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A novel sticker device that can convert any metal or alloy
into the working electrode of a three-electrode system,
enabling simple and accurate measurement. A sticker
device could transform a low-resistance solid plate into
an easy-to-use sensor chip platform.
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We developed a novel sticker device that can convert any metal or
alloy into the working electrode of a three-electrode system,
enabling simple and accurate measurement. The sticker, containing
a counter electrode and a stable and accurate liquid junction-type
reference electrode, is attached to the metal or alloy; meanwhile
the surface exposed from a hole in the device functions as the
working electrode. This sticker device was fabricated by screen-
printing. The polarization curve of the copper and tin-plated copper
measured using the sticker device exhibited approximately the same
behavior as that obtained for the conventional three-electrode
system. The characteristics of various materials can be easily evalu-
ated using this system by only dropping a small amount of solution.

Electrochemical measurement using a three-electrode system
in an aqueous solution is widely used to conduct research on
batteries, surface treatment, metal corrosion/corrosion protec-
tion, and fuel cells, among other fields, to analyze basic
electrochemical reactions.

In a commonly used three-electrode measurement system,
accurate and reproducible measurement is possible by correctly
arranging independent working, counter, and reference elec-
trodes at fixed positions. However, in recent years, printed
electrochemical devices capable of integrating such electrodes
on a single substrate have gained popularity because they enable
easy electrochemical measurements. In particular, screen-printed
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electrodes having three electrodes are widely used in various fields,
such as basic electrochemical measurement, environmental
pollution research, biosensors, and electrochemical analysis."™**
The devices fabricated by screen-printing can be mass-produced
at low cost and exhibit good reproducibility.

In the aforementioned screen-printed sensors, carbon or
gold is often employed as a working electrode, silver or carbon
as a counter electrode, and silver/silver chloride as a reference
electrode, mainly on an insulating plastic or ceramic substrate.
Conventional screen-printed sensors, however, present issues
with respect to the electrode materials that have to be deter-
mined in advance, and the material of the working electrode,
which is particularly limited to carbon and silver as they can be
converted into ink.

Additionally, the reference electrode commonly is a
“pseudo-reference electrode”, prepared by printing a silver or
silver/silver chloride layer.">>* However, deviation of the refer-
ence potential due to fluctuation of the chloride ion concen-
tration may result in significant problems pertaining to the
accuracy of measurement in some cases.

To resolve this issue, we previously developed a full screen-
printed liquid-junction-type reference electrode that exhibits
long-term stability, instantaneous usability, and remarkable
accuracy.”* The potential of this reference electrode did not
fluctuate depending on the concentration of chloride ions in
the measurement solution.

In this study, we developed a novel sticker device that can
convert any metal or alloy into the working electrode of a three-
electrode system using its unprecedented features. The device can
be attached to the metal or alloy to be measured. It comprises a
liquid-junction reference electrode,®* a counter electrode, and, as
will be described in detail later, a hole in the sticker that is placed
in a manner such that the object to be measured becomes the
working electrode. It is expected that the corrosion and battery
performance can be evaluated by simply sticking it on a substrate,
such as a metal or an alloy, for which electrochemical evaluation is
desired.
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In this study, copper and tin-plated copper were used as the
representative substrates. They are widely used in piping for
absorption chillers and large air-conditioning equipment
because of their excellent thermal conductivity and processa-
bility. However, depending on the composition of ions in the
solution, such as chloride, sulfate, or bicarbonate ions, pitting
corrosion may occur on the surface.”>>® We previously reported
that it is possible to effectively and rapidly predict the occur-
rence of pitting corrosion for varying water quality, by deter-
mining the pitting potential from the polarization curves
of copper and tin-plated copper using conventional three-
electrode measurement.”” Therefore, in this study, aiming
at application to a pitting prediction sensor using copper and
tin-plated copper substrates, polarization curves were measured
using the sticker device attached on the copper and tin-plated
copper substrates.

Silver ink (SAP-40FL, Sanwa-Chemical Industrial Co., Ltd,
Japan), isophorone (Fujifilm Wako Pure Chemical Corporation,
Japan), poly(vinylidene difluoride) (PVdF, KF polymer #1300,
Kureha, Japan), Triton X (Alfa Aesar, USA), silica gel (Aldrich,
Japan), 1,3-dimethyl-3,4,5,6-tetrahydro-2(1H)-pyrimidinone (DMPU,
98.0% grade, Tokyo Chemical Industry Co., Ltd, Japan), KCI (99.5%
grade, Fujifilm Wako Pure Chemical Corporation, Japan), and
resist ink (S-40 C518, Taiyo Ink Co. Ltd, Japan) were used for the
preparation of the sticker device. A silver/silver chloride ink
used was prepared by mixing silver chloride with silver ink. The
measurement solution was prepared by dissolving NaCl (99.5%
grade, Fujifilm Wako Pure Chemical Corporation, Japan) in pure
water (Purelab Option-R 7/15, ELGA Lab Water, Japan) to adjust the
concentration to 10 ppm, 30 ppm, 100 ppm, and 300 ppm. Copper
(Niraco, Japan) and tin-plated copper plates™” (tin plating thickness:
5.6 um) were used as the substrates.

The manufacturing process of the sticker device is shown in
Fig. S1 (ESIt). Polyethylene terephthalate (PET), with adhesive
on one side (Nichieikako Co., Ltd), was used as the substrate for
the sticker device. Initially, the counter electrode and first layer
of the reference electrode were printed on the PET substrate
using silver ink with a screen-printer (LS-150TV, Newlong
Seimitsu Kogyo Co., Ltd), and dried at 150 °C for 30 min. The
second layer of the reference electrode was then printed using
silver/silver chloride ink and dried at 150 °C for 30 min.

Electrolyte ink was prepared by combining 1 g Triton X, 8 g
DMPU, and 1 g PVdF in a stainless-steel container, and stirring
the mixture at 80 °C for 12 h. Subsequently, 1 g silicageland 4 g
KCl were added and thoroughly mixed to form an ink using an
ultrasonic homogenizer (PR-01, Thinky, Japan) first and then a
revolving/rotating mixer (ARE-310, Thinky, Japan). The electro-
lyte ink was printed as the next layer of the reference electrode
and dried at 180 °C for 30 min.

Liquid-junction ink was prepared by combining 1 g Triton X,
8 g isophorone, and 1 g PVdF in a stainless-steel container,
and stirring the mixture at 80 °C for 12 h. Subsequently, 2 g
silica gel was added, and mixed together to form an ink using
a stirrer/defoamer. The liquid-junction ink was printed as the
final layer of the reference electrode and dried at 180 °C for
30 min.
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Fig. 1 Schematic illustrations of (a) laminated printing structure of the
sticker device and (b) electrode arrangement of the sticker device.

On top of the electrodes, an insulating layer was printed
using resist ink and dried at 150 °C for 30 min. The sticker
device was finalized by punching a 2 mm diameter hole in lieu
of the working electrode. The laminar structure of the sticker
device and the final electrode arrangement are shown in Fig. 1.
The sticker device was attached to the metal to be measured in
the electrochemical experiment. Before the sticker device was
attached, the metals were polished with fine 1 um alumina
powder, degreased with methanol, and washed with pure water.

To evaluate the performance of the screen-printed reference
electrode on the sticker device, open-circuit measurements
were performed against a commercially available silver/silver
chloride/saturated potassium chloride (Ag/AgCl/sat. KCl) refer-
ence electrode (SSE) using the set-up shown in Fig. S2a (ESIT).

Polarization curves were recorded using the set-up shown in
Fig. S2b (ESIt). In this set-up, a reservoir made of silicone was
placed on the device to accurately hold 1 mL of the solution
in place.

To utilize the working electrode of the sticker device in
conventional three-electrode measurements, the set-up in
Fig. S2c¢ (ESIt) was used. Here, a platinum wire was used as
the counter electrode, and a commercial SSE as the reference
electrode.

The sticker device attached to the copper plate was evaluated
at a scan rate of 100 mV min " in 10 ppm NaCl on a large scale,
and the results were compared to those obtained using the
corresponding conventional three-electrode system. The device
attached to the tin-plated copper was evaluated in 10 ppm,
30 ppm, 100 ppm, and 300 ppm NaCl on a small scale. Error
bars were determined using the Student’s ¢ distribution at a
90% confidence level (n = 3).

The reference electrode of the sticker device is based on our
ready-to-use, long-term, stable, printable reference electrode
containing silica gel as the liquid junction.>* In this reference
electrode, water permeates through a hydrophilic and porous
silica gel liquid junction. The permeated water then dissolves

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 (a) Time change of the potential of the reference electrode on the
sticker device in a solution containing different concentrations of chloride
ions. (b) Relationship between chloride ion concentration and reference
electrode potential. Error bars were determined using the Student's
t distribution at a 90% confidence level (n = 3).

potassium chloride in the electrolyte layer with silica gel as the
support. As a result, the chloride ion concentration becomes
saturated in the electrolyte layer. The potential exhibits a stable
value, while the chloride ions maintain their saturation
concentration.

The performance of the reference electrode of the sticker
device was evaluated by measuring its potential against a
commercial SSE, in the presence of different concentrations
of C1™ or 100 ppm of different anions (Fig. 2 and Fig. S3, ESIT).
The potential of the reference electrode of the sticker device
was stabilized approximately 60 s after immersion in an aqueous
solution of NaCl (Fig. 2a) and remained stable over several hours
(Fig. S3d, ESIY). A similar behavior was observed in the presence
of other anions (Fig. S3a-c, ESIt).

Furthermore, the potential of the reference electrode of the
device after 300 s was not affected by the chloride ion concen-
tration, with an accuracy of approximately £15 mV vs. SSE
(Fig. 2b). This indicated that the sticker device can be used for
accurate measurements in fresh water.

To evaluate the sticker device, the polarization curve of
copper was measured using a 10 ppm NaCl solution, and
compared to a corresponding measurement using a conven-
tional three-electrode system (Fig. 3). In both polarization
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Fig. 3 Polarization curves of copper using the sticker device and the
conventional three-electrode system in 10 ppm NaCl solution.

curves, the immersion potential was approximately 0.01 V.
Furthermore, when the potential was scanned to the positive
side, the current increased sharply. This was attributed to the
dissolution current due to the general corrosion of copper. The
behavior of the dissolution current was approximately the same
in the case of the sticker device and conventional three-
electrode system. This suggested that the corrosion behavior
of metal substrates can be easily evaluated using this sticker
device. The lower current value at more positive potentials
obtained with the sticker device was attributed to the different
convection and ion diffusion behaviors in the significantly
different volumes used in the two types of measurement.

Subsequently, polarization curves of the tin-plated copper in
different concentrations of NaCl were measured using the
sticker device (Fig. 4). When the working electrode potential
was scanned from the immersion potential in the positive
direction, a rapid increase in the current due to the occurrence
of pitting corrosion was confirmed. The onset of this current
increase shifted toward more positive potentials with increas-
ing chloride ion concentrations. The lowest current value of the
pitting corrosion was between approximately 1 pA cm > and
10 pA cm 2. Thus, the potential at 10 pA em ™2 was defined as
the pitting potential (Ep;). Epic and the chloride ion concen-
tration clearly showed a negative linear correlation (Fig. 4b).
This behavior was similar to that obtained for the conventional
three-electrode system.>”

In conclusion, we succeeded in fabricating a sticker device
with a liquid-junction-type reference electrode. Although a
sticker device could, in principle, be fabricated with any prin-
table reference electrode, our liquid-junction reference elec-
trode is extremely accurate and comparable to conventional
reference electrodes, and thus preferable. It was demonstrated
that the polarization curve of the three-electrode system can be
easily measured by simply attaching the sticker device to the
substance to be measured and applying a drop of the measure-
ment solution. By attaching this sticker device to a corrosion
measurement object (for example, piping), there is a possibility
that in situ electrochemical measurements can be performed
without the need for processing the object of measurement.
Moreover, this device can convert any conductive material into
the working electrode of a three-electrode system. For example,
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Fig. 4 (a) Anodic polarization curves of the sticker device using a tin-
plated copper substrate in solutions containing different concentrations of
chloride ions. Scan rate = 100 mV min~t. (b) Dependence of the pitting
potential (E;) on chloride ions in the case of tin-plated copper (line: linear
regression).

gold and carbon are often used as electrode materials in
chemical and biological sensors; however, printed gold and
carbon often possess a high internal resistance. A sticker device
could transform a low-resistance solid plate into an easy-to-use
sensor chip platform. Furthermore, since this device can mea-
sure with a small amount of solution, it could also be possible
to measure local electrochemical reactions while simulta-
neously observing the sample with a microscope.
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