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A new dual-electrode flow sensor has been fabricated by piling the microporous membrane electrodes
which have 7-10 pm thickness. The electrode was prepared by sputtering of platinum onto both sides of
the membrane filter which contain a smooth flat surface as well as cylindrical pores with uniform diam-
eters. The electrolysis is performed when the sample solution flows through the membrane electrode,
and a generated analyte on the first working electrode is instantaneously transported to the surface of
second working electrode which is located at the downstream of the first one. In this case, the sample
solution surely flows through the pores of the membrane filters. As the result, highly efficient electrolysis
was achieved at each electrode, and the collection efficiency values as high as 100% were obtained in the

wide range of flow rate. Good responses to the injections of sample solutions were also confirmed in the

FIA system.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Dual-electrode system consists of two working electrodes
which are arranged in the direction of flow of sample solution [1].
The potentials of these electrodes are controlled individually, and
the products by electrolysis at the first electrode (the generator
electrode) are carried to the second electrode (the collector elec-
trode) by hydrodynamic flow. In this case, collection efficiency is
defined as the ratio of the collector current to the generator cur-
rent. This value is the percentage of the material generated at the
first electrode which is detected at the second electrode, and is an
important parameter for dual-electrode system. In this analytical
mode, monitoring the current of each electrode provides valuable
information on the reaction at the electrode surface. These methods
have been largely used for investigating reaction mechanisms and
related redox chemistry in various areas such as fuel cell, recharge-
able battery, plating, corrosion, biomaterials, etc.

Rotating ring-disk electrode (RRDE) [2] is one of the most
frequently used dual-electrode system. RRDE consists of a disk
and ring electrode material embedded in a rod of an insulating
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material. The product formed at the disk electrode is swept over
to the ring electrode by convectively radial flow caused by rotation
of the electrode. On the other hand, channel flow double electrode
(CFDE) [3] has also been used as a superior dual-electrode system.
CFDE is based on a thin layer of solution flowing parallel to two pla-
nar electrode surfaces embedded in a rectangular channel. These
techniques have been described theoretically by many researchers
[4-10]. Other dual-electrode systems available in electrochemistry
include the wall-jet ring-disk electrode [11-14], the double tubu-
lar electrode [15], a twin-electrode thin-layer cell [16,17], and a
dual thin-layer flow cell with a double-disk electrode [18]. Dual-
electrode systems with microelectrodes, such as a dual microband
electrode [19,20], a dual micro-disk electrode [21,22], a twin inter-
digitated electrode [23-27], a micro-disk array [28], microarrays of
ring-recessed disk electrodes [29-31], a ring-disk ultramicroelec-
trode [32-34], and a paired gold electrode junction [35-37], etc.,
have also been widely utilized in voltammetric analysis since the
1980s.

In flow analysis area, numerous reports have described vari-
ous analytical techniques with dual-electrode system [38-50] to
eliminate interfering species prior to analytical steps [44-47], to
generate titrating species for indirect detections [48], or to obtain
signal amplification by means of redox cycling [44,46,49,50]. Some
dual-electrode system with high collection efficiency has been
developed by decreasing the solution layer thickness [14,42,51].
In the case of the thin-layered channel flow electrode or wall-jet
ring-disk electrode, it is expected that the collection efficiency will
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Fig. 1. SEM images of microporous membrane electrode. (a) Surface of the electrode. (b) Cross sectional view after the treatment by ion milling. Pore size of the electrode

was 0.4 pm.

increase up to nearly 100% by decreasing the thickness of solution
layer, when the electrode size is large and the flow rate is suffi-
ciently low. However, it takes a long time to reach a detector at
low flow rate. Making the flow rate or the distance between the
electrodes too much small causes another problems such as the
diffusion of the material generated at the first electrode against the
direction of flow [48,51].

This study is intended to develop a high-performance dual-
electrode system, that is, keeping high collection efficiency in wide
range of the flow rate. Kenkel and Bard [52] described a dual
electrode coulometric flow cell with porous silver electrodes, and
the collection efficiency of electrogenerated material approached
100%. In this study, the microporous membrane electrodes were
prepared by sputtering of platinum on both the surfaces of a
track-etched membrane filter, which has 7-10 wm thickness. The
membrane filters made of polycarbonate contain a smooth flat sur-
face as well as cylindrical pores with uniform diameters. In this
case, the sample solution surely flows through the pores of the
membrane filters. It has been found that the microporous mem-
brane electrode prepared here enables efficient electrolysis in a
flow condition while the sample solution flows through the elec-
trode. Furthermore, a dual-electrode has been fabricated merely
by piling the platinum sputtered membrane filter. Because of the
highly efficient electrolysis at each electrode, collection efficiency
values as high as 100% were obtained in voltammetric experiments
performed with potassium ferricyanide. In the discussion below,
a superior performance of the new dual-electrode system with
microporous membrane electrodes is demonstrated by using an
electrochemical flow cell which is constructed for this proposed
dual-electrode system.

2. Experimental
2.1. Preparation of the microporous membrane electrode

The membrane filters employed as template of the microporous
membrane electrode were Nuclepore™ track-etched membrane
filter (Whatman). Martin and co-workers [53] described the prepa-
ration of ensembles of microscopic electrodes using this membrane
filter as a template. The electrodes which were used in this study
were fabricated by coating platinum onto both sides of the mem-
brane filter using an auto fine coater (Model JFC-1600; JEOL Ltd.,
Japan). The substrate-target distance, current, and sputtering time
were set to 52 mm, 40 mA, and 300 s, respectively. The SEM images
of the microporous membrane electrode are shown in Fig. 1. It is
confirmed that the smooth flat surface of the filter and entrance of
the pores are modified with platinum. The thickness of platinum
layer is approximately 100 nm. These electrodes were set in the
flow cell as described below, and were treated electrochemically
by 50 times cycling of a linear sweep potential between 0 and 0.8V

vs. Ag/AgCl (100 mV s~1)in 0.5 M potassium chloride solution, prior
torecording all experimental data. The electrodes used in this study
were freshly prepared for each series of experimental runs.

2.2. Structure of the electrochemical flow cell

The structure of the electrochemical flow cell is shown in Fig. 2.
The microporous membrane electrodes were sequentially arranged
as the generator, collector, and counter electrode along the flow
of the sample solution by alternately piling up the electrodes
and unmodified membrane filters. Insertion of the unmodified
membrane filter as a spacer between the generator and collector
electrodes avoids short-circuits and keeps a completely uniform
distance between the electrodes. The pore size of the membrane
filters which was used as a spacer or a cover was 5.0 wm. The
electrodes were sandwiched between two parts of the flow cell
in which a hole of 2mm in the diameter was drilled. The mem-
brane electrodes were supported with a line filter made of PTFE
(No. 6010-54000; GL Science Inc., Japan) of 4mm in a diameter on
the fundamental part of the flow cell. A screw type reference elec-
trode (Model RE-3VP silver-silver chloride; ALS Inc.) was put at a
10 mm downstream of the counter electrode.

2.3. Apparatus and methods

The apparatus for evaluation of the dual-electrode system was
shown in Fig. 3. For the measurement, the solutions were made to
flow by pressurizing the solution tank using argon gas (>99.999%),
and flow rates were determined by measuring the volume of solu-
tion collected in a graduated cylinder during a standard time.
In the continuous flow mode, the sample solution was kept in
the tank and flowed into the electrochemical flow cell continu-
ously via PTFE tubing of 2mm ID and 3 mm OD. The electrodes
mounted on the flow cell were connected to a bi-potentiostat

WE1 WE2 C RE

4 mmé 2 mmé

B

PTFE tube PFA tube

cover spacer

Fig. 2. Structure of the flow cell constructed in this study. WE1: generator electrode,
WE2: collector electrode, CE: counter electrode, RE: reference electrode.
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Fig. 3. Apparatus for evaluation of device performance. (a) Continuous flow mode.
(b) Sample injection mode. GS: argon gas cylinder, ST: solution tank, FC: flow cell,
BP: bi-potentiostat, DR: data recorder, FG: function generator, V: 6-port injection
valve.

(Model HA1010mM2B; Hokuto Denko Co., Japan) equipped with
a function generator (Model HB-111A; Hokuto Denko Co.) and a
datarecorder (Model GL200A; GRAPHTEC Co., Japan). In the sample
injection mode, a 6-port valve was connected between a solution
tank and the flow cell. The sample solutions were injected to the
carrier electrolyte (0.5 M KCl). Potassium hexacyanoferrate(Il) solu-
tion was used as a sample solution throughout this work. This
sample solution was prepared by dissolving potassium hexacyano-
ferrate(Il) trihydrate (Kanto Chemical Co., Inc.) in deionized water
and adding appropriate amount of 3 M potassium chloride solu-
tion. Argon gas (>99.999%) was passed through the sample solution
for 20 min prior to electrochemical measurements. All the exper-
iments were conducted under room temperature (25+1°C). All
reported currents have corrected by subtracting the background
current observed at the same flow rate for solutions not containing
the electroactive species. The electrochemical active surface area
of the electrode was determined from integration of the charge
of oxidation of the adsorbed hydrogen region of the stationary
cyclic voltammetry after subtracting the double layer charge and
use 210 w.C/real cm? as the saturation coverage.

3. Results and discussion
3.1. Hydrodynamic voltammogram and limiting currents

The typical hydrodynamic voltammograms recorded at the gen-
erator and the collector electrodes are shown in Figs. 4 and 5. In this
experiment, the potential of the generator electrode was swept
between 0.1 and 0.6V vs. Ag/AgCl with a scan rate of 20mVs~!,
and the potential of the collector electrode was held at 0.1V vs.
Ag/AgCl. The characteristic sigmoidal responses were observed in
both voltammograms. An increase in limiting current at generator
and collector electrode was noticed as the flow rate increase, and
was greatly dependent on a pore size. Dependence of the redox
currents on the flow rate was shown in Fig. 6. In this experiment,
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Fig. 4. Hydrodynamic voltammograms recorded at generator (A-E) and collector
(a-e) electrodes. The pore size of the membrane filter used as a template of the
electrodes was 0.4 wm. Sample solution was 0.30 mM Fe(CN)s*~ with 0.5 M KCI. The
potential of the generator electrode was swept between 0.1 and 0.6V vs. Ag/AgCl
with a scan rate of 20mVs~'. The potential of the collector electrode was held at
0.1V vs. Ag/AgCl. Flow rate values of the sample solution were 0.09 (A, a), 0.27 (B,
b), 0.43 (C, ), 0.56 (D, d), and 0.78 mlmin~" (E, e).

the potentials of the generator and collector electrodes were held
at0.5and 0.1V vs. Ag/AgCl, respectively. The dashed lines represent
calculated values for 100% efficiency of oxidation and reduction. It
can be seen that the limiting currents approach the dashed lines
as the pore size and the flow rate become small. When the pore
size of the membrane filter used was 0.4 wm, the redox currents on
both generator and collector electrodes were found to be propor-
tional to the flow rate. In this study, the freshly prepared electrodes
were used for each series of experimental runs. Except the case

1.5 " 1 " 1 T T T T T ]
generator

1.0

0.5

Current / mA

collector

co0oT > WO OMm

15 M BRI I RN R
0.1 0.2 0.3 0.4 0.5 0.6

E applied on generator / V vs. Ag/AgCI

Fig. 5. Hydrodynamic voltammograms recorded at generator (A-E) and collector
(a-e) electrodes. The pore size of the membrane filter used as a template of the
electrodes was 5.0 pm. Sample solution was 1.0 mM Fe(CN)g*~ with 0.5 M KCl. The
potential of the generator electrode was swept between 0.1 and 0.6V vs. Ag/AgCl
with a scan rate of 20mVs~'. The potential of the collector electrode was held at
0.1V vs. Ag/AgCl. Flow rate values of the sample solution were 0.14 (A, a), 0.38 (B,
b), 0.68 (C, ¢), 1.3 (D, d), and 1.8 mImin~! (E, e).
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Fig. 6. Effect of flow rate on the limiting currents. The pore sizes of the membrane filter used as a template of the electrodes were 0.4 (a), 1.0 (b), 3.0 (c), and 5.0 wm (d). The
concentration of Fe(CN)g*~ were 0.30 (a), 0.10 (b), 0.50 (c), and 1.0 mM (d). The supporting electrolyte was 0.5 M KCI. The potentials of the generator and collector electrodes

were held at 0.5 and 0.1V vs. Ag/AgCl, respectively.

that the sample solution was hard to be flowed through the piled
electrodes because of a defective product of template filters, these
data were reproduced even if another electrode freshly prepared
were used.

3.2. Efficiency of electrolysis

By Faraday’s law, the generator current (iwgq ) can be related to
flow rate (v) and concentration (c) by the following equation:

iwg1 = nFcvfe (1)

where n, F, and f. are the number of electron, the Faraday constant,
and the conversion efficiency. The conversion efficiency which is
rate of electrolysis usually depends on flow rate, electrode dimen-
sion, and conformation. For total conversion on passage through
the electrode, f- equals 1. The collection efficiency N, which is a
measure of the percentage of the material generated at the first
electrode which is detected at the second electrode, is expressed as
follow:

N = DWEZ 2)

IwE1
where iwg; and iwgy are the generator current and the collector
current, respectively. As shown in Fig. 7, the electrode of which
pore size was 0.4 pm brought about the conversions greater than
96% in the flow rate up to 1.2 mlmin~'. On the other hand, when

the pore size of the membrane filter used as a template of the
electrodes was 1.0, 3.0, or 5.0 wm, the conversion efficiency were
remarkably decreased with increase of the flow rate. The collec-
tion efficiency tended similar to the conversion efficiency. When
the pore size of the membrane filter used as a template of the elec-
trodes was 0.4 um, greater than 95% of the collection efficiencies
were obtained in the flow rate up to 1.2 ml min~!. The electrochem-
ical active surface areas of these electrodes whose pore sizes were
0.4, 1.0, and 5.0 wm were measured to be 4.7, 4.2, and 4.1cm?,
respectively. Although the active surface area of these electrodes
was almost the same, there was a clear difference in electrochemi-
cal reaction efficiency. These results show that the pore size greatly
contributes to the reaction efficiency because of the sufficiently
shorter length of diffusion of the electro-active species in flowing
through the pores.

3.3. Amperometric response in flow injection analysis

The amperometric response of the electrodes was examined
with the sample injection mode (Fig. 3(b)). Sample solutions were
injected by using a 6-port valve equipped with a 1 ml sample loop.
The potentials of the generator and collector electrodes were held
at 0.5 and 0.1V vs. Ag/AgCl, respectively. Fig. 8 shows the results
obtained by injecting solutions containing hexacyanoferrate(Il)
ion in various concentrations in the FIA system. There is a very
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Fig. 7. Influence of the flow rate on the conversion efficiency (a) and collection efficiency (b). The potentials of the generator and collector electrodes were held at 0.5 and
0.1V vs. Ag/AgCl, respectively. The pore size of the membrane filter used as a template of the electrodes was 0.4 (v), 1.0 (O), 3.0 (3O), and 5.0 pm (A).
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Fig. 8. Simultaneous signal recordings at the generator and collector electrode during injections of sample solutions containing Fe(CN)s*~ (0.30 (A), 0.50 (B), 0.80 (C), 1.0
(D), and 1.2 mM (E)) to the carrier electrolyte (0.5 M KCl). Flow rate values were 0.38 (a) and 0.60 ml min~! (b). The potentials of the generator and collector electrodes were
held at 0.5 and 0.1V vs. Ag/AgCl, respectively. The pore size of the membrane filter used as a template of the electrodes was 0.4 pm.

small delay between the anodic and the corresponding cathodic
current, and good responses were obtained. As shown in Fig. 9, it
was confirmed that the maximum current, which is peak height, is
proportional to concentration of the analyte.

10
generator

0.5

Current / mA
o

collector

0 0.5 1.0
Concentration / mM
Fig. 9. Relationship between concentration Fe(CN)s#~ and signal peak height. Flow

rate values were 0.38 (CJ, @) and 0.60 ml min~" (O, ®). The experimental conditions
were same as Fig. 8.

4. Conclusion

In conclusion, a new dual-electrode system was fabricated using
track-etched membrane filters. This system has high conversion
efficiency and high collection efficiency in the wide range of flow
rate. The authors emphasize the simple structure and easy fabrica-
tion as well as superior performance of this dual-electrode system.
The proposed device would be useful detector in flow injection
analysis.
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