0 V in phosphate buffer (pH = 6.9) solution containing 5.0 mM Ru(bpy)32+ and 25.0
mM TPrA, which means oxygen was reduced catalyzed by Pt-NPs at the cathode.3 To order to
prove the emission is related to the Pt-NPs catalyst, two control experiments were done. There is
no signal on the electrodes without exposure to the DNA labeled with Pt-NPs at 16.0 V in Figure
1.1.4 d. However, in Figure 1.1.4 e, signals can be detected on the top two electrodes exposed to
targets, and no light was observe on the bottom one without hybridization with targets at 16.0 V.3
8

So the light emitted at the anode of bipolar electrode is related to the catalytic reaction on the
cathode part of bipolar electrode. When the voltage was improved to 22.0 V from 16.0 V, light can
be observed on the gold electrode without any treatment. This is because of uncatalyzed faradaic
process, for instance, hydrogen ions were reduced at the cathode part of bipolar electrode.3

Figure 1.1.4 (a) Top-view schematic illustration of the microdevice. (b) Optical micrograph of the
bipolar electrode configuration used to obtain the data in the other panels of this Figure. Falsecolor luminescence micrographs showing (c) the ECL emitted at Etot = 16.0 V when
complementary target DNA functionalized with Pt-NPs is hybridized to probe DNA present on the
electrode surface; (d) no ECL emitted at 16.0 V prior to hybridization; (e) the ECL emitted at 16.0
V when only the top two electrodes of the device are exposed to the labeled target; and (f) the ECL
emission at Etot = 22.0 V for the device in (e). (Reprinted with permission from J. Am. Chem. Soc.
9

2008, 130, 7544–7545. Copyright 2008 American Chemical Society)

Crooks group then scaled this system without microfluidic channel and increased the number
of BPEs.68 Figure 1.1.5 is the scheme illustrating how the principle of bipolar electrochemistry
was employed in this system, specifically, Figure 1.1.5 a described how to assemble a bipolar
electrochemical cell with BPEs, two driving electrodes, and an external voltage Etot. As explained
before, the potential drop between BPEs related to the length of themselves inherently and external
environment like the length of bipolar cell and voltage. As such, ∆Eelec of each BPE is identical

because of same length and situation in Figure 1.1.5 b.68 Due to keep charge neutral, oxidation

reaction at the anode of BPE and reduction reaction at the cathode of BPE will occur
simultaneously, as a result, the rate of electron involved in the reduction reaction can be indirectly
detected at the anode by oxidation reaction in Figure 1.1.5 b.2, 68 When 85 V was applied, faradaic
reactions were triggered on the BPEs, of which the ∆Eelec is about 2 V.
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Figure 1.1.5 a) Bipolar electrochemical cell configuration, in which there are 1000 small BPE
fixed in the middle. An external voltage Etot between the two driving electrode was connected to
the cell. b) Etot creates a linear potential gradient going through the solution in bipolar
electrochemical cell, and the ∆Eelec of each BPE is the same of the length and situation. c) Faradaic

reactions occur at two sides of each BPE, O2 was reduced on the cathode of BPE and
Ru(bpy)32+/TPrA were oxidized at the anode of BPE. (Reprinted with permission from J. Am.
Chem. Soc. 2009, 131, 8364–8365. Copyright 2009 American Chemical Society)
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Figure 1.1.6 a) Optical micrograph of an array comprising 1000 individual BPEs having
dimensions of 500 × 50 µm. b) Photograph of the cell conﬁguration used to activate this array. c)
Luminescence micrograph showing the ECL response of the array when Etot = 85.0 V. d) ECL
intensity proﬁle obtained along the rows of BPEs indicated by arrows in (c). (Reprinted with
permission from Anal. Chem, 2010, 82, 8766-8774. Copyright 2010 American Chemical Society)

The microelectrochemical array in Figure 1.1.6 a) included 1000 Au BPEs, each of them is
500 µm long and 50 µm wide.54 Figure 1.1.6 b) is the actual structure of the electrochemical bipolar
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cell, which consisted of a glass slide microfabricated with 1000 Au BPE in the middle of the cell
filled with ECL solution and two driving electrode connected with two clamp. When sufficient
voltage (Etot = 85 V) was applied, faradaic reactions were triggered at two sides of electrodes, and
the light from the anode of BPEs can be observed in Figure 1.1.6 c).54 The uniform ECL intensity
from three different rows demonstrate the viability and feasibility of this sensing platform for
future test and application.54 One drawback of this device is that it would be contaminated by the
products from driving electrodes, which may dissolve in the electrolyte solution and affect the
reactions on the BPEs.68
One of the disadvantages of this setup (also called open configuration system) is the
interference between reporting materials and targeting materials. In order to prevent it, Wang’s
team developed a novel sensing platform based single or multichannel closed bipolar system
obtaining 100% efficiency in theory.11, 12 Based on this design, a higher current efficiency and ECL
efficiency were reported, another advantage is eliminating the noisy signal from the driving
electrode shown in Figure 1.1.7.11 The good result with detection of TPrA, dopamine, H2O2, and
K3Fe(CN)6 based on this device indicated that it is a promising and powerful bipolar
electrochemical system in the field of electrochemical analysis.11
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Figure 1.1.7 Fundamental Principle of the Dual-Channel Bipolar ECL Sensor (Reprinted with
permission from Anal. Chem. 2013, 85, 5335−5339. Copyright 2013 American Chemical Society)

Figure 1.1.8 is the fundamental structure of BP-LED-E, which integrated one light emitting
diode (LED) into a split bipolar electrode.69 Because very high current efficiency can be obtained
in this device, lower voltage is required to trigger the reactions and the light is easier to be
observed.69 In addition, one advantage of the device is that it is simple, reusable and cheap by
replacing expensive luminescent agent.69
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Figure 1.1.8 Fundamental structure of bipolar LED electrode (BP-LED-E) (Reprinted with
permission from Anal. Chem. 2015, 87, 4612–4616. Copyright 2015 American Chemical Society)

Different concentration of H2O2 and AA were added into four anodic cell of BP-LED-E array
and the other sides were filled with phosphorous buffer (0.1 M, pH 7.4).69 It was found that the
LED light intensity processed by PhotoShop histogram was related linearly with the logarithm
values of them in Figure 1.1.9 a, b.69 Another example is different concentration of glucose
pretreated with 1 mg/mL glucose oxidase (GOD) in a pH = 6.0 solution incubated in a 37 ℃
water bath for 30 mins.69 The light intensity obtained in the same way with the detection of H2O2
in Figure 1.1.9 c.69 In order to know the selectivity of the method, four different materials (lactose,
maltose, fructose and glucose) were detected simultaneously and the result in Figure 1.1.9 d
demonstrated an excellent selectivity of glucose under the same conditions.69 PB (0.1 M, pH = 6.0)
was placed in the anodic section of the first and third cell, and diluted serum was put in the other
two cells in Figure 1.1.9 e, the result showed that no extra noise was produced in the cell including
diluted serum.69 So the sugar level of two blood samples can be rapidly achieved based on the
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result.69 0.1 mM and 0.6 mM incubated glucose solutions were added in the first and fourth anodic
cells, respectively.69 Blood sample from diabetes and another one from normal person were added
in the second and third anodic sample.69 As expected, the light intensity of the second cell is higher
than that of the first cell due to a higher value of glucose in this sample Figure 1.1.9 f.69 Likewise,
the intensity of the third cell was a little weaker than that of the first cell, just because of the
absence of glucose in this sample in Figure 1.1.9 f.69

Figure 1.1.9 Determination of different analytes: naked-eye sensing images and the red light
intensity data obtained from the PhotoShop histogram. (a) H2O2; (b) AA; (c) glucose; (d)
selectivity toward the glucose; (e) background of the diluted serum; (f) blood sugar test. (Reprinted
with permission from Anal. Chem. 2015, 87, 4612–4616. Copyright 2015 American Chemical
Society)
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This design for detection is very promising and desirable in environmental monitor and daily
diagnosis because of low-cost, simplicity, good selectivity, very high electrochemical efficiency
and reducibility.69
1.1.2.2 Electrochemical analysis based on electrodissolution of bipolar electrode
A new sensing platform was developed by Crooks group, in which metal stripped at the anode
part of BPE, corresponding to the charge transferred at the cathode due to charge neutrality.4, 32, 70

Figure 1.1.10 a) Faradaic reactions occur at both sides of bipolar electrode, one is the sensing part
at the cathode of BPE, and the other is the reporting part at the anode of BPE. b) Operation
Principle of bipolar electrochemistry was exploited in this study. (Reprinted with permission from
J. Am. Chem. Soc. 2010, 132, 9228–9229. Copyright 2010 American Chemical Society)

At the cathode part of bipolar electrode in Figure 1.1.10 a, the oxidation of
tetramethylbenzidine (TMB) was activated by hybridization of DNA labeled with horseradish
peroxidase (HRP) in the solution containing H2O2.4 If the electrochemical cell was applied enough
voltage (Etot), faradaic reactions were triggered at both sides of BPE. Specifically, oxidized TMB
was reduced at the cathode of BPE, at the same time, silver present on the anode part of BPE was
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oxidized and dissolved in Figure 1.1.10 a.4 Etot applied on the cell can create a linear potential
gradient going through the solution on the bipolar electrode, which keep the bipolar electrode
inside float to an equilibrium value relative to the solution.4 In this sensing platform, the dissolution
of Ag is directly correlated to DNA hybridization, which means the rate of oxidation reaction at
the anode part of bipolar electrode should be identical to the reduction reaction at the cathode part
of bipolar electrode.4

Figure 1.1.11 a) Optical micrographs of the DNA-sensing device showing (middle) DNAmodified and (top and bottom) thiol-modified electrodes (a) before and (b) after Etot = 12.0 V was
applied for 90 s. (Reprinted with permission from J. Am. Chem. Soc. 2010, 132, 9228–9229.
Copyright 2010 American Chemical Society)

The middle BPE in Figure 1.1.11 modified with 20 nucleotide long, thiol-modified capture
DNA was parallelly placed with the other two BPEs modified with 6-mercaptohexanol in the
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bipolar electrochemical cell, after that, they were exposed to one solution containing biotinmodified complementary target DNA and then another solution including avidin-functionalized
HRP.4 Acetate buffer (0.1 M), 0.42 mM TMB and 1.3 mM H2O2 were added into this cell to carry
out the experiment, in which the reduction of H2O2 catalyzed by HRP was accompanied with the
oxidation of the reduced form of TMB.4 When the electrochemical bipolar cell was applied
sufficient Etot, the produced oxidizing state of TMB was reduced back to reducing state of TMB at
the cathode part of bipolar electrode, which triggered the oxidation of Ag at the anode part of
bipolar electrode that can be seen by naked eyes.4
The advantage of this method by dissolving metal at the anode part of bipolar electrode to
quantitatively measure the amount of hybridization DNA is that it not only retains the desirable
attributes of BPEs like simpleness, easy manipulation and low-cost, but also possesses new
features, for example, the sensitivity and limitation of the detection of this method depends on the
thickness and length of Ag coated on the anode part of bipolar electrode.4
In this paper, Crooks group evaluated various catalysts by observing the dissolution of Ag
coated on the anode part of bipolar electrode.32 Operation principle of bipolar electrochemistry
was exploited in this sensing platform shown in Figure 1.1.12 b, if it was applied sufficient value
of Etot, faradaic reactions were trigger on both sides of the bipolar electrode. At the cathode part of
BPE, O2 was reduced along with the dissolution of Ag at the anode part of BPE.32 As described
before, the amount of dissolved Ag was exactly correlated to the O2 reduced. So the catalytic
ability of catalysts can be determined by counting the number of Ag left on the bipolar electrodes
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in Figure 1.1.12 a. As the Ag dissolved gradually from the distal end of bipolar electrode, the
effective length of bipolar electrode dropped with the result of the decrease in the overpotential
between the bipolar electrode to a threshold at which the oxidation reaction of Ag began to stop,32
that is, how many bonds of Ag dissolved at the anode part of bipolar electrode depends on which
kind of electrocatalyst with overpotential to trigger ORR (oxygen reduction reaction) on the
cathode part of bipolar electrodes,32 because Ag dissolution will stop when the overpotential drop
over the threshold and not capable to drive electrically faradaic processes.32

Figure 1.1.12 a) the difference of initial ΔEelec and final ΔEelec b) Electrochemical bipolar cell with
a bipolar electrode coated Ag, microfluidic channel, and two driving electrodes connected with
Etot c) ΔEonset of different substrate at the same conditions. (Reprinted with permission from J.
Am. Chem. Soc. 2012, 134, 863−866.Copyright 2012 American Chemical Society)
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There are 26 Ag microband electrodes on the anode part of bipolar electrodes was deposited
with a length of 15 μm and a space of 10 μm with each other in Figure 1.1.13 a.32 Three BPEs
were modified in different methods with G6-OH (Pt225) on the top, G6-OH (Au225) on the bottom
and ITO in the middle, respectively.32 (225 means 225atoms in the individual catalytic
nanoparticles; G6-OH [sixth-generation poly(amidoamine) (PAMAM) dendrimers terminated with
hydroxyl functional groups] was used to encapsulate this catalyst)32 As expect according to the
principle of bipolar electrochemistry, the more bands of Ag on the anode of bipolar electrode will
dissolve with the higher catalyst on the cathode part of bipolar electrode. Figure 1.1.13 a is the
beginning of the experiment at time 0 s without voltage applied on the electrochemical cell. Upon
a sufficient voltage Etot = 10 V was applied, Ag microbands dissolved obviously and can be
observed by naked eyes at time 60 s in Figure 1.1.13 b. In Figure 1.1.13 c-f, Ag microbands
dissolved continuous at Etot = 4 V until the time 730 s.32 Due the number of dissolved Ag
microbands at the anode part of bipolar electrode is directly correlated to the activity of
electrocatalysts present on the cathode part of bipolar electrode, it is easy to tell that the catalytic
ability of ORR decreases in this sequence: Pt > Au > ITO.32 The advantage of this method
compared with the literature4 is that the number of the microbands is very convenient and simple
to measure than the length.4

21

Figure 1.1.13 (a) Optical micrograph of three BPEs. The top BPE was spotted with G6-OH(Pt225),
the middle BPE was naked ITO, and the bottom BPE was modified with G6-OH(Au225). The BPEs
were placed in a microfluidic channel consisting of a silicone gasket and a poly(dimethylsiloxane)
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block. The channel was 12.5 mm long, 3 mm wide, and 0.5 mm tall and filled with air-saturated
0.10 M acetate buffer (pH 4.0). Two Ag/AgCl electrodes were used to apply Etot. (b−f) Micrographs
of the three BPEs after application of Etot for the indicated times. Etot was 10.0 V for the first 60 s
of the experiment and 4.0 V thereafter. No further Ag electrodissolution was observed after 730 s
(f). (Reprinted with permission from J. Am. Chem.Soc. 2012, 134, 863-866.Copyright 2012
American Chemical Society)

1.1.2.3 Material modification, synthesis, and motions
Bradley’s group has demonstrated metal or polymer deposition with contactless method on
micrometer size particles or carbon nanopipes.71-78 After that, several groups made a deep research
in the deposition using bipolar electrochemistry.
Figure 1.1.14 described the formation of Cu wire between two particles. At the beginning, in
Figure 1.1.14 a, H+ was reduced at the left particle, and copper ions were released from the right
particle if there existed electrical field in the aqueous environment.72 The concentration of copper
ions around the right side of left particle increased as time goes on, and the reduction of copper
ions occurred and the wire began to grow with the side facing the other particle when there was
sufficient copper ions at the right side of left particle.72 Finally the electrochemical processes
stopped and potential differences disappeared between particles as a result of direct connection
with each other through the wire produced in Figure 1.1.14 d.72
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Figure 1.1.14 Diagram of wire formation between two particles under bipolar conditions. a) Two
copper particles are placed in an aqueous environment and an electric field is applied. The
polarization of each particle is shown. Initially the particle on the right liberates copper ions while
the particle on the left reduces water. The shaded area represents a hypothetical distribution of the
ionic cloud. (For clarity only the phenomena in the interparticle region are shown). b) When the
copper-ion concentration near the particle on the left is high enough electrodeposition occurs and
the wire begins to grow on the side facing the other particle. c) Electrodeposition occurs
preferentially at the wire tip where cathodic polarization is expected to be highest. d) When the
wire reaches the particle on the right, electrical contact is made. At this point there is no potential
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difference between the particles and electrochemical processes in the interparticle region cease.
(Reprinted with permission from NATURE, 1997, 389, 268-271. Copyright 1997 Nature,
Macmillan Publishers Ltd)

Two competing wire branches formed while the solution was applied an electrical field (E =
30.3 Vcm-1), in Figure 1.1.15 a-d, and one interesting phenomenon is that the velocity of growth
increased as the wire branch was approaching the other particle.72 Figure 1.1.15 e-h) illustrated the
growth of wire depended on the external electrical field applied in the solution, that is, a higher
electrical field can lead to a greater velocity in growth of wire.72 A thick bushes formed after adding
2.5 mM Cu(NO3)2, which were located between the particles and at the side close to feeding
electrode of the right particle.72 The shortest route of growing wire was taken by observing two
particles slightly slanted relative to the external electrical field.72
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Figure 1.1.15 Wire formation between two copper particles. a) Before application of a 30.3 Vcm1

field in the direction indicated by the black arrow. b) Several wires begin to grow on the left

particle after a 10 s induction period. c) Two competing wire branches survive to the interparticle
midpoint 25 s after the application of the field. d) Only one branch survives and spans the
interparticle gap 29 s after the application of the field and establishes electrical contact between
the two particles. We note the great acceleration in growth velocity as the wire approaches the
second particle. e–h) Wires grown at increasing field strengths. Notice the reduction in branching
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and wire width with increasing fields. i) A wire grown between two particles with externally added
2.5 mM Cu(NO3)2. Instead of a thin wire forming exclusively between the particles, a thick bush
forms both between the particles and on the particle closest to the feeder anode. j) A wire grown
between two particles slightly slanted with respect to the external field showing that the shortest
possible route was taken. Except for i, the aqueous medium contained 0.1mM H2SO4 and 0.01%
Nonidet-P40 (Sigma). The feeder electrodes were made of two parallel 1-mm-diameter Pt wires
separated by 1.5 cm. (Reprinted with permission from NATURE, 1997, 389, 268-271. Copyright
1997 Nature, Macmillan Publishers Ltd)
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Figure 1.1.16 Bipolar electrodeposition for the synthesis of Janus particles. a) Principle of bipolar
electrochemistry: a sufficient polarization of a conducting substrate allows the symmetry to be
broken. b) Scheme of the cell used for bipolar electrodeposition. (Reprinted with permission from
Adv. Mater. 2012, 24, 5111–5116. Copyright 2012 Wiley-VCH)

Alexander Kuhn's group developed a new device to synthesize Janus particles on which
different chemistry or polarity was exhibited on two sides.61, 79-81 Figure 1.1.16 a is the bipolar
electrochemical cell, in which one global substrate was immersed in solution without direct
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connection with driving electrode applied external voltage.61 Two different reactions occur on two
opposite sites as long as the electrical field is high enough, as a result, two sides of it can be
modified and Janus particle was synthesized.61 In order to separate the substrates and reagents
from the two feeding electrode (gold or platinum plates), two membranes made from sintered glass
or polymer as separator were inserted in the middle of the electrochemical cell in Figure 1.1.16
b.61 As a result, it will last about 2 mins when the cell was applied high voltage before the first
bubbles appeared.61 The materials chosen to be the separator depended on mechanical stability,
permeability, and conductivity, which may delay the time of bubble production, reduce the
evaporation of solvent, or affect ohmic heating in solution.61
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Figure 1.1.17 Anisotropic and isotropic carbon/metal Janus objects. SEM images of the particles
before and after bipolar electrodeposition. a) Unmodified carbon tube. b) Carbon tube modified
with gold. c) Carbon tube modified with platinum. d) Unmodified glassy carbon beads with
diameters ranging from 200 to 400 μm. e) Glassy carbon beads with diameters ranging from 200
to 400 μm modified with gold. f) Unmodified glassy carbon beads with diameters ranging from 20
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to 50 μm. g) Glassy carbon beads with diameters ranging from 20 to 50 μ m modified with gold.
Inset: Detail of a Janus bead (scale bar represents 10 μm). h) Glassy carbon beads modified with
silver. i) Unmodified micrometer-sized glassy carbon beads. j) Micrometer-sized glassy carbon
beads modified with gold. Inset: Detail of a micrometer-sized bead modified with gold (scale bar
represents 1 μm). (Reprinted with permission from Adv. Mater. 2012, 24, 5111–5116. Copyright
2012 Wiley-VCH)

Carbon tube/gold or platinum Janus objects were synthesized according to the above method
in 1 mM AuCl4− and 10 mM PtCl62−, respectively, in Figure 1.1.17 a-c.61 Different sizes of carbon
beads were used as substrates to synthesize Janus particles with gold or platinum deposition. As
mentioned above, the amount of deposition is related to electrical field, the concentration of
solution, the length of bipolar electrochemical cell, geometrical configuration of substrates and
intrinsic kinetics of redox reactions occurring on both sides of substrates.61 As a consequent, the
solution with a lower conductivity can lead to the increase of polarization and the fraction of
current,61 because the conductivity of bipolar electrode higher than the surrounding medium will
favor the redox reactions on the bipolar electrode.54, 82 Another issue which should be concerned
is that adding gelling agents can slow down the rotational movement by increasing the viscosity
of the solution involved.61 There are two kinds of gelling agent, agarose and ethyl-cellulose.
Agarose was normally added in water to do the modification in Figure 1.1.17 g-i, however, it may
cause a problem that a spontaneous reduction of tetrachloroaurate which is not desired occurred in
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the case of the washing process requiring a heating step.61 In Figure 1.1.17 e, the rate of output
(80%) was achieved after counting the number of Janus beads and the total number of beads on
SEM images.61 It should be noted that gold is easier to deposit on beads than silver because gold
is a noble metal, and smaller size of carbon beads need higher electrical field than bigger size of
carbon beads to perform the same ratio of deposition because bigger size particles can obtain
higher fraction of external voltage .61

Figure 1.1.18 Representation of the polarization of a conducting spherical particle in an electric
field between two feeder electrodes. Oxidation and reduction reactions occur at the anodic and
cathodic parts of the object, respectively. (Reprinted with permission from Chem. Eur. J. 2013, 19,
1577–1580. Copyright 2013 Wiley-VCH)

It is the first time to synthesize Janus-type beads by Alexander Kuhn's group, on which
diazonium salts were reduced to form an organic layer in a bipolar electrochemical cell.21 Figure
32

1.1.18 is the bipolar electrochemical cell, in which one bead was introduced into a capillary and
physically block the capillary with advantage in the stability of bead in electrical field due to
approximate same diameter of them.21 Redox reactions were triggered on the polarized bead (BPE)
in bipolar electrochemical cell upon it was applied sufficient external voltage.21 The potential drop
generated by electrical field between two ends of bead is in proportion with the effective length of
particle.83
As explained before, diazonium electrografting is possible to the bead as BPE in bipolar
electrochemical cell when the applied potential on it is bigger than a threshold value which is at
least 1313 V m-1 in this experiment.21 The first step of modification is that 4nitrobenzenediazonium tetrafluoroborate in aqueous hydrochloric acid (HCl, 1 mM) was reduced
by one electron transfer at the cathode pole of the bead as the BPE when sufficient potential drop
goes across it.21 The resulting nitrobenzene radical attached to the cathodic part of glassy carbon
by a hydrogen abstraction mechanism, and then the remaining functional nitro group was
converted to amino group at E = −0.60 V vs Ag/AgCl in Figure 1.1.19 a.21, 84 The second step of

it is that the functional amino groups (NH3+) interacted with the citrate anions in terms of

electrostatic effects, which can stabilize the colloidal gold nanoparticles capped by citrate in Figure
1.1.19 b.21, 85, 86 Finally, this group prepared glassy carbon bead with 4-aminobenzene layer labeled
by gold nanoparticles revealed by SEM.21
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Figure 1.1.19 The modification of a glassy carbon bead by a) asymmetric electrografting of 4aminobenzene in aqueous HCl solution, followed by b) electrostatic interaction with citrate-capped
colloidal gold nanoparticles. (Reprinted with permission from Chem. Eur. J. 2013, 19, 1577–1580.
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Copyright 2013 Wiley-VCH)

Figure 1.1.20 a) Scanning electron micrograph of asymmetrically modified 630 mm glassy carbon
beads by applying an electric field of 4 kVm-1 for 90 seconds in an aqueous solution of 5 mM 4nitrobenzenediazonium tetrafluoroborate/1 mM HCl and subsequent interaction with a citratereduced colloidal gold solution. b) Fluorescent micrograph of asymmetrically modified 630 mm
glassy carbon beads by applying an electric field of 4 kVm-1 for 120 seconds in an aqueous solution
of 5 mM 4-aminobenzoic acid/10 mM NaNO2/10 mM HCl and subsequent reaction with EDC and
fluoresceinamine. (Reprinted with permission from Chem. Eur. J. 2013, 19, 1577–1580. Copyright
2013 Wiley-VCH)

Figure 1.1.20 indicated 4- nitrobenzenediazonium salts were successfully reduced on the
cathode portion of glassy carbon bead by observing the gold particles on the SEM images.21 The
formation of a 4-aminobenzene layer on glassy carbon bead can also be verified by the presence
of fluorescence at one side of glassy carbon shown in Figure 1.1.20 b.21
Alexander Kuhn's group also study the motions of bipolar electrodes based on bipolar
electrochemistry,22, 24, 59, 87-91 after other group’s work in motions of micro particles.92-98
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Figure 1.1.21 Linear motion of spherical objects. (a–c) Competing bubble production. (a) Scheme
of the water splitting by bipolar electrochemistry. (b) Optical micrograph of a stainless steel 1 mm
spherical metal particle exposed to a 1.6 kV m-1 electric field in aqueous 24 mM H2SO4. The left
part of the bead is the cathodic pole where H2 bubbles are produced and the right part is the anodic
pole where O2 bubbles are produced. Scale bar, 250 μm. (c) Translational motion generated with
a 285-μm glassy carbon sphere in a PDMS microchannel exposed to a 5.3 kV m-1electric field in
aqueous 7 mM H2SO4. Scale bar, 100 μm. (d–f) Quenching of O2 bubble production. (d) Scheme
of proton reduction and HQ oxidation. (e) Translational motion generated on a 1-mm stainless
steel bead exposed to a 1.3 kV m-1 electric field in 24 mM HCl and 48 mM HQ. Scale bar, 1 mm.
(f) Translational motion generated with a 275-μm glassy carbon sphere in a PDMS microchannel
with a 4.3 kV m-1 electric field in an aqueous solution of 7 mM HCl and 14 mM HQ. Scale bar,
100 μm. (Reprinted with permission from Nature communication, 2011, 2, 535. Copyright 2011
Nature communication, Macmillan Publishers Ltd)

36

Gas bubbles were produced at both sides of 1-mm metal particle that is a bipolar electrode
located in a 1.6 kVm-1 electric field in Figure 1.1.21 a.22 Specifically, protons in solution were
reduced to hydrogen gas at the cathode part of BPE, and the water split to oxygen gas was triggered
at the anode part of BPE, however, the electron production or consumption of these two reactions
due to maintain electroneutrality at the bipolar electrode.22 In this experiment, the amount of
hydrogen gas produced at the cathode part of BPE is twice than it of oxygen generated at the anode
part of BPE,22 as a consequence, the bipolar electrode in the bipolar electrochemical cell was
propelled towards to the cathode with the speed of 20 μms-1 because of this asymmetric gas
production in Figure 1.1.21 a-c.22 In order to know how reactions on bipolar electrode affect the
speed of it, a low redox potential of the hydroquinone/benzoquinone (HQ/BQ) was used to take
place of water spilt reaction at the anode part of BPE.22 As shown in Figure 1.1.21 d, at the left
side of the bipolar electrode, hydrogen ions were reduced, on the contrary, HQ was oxidized to BQ
at the right side of it. Based on the same reason as above, the bipolar electrode located in a
polydimethysiloxane (PDMS) microchannel was pushed towards the cathode at the speed of 62
μms-1, which is expected to be higher than the speed (20μms-1) of bipolar electrode without adding
HQ in Figure 1.1.21 d-f.22 There are three main parameters that can influence the measured
velocity by a change of reaction kinetic or thermodynamic reactions, 1) The potential difference
of the bipolar electrode, 2) pH value, 3) The concentration of HQ added.22 Another issue should
be concerned is that the friction on bipolar electrode will increase because of the surface to volume
ratio when the size of bipolar electrode is becoming very small, and also Brownian motion may
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play an important role in the motion of BPE, which is needed to be overcome by driving force.22

Figure 1.1.22 Dynamic Bipolar Self-Regeneration Principle (Reprinted with permission from J.
AM. CHEM. SOC. 2010, 132, 15918–15919. Copyright 2010 American Chemical Society)

An ingenious work in self-regeneration movement was also done by Alexander Kuhn's group
in bipolar electrochemistry.89 The principle of dynamic bipolar self-regeneration is illustrated in
Figure 1.1.22, in which the particle of interest was located without direct connection with driving
electrodes which were connected to an external voltage in a bipolar electrochemical cell. When
sufficient voltage was applied, metal dissolved at the anode of BPE, and metal deposited at the
cathode of BPE to maintain the electroneutrality, which can propel the motion of a metallic
object.89
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Figure 1.1.23 Optical micrographs of a zinc dendrite in a glass capillary filled with a zinc sulfate
solution at pH ≈ 5 under the influence of an external electric field (Reprinted with permission from
J. AM. CHEM. SOC. 2010, 132, 15918–15919. Copyright 2010 American Chemical Society)

One zinc dendrite was used as a bipolar electrode isolate in a 100 μm inner diameter capillary,
which was filled with a zinc sulfate solution with an adjustable pH value by adding small amount
of acid, preventing zinc oxide from happening in the experiment.89 Located in an external electric
field (7 kVm-1), zinc dendrite was propelled with a speed of 80 μms-1, that is because redox
reactions were triggered on this zinc dendrite in Figure 1.1.23.89
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Figure 1.1.24 Asymmetric light-emitting electrochemical swimmer. Simultaneous reduction of
H2O at the cathodic pole (bottom of the bead) and oxidation of ECL reagents at the anodic pole
(top of the bead) induces both motion and light emission from the bead in a glass capillary. P
corresponds to a side product of the TPrA radicals formed during the ECL process. (Reprinted with
permission from Angew. Chem. 2012, 124, 11446 –11450. Copyright 2012 Wiley-VCH)

One interesting experiment has been also done by them in motions combined with ECL by
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the use of bipolar electrochemistry.59 Figure 1.1.24 demonstrated a glassy carbon (GC) was chosen
as the “swimmer” which can move up when the glass cell was applied sufficient external voltage.59
Specifically, as shown in Figure 1.1.24, water split was occuring at the negative charged pole of
GC and on the other side light emission reaction was generated simultaneous in order to maintain
electroneutrality.59 The hydrogen generated in this process was the fuel which can propel the GC
move up, and at the same time the movement was accompanying with light emission.59 The speed
or the levitation height should be related to external electrical field, the diameter of bead, ambient
environment, and intrinsic properties like density.59
1.1.2.4 Concentration enrichment and separation
Concentration enrichment has been done a lot with vairous methods like electric field gradient
focusing (EFGF), electrophoresis, and electrokinetic supercharging.99-112 Crook’s group spent a lot
interest inelectric field gradients for enrichment (EFGF), in which the migration of charged
analytes is related to the electrical field gradient generated by a driving voltage across a channel.37,
113

And they have done a lot of work in material erichment of separation using bipolar chemistry.37,

100, 114-118
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Figure 1.1.25 a) Schematic illustration of the fluidic system used in these experiments, b) optical
micrograph of the BPE region of a typical device, and c) structures of the anionic dyes (tracers).
(Reprinted with permission from Anal. Chem. 2009, 81, 8923-8929. Copyright 2009 American
Chemical Society)

Figure 1.1.25 a-b is the configuration of bipolar electrochemical cell, in which BPE was
42

situated in the middle of a channel in a bipolar electrochemical cell, and Figure 1.1.25 c illustrated
the structures of the three fluorescent dyes that was used as tracers in this paper.37

Figure 1.1.26 (a) Fluorescence micrograph (top view) showing separation of BODIPY2-, MPTS3-,
and PTS4- in 5.0 mM TRIS 200 s after application of Uapp ) 40 V (XF115-2 and XF02-2 filter sets
overlaid, see Supporting Information) in a 12 mm-long, Pluronic-modified channel. (b) Plot of
enrichment factor vs axial location corresponding to part a. (Reprinted with permission from Anal.
Chem. 2009, 81, 8923-8929. Copyright 2009 American Chemical Society)

Negative charged fluorescent dyes moved to left because of electroosmotic flow (EOF), but
they began to accumulate at the time when electrophoretic force equals to the EOF due to the
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electric field gradient generated by the cathodic part of BPE in figure 1.1.26.100 The three enriched
zones can be observed after 100 s if the driving voltage went up to 90 V in the solution containing
5.0 mM TRIS, 0.1 μM BODIPY2-, 0.4 μM MPTS3-, and 0.8 μM PTS4-.37 After 200 s, three resolved
analyte zones can be seen and their enrichment factors are 560, 225, and 245 for BODIPY2-,
MPTS3-, and PTS4-, respectively.37 The experiment provided a promising, simple and low-cost
method to separate different materials using bipolar electrochemistry.

1.2 Electrochemiluminescence
Electrochemiluminescence which is also called electrogenerated chemiluminescence is a
process that excited states generated on the surface of the electrode under a certain voltage from
another electro-active species can emit light to relax to ground state.64 It was the first time to
observe electrochemical luminescence on Rubrene, DPA (9,10-diphenylanthracene) and related
compounds in the 1960’s.119, 120 Bard’s group found the electrochemical behaviour of tris-2,2bipyridylruthenium (II) (Ru(bpy)32+) that is widely used nowdays not only in the industry but also
in analytical research in 1973.121 Since then, electrochemiluminescence has been extensively used
in the area of capillary electrophoresis, nanostructured materials, organic or inorganic materials,
DNA probe, immunoassay, small molecules detection and functional nucleic acid sensors, because
it has the advantages of simplicity, high selectivity and sensitivity, and low background, in addition,
the mechanism and application of ECL has been compresively studied in recent review papers.64,
122-135

A intermediate capable of emitting light on the surface of an electrode is produced by electron
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transfer from one material in ground state in the process of electrochemiluminescence.64

Figure 1.2.1 Structure of Ru(bpy)32+ and proposed mechanism for Ru(bpy)33+/Ru(bpy)+ ECL
system. (Reprinted with permission from Chem. Rev. 2004, 104, 3003-3036. Copyright 2004
American Chemical Society)

Figure 1.2.1 illustrated the production of light by generating oxidized Ru(bpy)33+ and reduced
Ru(bpy)3+ on an electrode in tetrabutylammonium tetrafluoroborate/acetonitrile solution.64,

136

Ru(bpy)32+* was produced in the reaction of Ru(bpy)33+ and Ru(bpy)3+, which represented an
intermediate that can emit light.64
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The mechanism of ECL normally involved annihilation ECL, coreactant ECL, and cathodic
luminescence.64 Annihilation ECL was illustrated in Figure 1.2.1, in which two species (oxidized
and reduced) generated by alternate pulsing of the electrode potential would react with each other
and create an intermediate that can emit light.64, 135 Coreactant ECL involved electrochemical
reactions between intermediate from coreactant and oxidized or reduced ECL luminophore and
then emitted light.64, 137 The process of it normally included four procedures, 1) redox reactions of
coreactants and ECL luminophore at one electrode, 2) homogeneous chemical reactions, 3) the
formation of excited species, 4) relaxation and emit light.136 C2O42-/Ru(bpy)32+, S2O82-/Ru(bpy)32+,
and TprA/Ru(bpy)32+ systems are the commonly used in ECL experiment, and luminol is also an
option to produce ECL.136

1.3 Raman spectroscopy
Inelastic light scattering was proposed by Adolf Smekal in 1923 and then the Raman
scattering phenomenon was first found by C. V. Raman in 1928. The shift in wavelength of emitted
photon away from the incoming light can be observed when a photon interacted with a molecule.138
Raman scattering is an inelastic scattering resulting in two kinds of photons, one is called stokes
Raman scattering with lower energy than the incident light, and another one is called anti-stokes
Raman scttering with higher energy than the incident light. The proprietary characteristics of every
moleclue in Raman spectrum is owing to the characteristic vibrational energies from different
functional groups in the molecle.138 The intensity of raman scattering depends on the change of
dipole-electric dipole polarization, for which aromatic molecules has a greater Raman scattering
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than aliphatic molecules.138 Van Duyne’s group discovered a magnified Raman scattering of
pyridine which was adsorbed on a roughened silver substrate which can produce very strong
electromagnetic fields when visible light excited the localized surface plasmon resonance of
nanoscale location on silver,139 which provided a new technique for scientists study and analyze
unknown materials in chemistry, biochemistry, physics, and materials.140-150 Confocal Raman
spectroscopy, as one of Raman techniques, offers us the possibility to analyze a sample in the Zaxis and also improve the spatial resolution in it.

Figure 1.3.1 Energy-level diagram of Raman signal.

Figure 1.3.1 illustrated the principle of Raman spectroscopy involving inelastic scattering
after the interaction between an incident laser and molecule of interest. In Figure 1.3.1, there are
three kinds of scattering, Rayleigh scattering, stoke Raman scttering, anti-stoke Raman scattering.
The Rayleigh scattering has the same wavelenghth with the layer beam and would be filtered out,
while Raman scattering can be detected by a detector after going through a notch filter or a band
pass filter. Note that anti-stoke Raman scattering has higher energy than stoke Raman scttering.
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Figure 1.3.2 Conceptual illustration of SERS.

Surface enhanced Raman spectroscopy (also called surface enhance Raman scattering) has a
much higher sensitive technique than Raman spectrocopy with 1010 to 1014 signal enhancement.
The main reason in the enhancement is the localized surface plasmons was excited by a incident
laser on a roughened metal surface (Au or Ag), on which molecule was aborbed. The signal of
Raman scattering was then enhanced due to the electromagnetic enhancement mechanism. Figure
1.3.2 clearly illustrate the principle of surface enhanced Raman scattering.
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Chapter 2
Detection of Ferrocenemethanol and Molecular Oxygen Based on
Electrogenerated Chemiluminescence Quenching at a Bipolar Electrode
This project is the collaboration with TanYu Wang and I who contributed equally in this work
Reprinted with permission from Langmuir, 2013, 29 (51), 16040–16044.Copyright 2013 American Chemical Society

2.1 Abstract
Small molecules, such as ferrocenemethanol (FcMeOH) and O2, that are capable of
quenching the Ru(bpy)32+ excited state via energy or electron transfer, can be quantitatively
detected in a bipolar electrochemical cell based on the attenuation of steady-state electrogenerated
chemiluminescence (ECL). FcMeOH quenches ECL generated by the Ru(bpy)32+ oxalate
coreactant system, exhibiting a linear dependence on [FcMeOH] with a Stern−Volmer slope of
921 M−1, corresponding to a quenching rate constant of 2 × 109 M−1 s−1. We used the bipolar ECL
quenching platform to measure dissolved O2 and validated the results using a standard Clark
electrode. The detection limit for local [O2] measured using ECL quenching was found to be 300
ppb. This work opens up the possibility of utilizing ECL quenching at bipolar electrodes for a wide
range of applications.
2.2 Introduction
Over the past decade, bipolar electrochemistry, which allows sensor read-out without a direct
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electrical connection to the working electrode, has emerged as an alternative to conventional
amperometry.1, 2 The bipolar platform is much easier to miniaturize, multiplex, integrate with labon-a-chip systems, and use to carry out spatially resolved analytical measurements.3 In sensor
applications, reading out the state of a bipolar electrode presents unique challenges because of the
lack of a direct physical connection. Manz and co-workers were the first to use electrogenerated
chemiluminescence (ECL) to detect analytes separated by micellar electrokinetic chromatography
(MEKC) using a “wireless” detector.4 Since then, ECL, especially the Ru(bpy)32+ coreactant
system, has frequently been used as an indirect reporter of the bipolar current.5,6 ECL does not
require an excitation light source, and the reaction can be performed in a very small sample volume,
making it ideal for integration with portable devices at low cost.7 The marriage of ECL and bipolar
electrochemisty has great potential for carrying out highly multiplexed detection using arrays of
BPEs.8 In this sensor format, the analyte of interest is reduced at the cathodic pole of the BPE, and
this reaction triggers ECL at the anodic pole in direct proportion to the BPE current.9, 10 More
recently, Nyholm and co-workers11 used BPEs to detect electrochemically active compounds by
applying an electric field to induce bipolar behavior between two Au bands. The split design
facilitates the direct measurement of current passing through the BPE, at the cost of complicating
the detection system with an external electrical connection. Crooks et al.12 utilized the stripping of
Ag from the anodic pole of a BPE to signal a cathodic sensing event. The amount of Ag dissolved
provided a record of the state of the BPE sensor. The combination of fluorescence-based assays
with Forster resonance energy transfer (FRET) quenching has led to the development of powerful
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new methods for sequence specific DNA detection13 and techniques for single molecule
detection.14 Although the mechanism for ECL quenching can be more complex than fluorescence
quenching, several well characterized systems do exist. Landers and co-workers developed an
intramolecular ECL quenching assay for the detection of DNA hybridization based on using
Ru(bpy)32+-labeled capture ssDNA. ECL intensity was found to decrease in direct proportion to
the concentration of complementary oligonucleotides tagged with a ferrocene methanol (FcMeOH)
quencher.15
Here, we report a bipolar electrochemical detection scheme based on steady-state ECL
quenching for the direct detection of small molecules such as FcMeOH and O2.
2.3 Experimental Section
Materials and Reagents. Tris(2,2′-bipyridyl)dichlororuthenium-(II) hexahydrate (SigmaAldrich), sodium oxalate (99.5+%, Sigma-Aldrich), and ferrocenemethanol (FcMeOH) (99%,
Sigma-Aldrich) were used as received. HClO4 (70%, Fisher Scientific) was diluted with deionized
(DI) water to prepare 1.0 mM stock solutions (pH 3.4). Ethanol, H2O2, and sulfuric acid (all HPLC
grade) were obtained from commercial sources and used as received. Millipore-Q purified (DI)
water (18.2 MΩ.cm) was used to prepare all solutions and to rinse electrodes.
Assembly of Bipolar Devices. BPEs were made from Pt wire (lelec = 1.4 cm, diameter = 0.7
mm), and two Au foil electrodes were used to drive the bipolar cell using a separation distance of
4 cm. Au electrodes were polished using an aqueous slurry of 0.05 μm alumina and were then
washed with water and ethanol in an ultrasonic cleaner. The Pt-BPE was immersed in fresh piranha
62

solution (H2SO4/H2O2, 3:1 (v/v)) for about 5 min, rinsed with DI water, and dried under nitrogen
gas. Caution: piranha solution is dangerous to human health and should be used with extreme
caution and handled only in small quantities. The Pt-BPE was then fixed in place near the center
of a glass cell (diameter = 5 cm) using epoxy. The cell was constructed to allow us to maintain an
oxygen-free environment as shown in Scheme 2.1.
Bipolar ECL Measurements. Test solutions consisted of 5 mM Ru(bpy)32+ and 25 mM
Na2C2O4 in 0.001 M HClO4. Solutions were purged with N2 for 20−30 min to exclude O2 and were
then kept under a blanket of N2. A potential of 15 V was imposed across the driver electrodes using
a regulated dc power supply (Hewlett-Packard model 6010). ECL signals were recorded using a
Nikon D3100 or an Olympus OMD-EM5 digital camera in a darkened room. Exposures of 1 s at
f/1.8 were acquired at an ISO value of 1600. Images were processed and corrected for dark current
using ImageJ. We measured the average ECL intensity over the active (ECL emitting) part of the
BPE anode. A background measurement was obtained from a dark part of the image (using the
same total area) and subtracted from the average ECL intensity.
Electrochemical Measurements. Chronoamperometry (CA) was performed using a
conventional three-electrode setup in the cell shown in Scheme 2.1. Note: the
reference and counter electrodes are not shown to avoid clutter in the diagram. The supporting
electrolyte was 1.0 mM HClO4. The reference electrode was Ag/AgCl/KCl(sat) (Bioanalytical
Systems, Inc.), the counter electrode was Pt gauze, and the working electrode was a Pt disk
(diameter = 1.6 mm, Bioanalytical Systems, Inc.). Before electrochemical measurements, the
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solution was purged with N2 for at least 20 min. The electrochemical circuit was controlled using
an Epsilon electrochemistry workstation (Bioanalytical Systems, Inc.). Amperometric
measurements were performed by stepping the potential from ca. +0.7 to 0.0 V to ensure diffusion
limited reduction of O2. A Clark sensor from Milwaukee Instruments (model MW600) was used
to validate the CA and ECL measurements.
2.4 Results and discussion
The principle of operation of the sensor platform is illustrated in Scheme 2.1. An external
potential difference, V, is applied between two Au driver electrodes immersed in an electrolyte,
generating a linear potential gradient. The difference in potential between the two poles of the Pt
BPE, ΔV, is the fraction of V dropped across the length of the BPE. When this potential difference
is sufficiently large, electrochemical reactions will occur simultaneously at both poles of the BPE.
Under the experimental conditions used here, ECL is the predominant Faradaic process occurring
at the anodic pole, while hydrogen evolution occurs at its diffusion-limited rate at the cathodic
pole. This results in a stable, steady-state ECL intensity which can be observed visually and
recorded using a digital camera. When a molecule capable of quenching ECL (i.e., FcMeOH or
O2) is introduced into the system, the ECL intensity is expected to decrease in direct proportion to
its concentration. To study the feasibility of detecting analytes using the ECL quenching
mechanism in a bipolar cell, FcMeOH was employed as a model because its quenching mechanism
has been thoroughly investigated.15 We used the Ru(bpy)32+/oxalate system to generate ECL
according to the pathway shown in Scheme 2.1.16-18
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Landers et al. proposed the following electron transfer mechanism for ECL quenching by
FcMeOH, where FcMeOH+ is generated at the electrode surface.15
FcMeOH → FcMeOH+ + e−
P

E1/2(vs Ag/AgCl) = 0.230 V

(1)

FcMeOH+ + Ru(bpy)3 2+* → FcMeOH + Ru(bpy)33+

(2)

A test solution containing 5 mM Ru(bpy)32+ and 25 mM sodium oxalate dissolved in 10 mL

of 0.001 M HClO4 (pH = 3.4) was degassed with nitrogen for 20 min to eliminate the possibility
of quenching involving molecular oxygen.19 Then, V = 15 V was applied to the driver electrodes,
resulting in a ΔV of 1.97 V across the BPE. Under these conditions, a stable, intense ECL signal
was recorded using a digital camera. To test whether significant amounts of oxygen are generated
at the anodic pole of the BPE, we studied the dependence of ECL intensity on applied voltage. We
observe a monotonic increase in the ECL intensity as the driving voltage is increased, up to about
14 V, at which point the ECL intensity reaches a limiting value. A small decrease in ECL intensity
is observed at 16 V. Thus, under our experimental conditions, generation of O2 at the BPE anode
appears to be negligible. Next, aliquots of FcMeOH were injected sequentially into the test solution,
and the intensity of the emitted light was recorded. The ECL intensity was observed to decrease
monotonically as the concentration of FcMeOH increased. Representative image data acquired
during a series of quenching experiments are shown in the inset to Figure 2.1. To prepare this
image, individual digital captures were combined in Adobe Photoshop. Quantitative intensities
were measured from the unprocessed JPEG image files using ImageJ. Relative, background (dark
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current) corrected light intensity values are plotted as a function of elapsed time in Figure 2.1
(inset). The relative ECL intensity data (I0/I) were then plotted as a function of [FcMeOH] (Figure
2.1), where I0/I is seen to be a linear function of [FcMeOH] with a unit y-intercept, as expected for
a diffusion-limited quenching process described by the Stern−Volmer equation (3).20, 21
I0/I = 1 + kqτ0[Q] = 1 + Ksv[Q]

(3)

In this equation, I0/I is the observed ratio of ECL intensity in an unquenched sample to that
in a quenched one, kq is the quenching rate constant, Ksv is the Stern−Volmer constant, τ0 is the
photoluminescence lifetime of Ru(bpy)32+ in the absence of quencher, and [Q] is the concentration
of the quencher. Using the photoluminescence lifetime of Ru(bpy)32+ in the absence of quencher
(589 ns),15 a value for Ksv of 921 M−1, corresponding to a kq of 2 × 109 M−1 s−1, was calculated for
FeMeOH. This value is reasonably close to the value of 3 × 109 M−1 s−1 measured by others using
conventional electrochemical methods.15, 22 These results clearly demonstrate the viability of using
the attenuation of ECL signals in a bipolar cell for the detection of an analyte that can act as a
quencher.
We investigated the use of ECL quenching in a bipolar cell to monitor the concentration of
dissolved oxygen. The effect of oxygen is dependent on the coreactant system used to generate
ECL. In the case of the Ru(bpy)32+/TPA coreactant system, Zu et al. showed that the ECL intensity
could be made sensitive or insensitive to [O2] by adjusting the coreactant concentrations.23 In an
early paper, Rubinstein and Bard noted that ECL intensity generated by the Ru(bpy)32+/oxalate
system decreased significantly in the presence of dissolved oxygen.17 This observation was studied
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in greater detail by Vander Donckt, who demonstrated that the attenuation of ECL in the presence
of O2 was conventional luminescence quenching and displayed the expected Stern − Volmer
dependence on [O2] (eqs 11 and 12).24
To remove as much dissolved oxygen as possible prior to making measurements, a test
solution containing 5 mM Ru(bpy)32+ and 25 mM sodium oxalate was degassed with N2 for 30
min, and the cell was blanketed with N2 and isolated from air by closing the air inlet on the
measuring cell (Scheme 2.1). An external voltage (15 V) was applied to the cell, and the steadystate ECL intensity was recorded. In order to validate the ECL quenching approach, readings were
taken at the same time using a Clark O2 sensor. Next, air was allowed to diffuse into the bipolar
cell for a fixed increment of time (60 s), and the inlet was again sealed. The supporting electrolyte
was mechanically stirred to ensure a well-mixed solution (this was required to ensure proper
operation of the Clark sensor), and the O2 concentration was measured using the Clark electrode.
In parallel, the steady-state ECL intensity was recorded with the digital camera; this procedure was
repeated to collect a complete set of data. The (I0 − I)/I and Clark sensor data are plotted together
in Figure 2.2. The correlation is linear over the full range of O2 concentrations studied (∼0 to ca.
6 ppm). This result demonstrates the robustness of the ECL quenching technique for the
determination of dissolved oxygen levels using the bipolar sensor format. We estimated a detection
limit of ca. 300 ppb under these conditions. Minimizing the detection limit was not the goal of
these experiments. If necessary, higher sensitivity (lower detection limits) easily could be achieved
by making longer exposures, increasing ISO, making measurements in a spectrometer, etc.
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An important advantage of bipolar sensing platforms is their ability to report on analyte
concentrations in proximity to the BPE.3 Since the Ru(bpy)32+* excited state is electrogenerated at
the anodic pole of the BPE, our expectation is that ECL quenching also will respond to analyte
concentrations in close proximity to the anodic pole of the BPE. To demonstrate that this was the
case, we repeated the O2 dosing experiment described above without hydrodynamic mixing. In
order to do this, we replaced the Clark sensor with a Pt disk located near the inlet of the cell (to
measure O2 chronoamperometrically) (Scheme 2.1). The configuration of the bipolar electrode in
the cell was not altered. Thus, the Pt disk was expected to respond to dissolved oxygen levels near
the cell inlet, while the BPE would respond to O2 near the bottom of the cell (ca. 1 cm away). Our
hypothesis was that initially the BPE response would report a lower concentration of O2 than
chronoamperometry (CA) due to the time it takes for O2 to diffuse from the cell inlet to the anodic
pole of the BPE. At longer times, as the level of dissolved oxygen approaches its limiting value
throughout the cell, the results of the two measurements should converge. Typical results for timedependent measurements are shown in Figure 2.3 and completely bear out this hypothesis. That is
while the CA measurements were observed to increase smoothly as a function of time during the
course of the experiment, the ECL quenching response is nonlinear. Initially, the response of the
BPE sensor changes relatively slowly up to a time of about 6 mins, after which it rises rapidly,
reaching a plateau value that shows the same time dependence as the CA measurement. This is
consistent with a diffusion limited quenching of Ru(bpy)32+* electrogenerated near the anodic pole
of the BPE by dissolved O2.
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2.5 CONCLUSIONS

We have demonstrated the use of ECL quenching in a bipolar electrochemical cell as a
method to determine the concentration of FcMeOH and O2. Our studies indicate that the sensor
reports on the local concentration of the analyte near the anodic pole of the BPE. These results
suggest that other small molecules that quench ECL can be detected in a similar fashion (indeed,
the analyte itself need not be electrochemically active to be detected). Moving forward, the use of
Stern−Volmer slopes to distinguish between multiple analytes will be investigated to address the
issue of selectivity. It should be possible to enhance the performance of existing bipolar sensors
by exploiting the concepts developed here.
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Scheme 2.1 Small Molecule Detection Using ECL Quenching.25, 26
2+
Correction of equation (2): Ru(bpy)33+ + C2O42- → C2 O∙−
4 + Ru(bpy)3

Upper diagram: bipolar measurement cell. Middle diagram: generation of ECL at a BPE. Lower
diagram: potential scale showing E1/2 values for FcMeOH oxidation, O2 reduction, and the Pt BPE
solvent

window.

Bottom:

ECL

mechanism.

[Reprinted

with

permission

Langmuir, 2013, 29 (51), 16040–16044. Copyright (2013) American Chemical Society.]
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from

Figure 2.1 Stern−Volmer analysis of ECL quenching data for FcMeOH. Upper inset: composite
image showing the dependence of steady-state ECL on [FcMeOH] (increases left to right). Lower
inset: relative ECL intensity as a function of [FcMeOH]. An error bar representative of the entire
data set is shown. [Reprinted with permission from Langmuir, 2013, 29 (51), 16040–16044.
Copyright (2013) American Chemical Society.]

71

Figure 2.2 Calibration of relative ECL quenching intensities using a Clark O2 sensor. Dissolved
oxygen levels were measured every 60 s until steady state (∼6 ppm) was reached. An error bar
representative of the entire data set is shown. [Reprinted with permission from
Langmuir, 2013, 29 (51), 16040–16044. Copyright (2013) American Chemical Society.]
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Figure 2.3 Time dependence of [O2] measured (1) near the gas inlet by chronoamperometry (open
circles, right y-axis) and (2) near the bottom of the cell by ECL quenching (crosses, left y-axis).
An error bar representative of the entire data set is shown. [Reprinted with permission from
Langmuir, 2013, 29 (51), 16040–16044. Copyright (2013) American Chemical Society.]
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Chapter 3
Electrochemiluminescence Quenching by Halide Ions at Bipolar Electrodes
3.1 Abstract
Quenching of Ru(bpy)32+ electrochemiluminescence (ECL) by Cl–, Br–, and I– ions was
studied as a function of halide concentration in a bipolar electrochemical cell. All of the halides
investigated showed similar qualitative behavior: above a critical concentration, ECL intensity was
found to decrease linearly as the halide ion concentration was increased, due to dynamic quenching
of Ru(bpy)32+ ECL. Stern-Volmer slopes (KSV) of 0.111±0.003, 4.2±0.3, and 6.2±0.3 mM–1 were
measured for Cl–, Br– and I–, respectively. The magnitude of KSV correlates with halide ion
oxidation potential, consistent with an electron transfer quenching mechanism. Using the bipolar
platform described herein, aqueous, halide-containing solutions could be quantified rapidly using
the sequential standard addition method. The lower detection limit is determined by a complex
mechanism involving the competitive electrooxidation of halide ions and the ECL co-reactants, as
well as the passivation of the surface of the bipolar electrode, and was found to be 0.20±0.01,
0.08±0.01 and 10±1 mM, respectively, for I–, Br–, and Cl–. The performance of the bipolar ECL
quenching assay is comparable to previously published fluorescence quenching methods for the
determination of halide ions, while being much simpler and less expensive to implement.

3.2 Introduction
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There has been increased interest in the fundamental aspects of bipolar electrochemistry in
recent years, leading to many new applications, including amperometric detection of analytes,1-4
generation of particle motion,5-7 analytical separations,8 metal and polymer deposition,9-14
formation of Janus particles,15-17 the study of corrosion and the evaluation of electrocatalysts.18,19
Since the original paper by Manz and coworkers,20 the use of electrochemiluminescence (ECL) to
monitor the state of bipolar electrodes optically has been successfully applied in the development
of biosensors,21-24 the study of particle dynamics,25-27 fluorescence imaging and microscopy,28-30
and the development of electrochemical integrated circuits.31 Previously, our research group has
demonstrated the feasibility of detecting small molecules such as ferrocene methanol (FcMeOH)
and O2 using ECL quenching in a bipolar electrochemical cell.32

The detection of halide ions is important in multiple areas of chemical analysis. For example,
chloride contamination from salt water poses a significant threat to aquatic life and its
determination is an important aspect of environmental analysis.33 Detection of elevated chloride
levels in saliva and sweat remains an important clinical method for the diagnosis of cystic
fibrosis.34 Determination of halide ions also is important in monitoring industrial waste streams
and in the food industry.35 Fluorescence quenching is a powerful method to detect halide ions
(particularly Cl–, Br– and I–) and this application was reviewed in detail by Geddes in 2001.36

In this work, we attempt to understand the dependence of Ru(bpy)32+ ECL intensity on the
concentration of halide ions in the context of bipolar electrochemistry, with the ultimate goal of
using ECL quenching techniques to broaden the range of analytes that can be quantified using
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bipolar sensing platforms. We first investigate quenching behavior under experimental conditions
where quenching is well described using a simple Stern–Volmer model. We then explore the
possibility of using this sensing platform to rapidly quantify aqueous halide-containing solutions
using sequential standard addition. Finally, we show that the lower limit of detection of halide ions
is determined by a competition between halide electrooxidation, the oxidation of the ECL coreactant, and the formation of an oxide layer on the surface of the Pt sensing electrode.

3.3 Experimental section

Materials. Tris(2,2'-bipyridyl)dichlororuthenium(II) hexahydrate (99.95%), sodium oxalate
(99.5+%), sodium perchlorate (90.0+%) sodium chloride (99.5+%), sodium bromide (99.5+%),
sodium iodide (99.5+%), perchloric acid (70.0%), sulfuric acid (95.0-98.0%), ethanol (99.5+%)
and hydrogen peroxide solution (30.0 wt.%) were purchased from Sigma-Aldrich (USA). All
materials were used without further purification. Millipore-Q purified (DI) water (18.2 MΩ.cm)
was used to prepare all solutions and to rinse electrodes.
Synthesis of Ru(bpy)3(ClO4)2. Ru(bpy)3(ClO4)2 was synthesized according to literature
methods.37 Specifically, 0.2 g Ru(bpy)3Cl2 dissolved in DI water was converted to
Ru(bpy)3(ClO4)2 by adding an excess of saturated NaClO4 solution. The precipitate was collected
and recrystallized twice in an ethanol-acetone solution (5:1, v/v). The product was dried in a
vacuum oven at 130 °C and stored in a refrigerator at 4 °C.
Assembly of Bipolar Devices. A segment of platinum wire (lelec = 1.4 cm, d = 0.7 mm) was
used as bipolar electrode (BPE). The Pt electrode was polished using an aqueous slurry of 0.05 μm
79

alumina and was then washed with water and ethanol in an ultrasonic cleaner, finally it was
immersed in a freshly prepared piranha solution (H2SO4/H2O2, 3:1, v/v) for about 5 min, rinsed
with DI water, and dried under nitrogen gas. The two gold foil electrodes were cleaned using the
same procedure. The Pt-BPE was then permanently affixed to the center of a glass cell (diameter
= 5 cm) using epoxy. (Caution: piranha solution is very corrosive and dangerous to human health and should
be used with extreme caution and handled only in small quantities.32)

Apparatus and procedures. Test solutions consisted of 15.4 mg Ru(bpy)3(ClO4)2, 50.2 mg
Na2C2O4 dissolved in 15 mL 1 mM HClO4 solution purged with N2 for about 30 mins to get rid of
oxygen. A potential of 15 V was applied between the driver electrodes using a regulated dc power
supply (Hewlett-Packardmodel 6010). ECL signals were recorded using a Nikon D3100 or an
Olympus OMD-EM5 digital camera in a darkened room using an exposure of 1/10 s at f/2.0 and
an ISO value of 1600. Images were processed and corrected for dark current using ImageJ software.
We measured the average ECL intensity over the active (ECL emitting) part of the BPE anode. A
background measurement was collected from a dark part of the image (using the same total area)
and subtracted from the average ECL intensity. Cyclic voltammetry was performed with an
Epsilon electrochemistry workstation (Bioanalytical System, Inc) using a traditional airtight threeelectrode cell with a Pt disk (diameter = 1.6 mm, Bioanalytical System, Inc) as the working
electrode, a Pt mesh as the counter electrode and a saturated Ag/AgCl reference electrode.
3.4 Results and discussion
The bipolar electrochemical circuit employed in this study is shown schematically in Figure 3.1. A Pt
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bipolar electrode (BPE) is positioned at the center of the measuring cell and is submerged in the test solution.
An external potential difference (Etotal) applied between two Au driver electrodes generates a potential
difference (∆Eelec) across the Pt BPE, which drives simultaneous oxidation and reduction reactions at the two
poles. In the experiments described here, hydrogen ions are reduced at their diffusion-limited rate at the
cathodic pole, while Ru(bpy)32+ electro- chemiluminescence (ECL) is generated at the anodic pole. Under
these experimental conditions, a stable, steady-state ECL bright enough to be observed by the naked eye is
recorded using a digital camera. Once halide ions (Cl–, Br– and I–) are introduced into the system, the ECL
intensity decreases in direct proportion to their concentration due to quenching.32

The mechanism of Ru(bpy)32+/oxalate ECL has been discussed at length in the literature and
will not be considered further here.38-40 In the present context, the important fact is that, in the
absence of any quenchers, the ECL intensity is a direct measure of the current flowing through the
BPE.41 Under conditions where protons are reduced at their diffusion limited rate at the cathodic
pole, a stable ECL intensity, I0, can be measured at the anodic pole of the BPE. When halide ions
are admitted into the cell, this ECL is quenched, and an attenuated ECL intensity, I, is measured.
Prior to making measurements, the cell is purged with N2 for ca. 30 min to eliminate O2, which,
as noted earlier, is also able to quench ECL. We have previously reported that in the case of many
small molecules, Ru(bpy)32+ ECL quenching can be described adequately using the Stern-Volmer
equation (Equation 1). By rearranging this equation, it can be seen that the quantity (I0 − I)/I should
be a linear function of the quencher concentration (Equation 2).42,43 Thus, calibration curves can
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be constructed by plotting (I0 − I)/I as a function of halide concentration. The slope of the
calibration curve is expected to be equal to the Stern-Volmer constant, KSV.

I0/I = 1 + KSV[Q]

[1]

(I0–I)/I = KSV[Q]

[2]

In these equations, I0/I is the observed ratio of ECL intensity in an unquenched sample to that in a
quenched one, and Ksv is the Stern-Volmer constant.
Representative concentration dependent quenching data are shown for each halide ion in
Figure 3.2. All three of the halides studied exhibited similar quenching behavior. Above an iondependent critical concentration, (I0-I)/I was found to increase linearly with the increase of halide
ion concentration due to dynamic quenching of Ru(bpy)32+ ECL as predicted by Equation 2.
Deviations from the linear behavior predicted by the Stern-Volmer equation at low concentration
will be discussed in detail below. Linear least squares fits of the data are shown as dashed lines in
Figure 3.2. Stern-Volmer slopes (KSV) obtained from the linear portion of these curves are noted
on the graphs in Figure 3.2 and are summarized in Table 3.1. KSV values were found to correlate
with the formal oxidation potential of the halides, as shown in Table 3.1. This phenomenon has
been investigated previously by other groups, and supports a quenching mechanism that involves
electron transfer between the halide ion and Ru(bpy)32+.43-45
One of the advantages of a bipolar detection system is rapid, real time data acquisition. We
therefore wished to explore the possibility of quantifying the concentration of halide ions using
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sequential standard addition (SSA) techniques. Representative SSA quenching data acquired for a
test solution initially containing 0.20 mM Br– are shown in Figure 3.3 (open circles, dashed line).
In this experiment, sequential additions of 15 µL of 50 mM Br– standard solution were made to
the test solution (V0 = 15 mL). Starting from the Stern-Volmer relationship (Eqn. 2) it is
straightforward to show that the ECL quenching response for SSA is given by Equation 3, which
shows that the concentration of the test solution can be determined from the absolute value of the
x-intercept of the SSA plot (Figure 3.3).

In(V/V0)=KSVBr–[Br–] + KSVBr–(nC’Br–V’Br–/V0)

[3]

In this equation, In is the ECL intensity after n standard additions, C’Br– is the concentration
of the Br– standard solution, V’Br– is the volume of standard added and V0 is the initial volume of
the test solution, and V/V0 is the dilution factor. The slope of the SSA plot is 4.1±0.2 mM–1, within
3% of the value measured for the Br– calibration curve shown in Figure 3.2. From the x-intercept
of the SSA plot, we calculate [Br–] = 0.21±0.01 mM, in excellent agreement with the known value.
The graphical determination of [Br–] is also illustrated in Figure 3.3.
Next, we wished to test whether SSA could be used to determine [Br–] in the presence of an
interfering (ECL quenching) species such as I–. Wolfbeis and Urbano46 extended the Stern-Volmer
equation to describe dynamic quenching in solutions containing a single fluorophore that interacts
with multiple dynamic quenchers. In the case of two quenchers (such as Br– and I–), the modified
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Stern-Volmer equation is given by Equation 4.

(I0-I)/I = KSVBr–[Br–] + KSVI–[I–]

[4]

Here, the KSV values are obtained from the single component calibration curves (i.e., the linear
portion of Figure 3.2). Starting with Equation 4, it is straightforward to show that for a solution
containing a mixture of I– and Br– that is analyzed by SSA of Br–:

In(V/V0) = KSVI–[I–] + KSVBr–[Br–] + KSVBr–(nC’Br–V’Br–/V0)

[5]

If In(V/V0) is plotted as a function of (nC’Br–V’Br–/V0), the x-intercept is given by [I–]( KSVI–
/ KSVBr–) + [Br–].
To validate this approach, we performed sequential standard addition (SSA) of Br– on a test
solution initially containing 0.20 mM Br– and 0.30 mM I–. Experimental data are plotted in Figure
3.3 (solid line). The slope of the line is 4.1±0.1 mM–1, which is within experimental error of the
previous SSA and calibration curve data. We modeled the ECL quenching response under these
experimental conditions using Equation 5. Using [I–] = 0.30 mM, we found [Br–] 0.19±0.02 mM,
in excellent agreement with the known value.
At lower concentrations of halide, the quenching behavior deviates from the Stern-Volmer
behavior discussed above. Furthermore, there appears to be a critical halide concentration, [X–]crit,
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where these effects onset, with an apparent ECL enhancement below [X–]crit. An expanded plot
showing the quenching behavior of all three halide ions near [X–]crit is shown in Figure 3.4. The
critical halide concentration is ca. 2 mM for Cl–, 0.02 mM for Br– and 0.01 mM for I–. This
observation is consistent with the known adsorption strength of the halides on Pt, which increases
in the order Cl– < Br– < I–.47-49 Halide chemisorption has been shown to inhibit the formation of Pt
surface oxides, which would be expected to lead to an increase in the rate of oxidation of both
Ru(bpy)32+ and C2O42–, thus accounting for the apparent enhancement of ECL.48,50 Cyclic
voltammetry performed at low halide concentrations, confirms this effect, Figure 3.5. The data
shown here clearly demonstrate that the potential required for Pt surface oxide formation shifts to
more positive potentials in the presence of halide, consistent with inhibition of Pt oxide formation.
Recently, Miao, et al.50 reported enhanced ECL at Au electrodes in the presence of Cl–, attributing
this effect to the formation of gold-chloride complexes. In addition to the inhibition of the Pt
oxidation reaction, it should be noted that [X–]crit also correlates with the formal oxidation potential
of the halide ions. Oxidation of halide ions at the anodic pole of the BPE reduces the effective
concentration of quencher near the electrode surface, also contributing to the apparent increase in
the ECL intensity. The combination of these three effects—the increased rate of co-reactant
oxidation and the oxidation of halide ions near the electrode surface, which compete with the
oxidation of the Pt surface—accounts for the complex concentration dependence observed at low
halide concentrations, and ultimately sets the detection limit achievable using this technique.
3.5 Conclusions
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In this paper, ECL quenching by halide ions was studied in a bipolar electrochemical cell. All
halides exhibited a critical concentration above which the quenching was well described by the
Stern-Volmer equation, yielding linear calibration curves. The lower detection limit was defined
by several interacting factors including halide oxidation, Pt passivation and the efficiency of ECL
co-reactant redox reaction. Within the Stern-Volmer region, the behavior of the halides is
consistent with an electron transfer quenching mechanism. Using an extended Stern-Volmer model,
we demonstrate the possibility of quantifying solutions of halides using sequential standard
addition. The advantage of the bipolar platform is its experimental simplicity: quantitative
measurements can be performed using a voltage source and a digital camera.
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Figure 3.1 Schematic diagram of the bipolar electrochemical circuit used for ECL quenching
measurements.
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Figure 3.2 Concentration dependence of Ru(bpy)32+ ECL quenching by I–, Br–, and Cl–.
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Figure 3.3 Quantitation of [Br–] by sequential standard addition. Symbols are defined in the text.
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Figure 3.4 Concentration dependent quenching by halide ions near the lower detection limit. The
dashed lines are guides to the eye.
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Figure 3.5 Cyclic voltammetry measured in a conventional three electrode cell showing the effect
of halide on the kinetics of Pt oxide formation.
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Table 3.1. Analysis of halide ion quenching of Ru(bpy)32+ ECL.
Linear range

Ksv

Oxidation Potential

(mM)

(mM-1)

(V)

I–

0.2 to 1.0

6.2±0.3

0.535

Br–

0.08 to 1.0

4.2±0.3

1.080

Cl–

10.0 to 90.0

0.111±0.003

1.360

Halide ion
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Chapter 4
Chemical Analysis Based on Surface Enhanced Raman Scattering at Bipolar
Electrode
4.1 Abstract
Over the past few decades, bipolar electrochemistry has been an attractive and powerful
technique for scientists because of its convenience and utility in various application ranging from
analytical chemistry to material science. When enough voltage was applied, the redox reactions
can be generated at the extremes of the bipolar electrode without direct connection with the driving
electrode. More interestingly, there exists a potential gradient going across the surface of bipolar
electrode. Many works have been done in the use of this gradient, however, they cannot identify
the specific potential difference between the surface of bipolar electrode and the solution at certain
points. Here, we develop a method for the detection of the potential gradient by using
spectroelectrochemical characterization of bipolar electrode based on surface enhanced raman
scattering (SERS). Specifically, the probe molecule 2-Anthraquinonyl sulfide (2-AQS) can be
transformed electrochemically to 2-Hydroanthraquinonyl sulfide at the cathodic pole of the bipolar
electrode because of the presence of potential difference along the bipolar electrode. Thus, the
relative population of 2-AQS to 2-H2AQS will vary accordingly resulting in a gradient in both
species. SERS was used to monitor the intensity variation of them as a function of axial position
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from the cathodic pole moving toward middle. The result is that the dependence of SERS response
on the applied potential was found to follow the Nernst equation such that the specific potential
difference existing at the interface between the solution and the bipolar electrode can be calculated.
4.2 Introduction

Over the past few decades, bipolar electrochemistry has received considerable attention
because as a powerful electrochemical technique it offers a useful tool to detect analytes of
interest,1-3 observe motions,4-7 separate materials,8-10 deposit metals and polymer,11-14 synthetize
janus particles,15-17 study corrosion18 and evaluate electrocatalyst19, 20 without a direct connection
to the working electrode. Upon sufficient voltage was applied on the driving electrode, two
coupled redox reactions were generated at the extremes of the bipolar electrode simultaneously,
that is, reduction reaction in the cathodic pole of bipolar electrode and oxidation reaction in the
anodic pole of bipolar electrode. The key point is that there exists a interfacial potential gradient
that is the driving force for electron transfer between the electrode and the solution.21 It should be
note that the interfacial potential difference between a point on the bipolar electrode and the
solution varies laterally along the surface, which will go down from the poles toward middle. The
rates of redox reactions are highest at the extremes of the bipolar electrode and then dropped down
towards middle, because of the interfacial potential difference serving as the driving force for
electrochemical reactions. Surface gradients of various chemical and physical properties can be
generated by this variation in interfacial potential difference. The development of sophisticated
patterning techniques such as lithography led to changes and advances in patterning surface with
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chemical or physical properties22, 23. It should be noted that the patterns made in this way have
very sharp boundaries between the distinct chemical or physical regions on the substrate. However,
they can be applied in different domains, for example, they can be used to move liquids across a
given surface,24 they can also be used in property screening with a lower cost.25, 26 New catalysts
and drugs can be designed27 and protein adsorption can also be monitored.28,

29

Most of the

techniques for creating material gradients rely on processes such as deposition,30 diffusion,31, 32
and immersion,33, 34 electric fields,35 electrochemical method36, 37 and microfluidics.38, 39 Larsen
and coworkers recently used “electro click chemistry” to create a concentration gradient of alkyneterminated molecules on an azide-funtionalized polymer substrate.40 In the comparison with these
previous work in generating gradients, bipolar electrochemistry seems more convenient to set up
and easier to control the gradient by the adjustment of eternal voltage. For this reason, it has
garnered considerable research attention to date. Most recently, Shinsuke Inagi and co-workers
investigated electro-click reaction of azide-function-alized poly (3,4-ethylenedioxythiophene)
(PEDOT-N3) and a terminal alkyne catalyzed by a gradient distribution Cu(I) generated on the
surface of bipolar electrode and this trend was also proved by UV-Vis spectrophotometer.41
Fredrik and co-workers developed imaging surface plasmon resonance to display the variation on
the surface of bipolar electrode, which will vary in accordance to the electrochemical reactions
generating the refractive index change close to the surface.42 Although lots of work was made to
measure the potential, the exact potential difference was not obtained or indirect values were
calculated approximately.42-44 In this work, we report a non-destructive patterning of a SAM of a
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thiol-funtionalized

moiety.

2-Anthraquinonyl

sulfide

(2-AQS)

can

be

transformed

electrochemically to 2-Hydroanthraquinonyl sulfide (2-H2AQS) on the cathodic part of bipolar
electrode when external potential is sufficient. Because of the presence of potential difference
along the bipolar electrode, thus, the relative population of 2-AQS to 2-H2AQS will vary
accordingly, and it results in a gradient in both species. SERS was used to monitor the intensity
variation of them as a function of axial position from the cathodic pole moving toward middle.
The result demonstrated the dependence of SERS response on the potential difference between
bipolar electrode and solution was found to follow the Nernst equation such that the specific
potential difference and χ0 at which the potential difference is zero exiting at the interface between
the solution and the bipolar electrode can be calculated. Additionally, the position on bipolar
electrode at which 2-AQS initially reduced will shift to middle when applying more voltage on the
bipolar cell.
4.3 Experimental section
Materials. Butanethiol, 2-chloroanthraquinone, ethanol, hydrogen tetrachloroaurate(III) and
N,N-dimethylacetamide were of analytical grade from Aldrich and were used as received.
Stainless steel and gold plate (99.99%) were purchased from Aldrich. Alumina slurry and
microfiber polishing cloth were purchased from Buehler. A 0.1M Britton – Robinson buffer (pH
= 7) as the electrolyte was used in all electrochemical measurements. Millipore-Q purified (DI)
water (18.2 MΩ.cm) was used to prepare all solutions and to rinse electrodes. 2anthraquinonylbutylsulfide (2-AQS) was synthesized according to the methods in literature.45
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Assembly of Bipolar Devices. 2 cm stainless steel was polished by using 0.05 μm size
Alumina paste and then sonicated in distilled water and ethanol mixed solution for 5 mins. It was
then rinsed with distilled water. Au plates as driving electrodes were polished using an aqueous
slurry of 0.05 μm alumina and were then washed with water and ethanol in an ultrasonic cleaner.
Au was deposited on one side (ca. 1 cm) of stainless steel in hydrogen tetrachloroaurate(III)
solution under 2 V direct voltage using a regulated dc power supply (Hewlett-Packardmodel 6010).
The stainless steel with gold was immersed in a 1 mM 2-AQS solution for 12 hrs.
Electrochemical Measurements. Cyclic voltammetry was performed in 0.1M Britton –
Robinson buffer using traditional setup with an Epsilon electrochemistry workstation
(Bioanalytical Systems, Inc.), in which the working electrode was as prepared gold substrate on
which 2-AQS assembled, counter electrode was a Pt gauze, and reference electrode was
Ag/AgCl/KCl (1 M) (Bioanalytical Systems, Inc.) Note: the buffer solution was purged with N2
for 30 mins to drive away the dissolved O2.
Raman Spectroscopy Measurement. After immersing stainless steel with gold in 1 mM 2AQS for 12 hrs, it was fixed in the middle of a glass cell (diameter = 5 cm) with a 0.1M Britton –
Robinson buffer. Note: the buffer solution was purged with N2 for 30 mins to drive away the
dissolved O2. Two golden plates were used as driving electrodes, which also connected to a power
supply (Hewlett-Packardmodel 6010). Raman scattering was excited with a 514 nm laser (ca. 34
mW) and signals were collected and analyzed using a Renishaw InVia confocal Raman microscope.
4.4 Result and discussion
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The cyclic voltammetry experiment indicated that 2-AQS is an electrochemically active
material that can be used as a probe in the following bipolar electrochemical experiments.
Specifically, the oxidation and reduction peaks were at -0.508 V and -0.562 V, (Reference
electrode: Ag/AgCl/KCl 1.0 M) respectively. Additionally, the oxidation current is linearly related
to the scan rate in Figure 4.2, indicating that 2-AQS was absorbed on the surface of gold.
In order to find a proper voltage to run the experiment, different voltages were tested with the
aid to find Raman signal change. In Figure 4.3 illustrated in situ SERS spectra of 2-AQS SAM on
an Au/stainless steel bipolar electrode (at cathodic end) recorded in B&R buffer (pH 7.00) at
different potentials in a bipolar electrochemical setup. Note: the buffer solution was purged with
N2 for 30 mins to drive away the dissolved O2. No change of the Raman spectra can be observed
until the voltage reached 8 V, specifically, the signal of C=O stretch at 1656 cm-1 resulting from
2-AQS disappeared while a new signal of O-H bend at 1421 cm-1 due to 2-H2AQS appeared, due
to the reduction reaction of 2-AQS to 2-H2AQS at the cathodic end of bipolar electrode.
Investigating the interfacial potential distribution along the Au/stainless steel bipolar electrode in
a bipolar cell was one of the purposes in this project. Raman spectra were recorded at different
positions along the Au/stainless steel bipolar electrode, moving from the cathodic extreme towards
the point at which no 2-AQS can transfer to 2-H2AQS. Figure 4.4 demonstrated the in situ SERS
spectra of 2-AQS SAM on an Au/stainless steel bipolar electrode in B&R buffer (pH 7.00). The
spectra were obtained at different positions at 8 V, going from the edge towards the middle. As we
mentioned before, a potential drop goes through the solution along the bipolar electrode when the
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external potential is sufficient to trigger the redox reactions at two ends of BPE, as a result, the
amount of reduced 2-AQS varies along the bipolar electrode from cathodic edge toward middle in
terms of a changeable potential at various positions. Specifically, the intensity of C=O stretch close
to the cathodic end at 1656 cm-1 resulting from 2-AQS disappeared, and then begun to appear and
grow away from the cathodic end, while the intensity of O-H bend at 1421 cm-1 generated from 2H2AQS was the strongest at the cathodic extreme and gradually decreased to zero at position close
to middle, where no reduction reaction of 2-AQS occurred. The change of the intensity of 1656
cm-1 and 1421 cm-1 in the SERS spectra was corresponding to the amount of 2-AQS and 2-H2AQS
at various positions on the Au/stainless steel. That is, the amount of H2AQS at the cathodic extreme
was highest and decreased gradually away from the cathodic extreme, however, the amount of
AQS at cathodic extreme was lowest and increased gradually toward the middle of BPE.
4.5 Conclusion
In this work, we demonstrate the potential distribution along the bipolar electrode using 2AQS as a probe in B&R buffer (pH 7.00) at different potentials in a bipolar electrochemical setup.
2-AQS was reduced to 2-H2AQS at the cathodic extreme and the amount of them was monitored
using surface enhanced Raman scattering by observing characteristic peaks. 1656 cm-1 was
assigned to C=O stretch in 2-AQS and 1421 cm-1 was assigned to O-H bend in 2-H2AQS. The
intensity of C=O stretch was the lowest at the cathodic extreme and increased away from it, on the
contrary, the intensity of O-H bend was the highest at the cathodic extreme and decreased toward
middle of BPE, indicating the amount of H2AQS at the cathodic extreme was highest and decreased
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gradually away from the cathodic extreme, however, the amount of AQS at cathodic extreme was
lowest and increased gradually toward the middle of BPE, because of the potential drop linearly
going through the solution along the bipolar electrode.
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Figure 4.1 Cyclic voltammetry behavior of 2-AQS on Au/stainless steel was performed in in 0.1M
Britton – Robinson buffer, which was purged by N2 for 30 mins before use.
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Figure 4.2 The plot of the dependence of current on the scan rate.
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Figure 4.3 In situ SERS spectra of 2-AQS SAM on an Au/stainless steel bipolar electrode
(cathodic end) recorded in B&R buffer (pH 7.00) at different potentials in a bipolar
electrochemical setup.
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Figure 4.4 In situ SERS spectra of 2-AQS SAM on an Au/stainless steel bipolar electrode in B&R
buffer (pH 7.00). The spectra were obtained at different positions at 8 V, going from the edge
towards the middle. Each Raman line was obtained every 0.055 cm away from the cathodic end.
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Chapter 5

Summary and Future Outlook
5.1 Summary
This dissertation demonstrated the application of bipolar electrochemistry in chemical
electroanalysis due to its low price, simpleness, viability, and easy preparation. It is the fact that
bipolar electrochemistry is controlled without direct connection and redox reactions occur at two
end point simultaneously when external potential is sufficient to trigger them. Because it is
impossible to measure the current flowing through bipolar electrode, electrochemiluminescence
proportional to the current is introduced in chemical electroanalysis. Ferrocenemethanol
(FcMeOH) and O2, that are capable of quenching ECL, can be detected on bipolar electrochemistry
by measuring the intensity of ECL as the function of the concentration of them. The data of ECL
we got was analyzed by Stern−Volmer equation, exhibiting a liner dependence of [O2] and
[FcMeOH]. The work opened up a new application of bipolar electrochemistry in utilizing
quenching ECL to detect small molecules. Afterwards, we analyzed the quenching behavior of Cl–,
Br–, and I– ions based on the same principle of bipolar electrochemistry. These three halide ions
exhibited different quenching effect following the order I– > Br– > Cl–, corresponding to their
formal oxidation potential. In addition, at low concentration, the enhancement of ECL emerged
due to the inhibition of oxidized film and a delay of the passivation of metals absorbed by halide
ions, resulting in a strong increase of oxidation of coreactant. A linear potential gradient across the
bipolar electrode was created when a bipolar cell was applied an external potential. It is an issue
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that we do not `know the exact potential distribution on bipolar cell. We herein proposed to
measure it by observing intensity of Raman spectra of 2-AQS and 2-H2AQS. The ratio of the
intensity of Raman spectra of them corresponded to the amount of them on the surface of bipolar
electrode, which also correlated with the potential gradient across the bipolar electrode.
5.2 Future outlook
ECL quenching analysis on bipolar electrochemistry can be extended to detect similar
compounds with different functional group that are capable of quenching ECL. And they can be
discriminated with different quenching rate constant. Some factors may also affect the intensity of
ECL, such as temperature. The quenching effect depending on the temperature will be another
topic in this field. Similarly, temperature depending SERS on bipolar electrode is also of great
interest to study. The SERS behaviors of molecules on bipolar electrode depend on not only
external potential but also the pH values. Changing the condition on pH value and interrogating
electrochemical behaviors by SERS is our future work in bipolar electrochemistry.
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