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Shrink-Induced Microelectrode Arrays
for Trace Mercury Ions Detection
Zonghao Wu and Tianhong Cui

Abstract— An ultrasensitive microelectrode arrays (MEA)
mercury sensor based on the heat-shrinkable polymer was
fabricated by a very simple and low-cost method for the first
time. We sputter a comb-finger gold electrode on the heatshrinkable polymer, made use of the heat shrinkage and sticky
characteristics of the polymer to construct MEA, and then
detected the trace mercury ions (Hg2+ ) in the water by anodic
stripping voltammetry. The characterization result indicated that
the shrink polymer prepared by different heating temperature
had controllable shrinkage ratios, and the electrode surface
presented unique wrinkle structure by heating process. Due
to the non-linear diffusion characteristic of the microelectrode
and the microwrinkle structure, performance of the sensor had
been improved greatly. The signal-to-noise ratio (Faraday current
divide Background current) increased notably, and the sensor’s
detection limit was achieved as 0.0874 ppb. This is a very effective
way to detect ultra-low concentrations mercury ions and the heatshrinkable film-based microelectrode arrays construction method
can be applied to many fields.
Index Terms— Microelectrode arrays, shrink polymer, anodic
stripping voltammetry, mercury sensor.

I. I NTRODUCTION

W

ATER pollution, especially heavy metal produces serious harm to human health because accumulated metals
can enter an organism and lead to chronic poisoning [1], [2].
Mercury ions is the most concerned with water pollution that
often exist at trace levels and coexist with a million-fold excess
of other ionic species [3], [4]. Conventional instrumental
detection methods for heavy metal ions in environmental samples include atomic absorption spectrometry (AAS), atomic
fluorescence spectrometry (AFS), ion coupled plasma mass
spectrometry (ICPMS), and microwave induced plasma atomic
emission spectroscopy (MIP-AES) [5]–[7]. These methods
require large-scale equipment, specialized laboratory rooms,
and professional operating technicians. In the investigation of
sudden environmental pollution incidents and ecological risk
surveys at river basins and regional scales, due to the wide
range of surveyed areas and the large number of environmental
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Fig. 1.

Schematic diagram of nonlinear diffusion.

samples to be collected, high-throughput real-time field detection technologies are urgently needed [8]. Electrochemical
detection technology provides feasible technical means for the
portable equipment and rapid detection of trace level mercury
ions in water samples.
Anodic stripping voltammetry has many advantages such as
high sensitivity, simplicity, minimal space and power requirements and low instrumentation cost [9], [10]. It has been
successfully applied into environmental and waste water analysis for copper, cadmium, lead and chromium [11]–[13] etc.
ASV method use the classic electrochemical electrode system
and contains pre-concentration step and stripping step [14].
In order to achieve the best detection effect, more ions per
unit time need to be accumulated in the pre-concentration step,
which requires the electrode to have higher reaction intensity [15]. On the other hand, in the stripping step, the target
ions on the surface of the electrode react to form a Faraday
current(signal), and double-layer capacitance on the electrode
surface charges and discharges to form a Non-Faraday current
(background current), this is an important source of noise
in the detection signal [16]. It is required that the sensor
should have a high “signal-to-noise ratio”, otherwise hard
to detect low concentrations of heavy metal ions. Portable
devices are generally fitted with micro sensors, due to its small
size, ASV microsensor is generally difficult to achieve high
detection performance [17]. So how to achieve high sensitivity
and low detection limit detection performance on an ASV
microsensor has been an important topic.
When the electrode size reduces to be equivalent to the
thickness of the diffusion layer, diffusion current occurs along
the electrode radius (rather than perpendicular to the electrode
surface), called non-linear diffusion or radial diffusion (Fig.1).
Compared to conventional electrochemical sensor, microelectrode arrays (MEA) sensor exhibits nonlinear diffusion with
higher sensitivity, higher current density, faster mass transfer,
and higher signal-to-noise ratio [18]–[20], these features are
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very suitable as sensor for the ASV method. MEA sensor is
widely applied for various ions sensing, shows good unique
performance, but the fabrication process of MEA is always
complex and high-cost, which limits the promotion and application of such sensors [21], [22]. The theory proves that the
smaller the electrode size, the higher the signal-to-noise ratio
at the microelectrode size [23].
When the heat-shrinkable film is heated over a certain temperature, the surface of the heat shrinkable film can be shrunk
several times. This feature can be used for microelectrode
processing to realize a smaller size electrode [24], [25]. Heatshrinking a polymer substrate coated with metal thin film
electrode can form wrinkle structure [26], [27], the micro/nano
wrinkle structure can further enhance the nonlinear diffusion
of the electrode surface. Moreover, fabrication of the shrink
electrode is low-cost and does not require clean-room facilities
or sophisticated equipment, this makes lower cost of sensors
possible.
Herein, we reported an ultrasensitive microelectrode arrays
mercury sensor based on heat-shrinkable polymer with a
very simple and low-cost fabrication method. We constructed
MEA though heating shrink polymer with comb-finger gold
electrode and detected trace mercury ions in the water by
anodic stripping voltammetry (ASV). Microelectrode arrays
with unique wrinkle structure formed by heating-shrink could
greatly facilitate the sensitive measurement of Hg (II). The
performance of this microelectrode arrays based on new
fabrication method for determination of Hg (II) was investigated in detail. Encouragingly, such a shrink polymer sensor
offered a remarkably improved the signal-to-noise ratio and
detection limit. The signal-to-noise ratio (Faraday current
minus the background current) increased obviously, this is
very conducive to the detection of ultra-low concentrations of
mercury ions. This sensor‘s detection limit (LOD) of Hg (II)
was achieved as 0.0874 ppb. This simple but effective highperformance sensor construction method can be widely used
in the development of highly sensitive ion sensor.
II. E XPERIMENTAL
A. Chemicals and Reagents
Supporting electrolyte used was 0.1 M HCl buffer. Unless
otherwise stated, deionized water (18.2 M·cm) used throughout all experiments was prepared from a Milli-Q system
(Millipore, Milford, MA, USA). All the pieces of glassware
were thoroughly cleaned with aqua retia and then washed
repeatedly with Millipore water and acetone before using.
All the chemicals were purchased from Sigma-Aldrich unless
mentioned specifically.
B. Apparatus
Shrink film (polyolefins, PS) was purchased from Sealed
Air. An Ag/AgCl (3 M KCl) (Tianjin Aidahengsheng Technology Co., Ltd., China) was used as calibration reference
electrode. A Gold electrode was used as counter electrode.
Measurement were performed with CHI660e electrochemical
(Chenhua Instruments Corporation, China) controlled by a
personal computer.

Fig. 2. Schematic diagram of an Hg (II) ultrasensitive sensor’s fabrication
process and structure diagram of the sensor.

C. Device Fabrication
Fig.2 illustrated the fabrication process and the schematic
structure diagram of the sensor. First, a 30 nm gold film was
patterned on a PS shrink film substrate by sputter process for
the electrode. A comb-finger shape shadow mask was used
to pattern the gold film. These fingers were designed with
different widths (50μm, 100μm, 150μm) for our experimental
discussion. Next, another heat-shrinkable film slightly smaller
than the size of the substrate was covered the gold electrode
surface. The position of this film determines the length of the
electrode. Then, the sensor was heated to shrink at 145 ◦ C, and
the substrate and upper films was shrunk and stick together
at the same time, and the front of electrodes with wrinkles
structure surface form a characteristic microelectrode arrays.
D. Measurement Procedure
The optimized voltammetry conditions to determine Hg (II)
in acetate buffer were as follows: Deposition potential
(Edep ) = −0.2 V whilst stirring or vibrating for 100 s,
with 20 s quiescence time and a voltammetric scan from
0 to 0.8 V. The scan mode used the square wave modulation,
frequency 10 Hz, step height 4 mV, pulse height 20 mV.
III. R ESULTS AND D ISCUSSION
A. Characterization
The optical image of broach gold electrode on a PS
polymer substrate was shown in Fig.3a. Flexible PS film as
a substrate sensor have a variety of application scenarios,
and it is also adapted to roll-to-roll processing technology.
As shown in Fig.3b, heating process completed the sensor‘s
manufacture: the process significantly changed the size of the
device and the surface area significantly reduced, at the same
time the thickness increased. The comb-finger gold electrode
became narrower and two layers of film was stuck together.
The rear of the uncovered electrode could be connected
with testing wire and the front formed microelectrode array.

WU AND CUI: SHRINK-INDUCED MEAs FOR TRACE MERCURY IONS DETECTION

2437

Fig. 4. The electrode size and shrink ratio of PS polymer substrate sensor
with different temperature.

As shown in Fig. 4, when the temperature above 90 ◦ C,
PS polymer substrate starts to shrink evenly, the higher
shrink temperature results in a higher contraction ratio. When
the temperature achieved 140 ◦ C, shrinkage of PS substrate
reached its maximum, the temperature rise could not shrink
the PS substrate further. Herein, the following equation was
used for the shrink ratio calculation.
L0
× 100%
(1)
Shri nk r ati o =
LT
where L 0 is the initial area of the PS substrate and L T is the
area after heating at T ◦ C. Sputtering and patterning the gold
electrode on the PS substrate, when heated, because of the
stress mismatch between the gold film and the PS substrate,
the gold film appears fold and presents wrinkle structure. From
the equation for shrink ratio, the rate of surface area of gold
film, relative to the substrate, is quantitively calculated by
the reciprocal of shrink ratio. As the heating temperature and
the shrinkage ratio increase, wrinkle structure became more
pronounced. Fig.5 shows the SEM images of the gold films
on PS substrate and heating at 95 ◦ C and 140 ◦ C, respectively.
As shown in Fig. 3, the maximum shrinkage ratio is about 2.7,
it means that the 50μm width gold Electrode could shrink
shaper to 18.5μm. This method could be used to break through
the limit of micro-fabrication.
Fig. 3.
(a) An optical image of the comb-finger gold electrode on
PS substrate. (b) Heating process completed the sensor’s manufacture.
(c) An optical image of the MEA sensor based on heat-shrinkable polymer.

It was worth noting that all these micro electrodes had wrinkle
surface, which is the unique structure that presented by heatshrinking method. The optical image of the microelectrode
arrays based on PS shrink polymer was shown in Fig.3c.
High temperature heating could shrink the PS polymer
substrate because of the pre-stress effect:the surface area of
the film significantly reduced, at the same time the thickness
increased. To ensure the outcome, measurement of shrink
ratio of a PS substrate was carried out. The PS substrate
with width of 7 mm were prepared for this experiment and
heated in an oven for 5 min with different temperature.

B. Effect of Microelectrode and Wrinkle
Structure for Detection of Hg (II)
Mainly two reaction stages took place on the electrode
surface of the sensor when using ASV method to detect
mercury ion. In the first stage, a constant negative voltage was
applied to the electrode, the mercury ion was reduced to single
substance and adsorbed on the surface of the electrode, as in
Equation 2. In this process, fixed stirring speed and deposition
time were given, we could only though optimize the electrode
material and surface morphology to accumulate more mercury.
In the second stage, a positive scan voltage was applied to
the electrode. Mercury was oxidized to mercury ions and
dissolved in solution, as in Equation 3. This process produced
the I-V output signal and the signal mainly included two parts,
the Faraday current (Peak current, signal) produced by the
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Fig. 5. (a) SEM image of gold film on a PS substrate heated at 95 ◦ C.
(b) SEM image of gold film on a PS substrate heated at 140 ◦ C.

reaction of mercury, and Non-Faraday current (Background
current, noise) generated by double layer capacitor (between
the electrode and solution) charging and discharging. The high
“signal-to-noise ratio” of the sensor facilitated the detection
of low-level mercury ions. At this size of the microelectrode,
the ratio had a direct relationship with the electrode radius,
the smaller electrode radius, the higher “signal to noise ratio”.
H g2+ +2e− → H g
Hg → Hg

2+

+ 2e

−

(2)
(3)

To evaluate the performance of heat-shrinking microelectrode arrays for very low concentrations of mercury ions, three
kinds of sensors with PS substrate were fabricated and tested
for our discussion. As shown in Fig.6a, the 1# sensor was a
comb-finger (9 fingers) electrode with 50μm finger width and
covered with tape on the top surface to form a microelectrode
arrays structure. This sensor‘s fabrication process excluded
heat shrinkage, so that gold film on the substrate had a flat
surface relatively. The 2# sensors had 3 fingers (150 μm width)
electrode and the 3# sensor had 9 fingers (50 μm width)
electrode, they were both processed according to the schematic
diagram of fabrication process shown in Fig.1. The three
sensors were designed to have nearly the same surface area
because of ASV sensor‘s surface area directy affected the
magnitude of output signal.
The Cyclic Voltammetry(CV) measurement was performed
using the [Fe(CN)6 ]3−/4− redox couple to monitor the MEA
sensor. As Shown in Fig.6b, the oxidation peak current and

Fig. 6.
(a) Three kinds of sensors with PS substrate were fabricated.
(b) Cyclic voltammograms of three kinds of MEA sensors with 0.3 V/s
scan rate in pH 7.5 PBS containing 5 mM [Fe(CN)6 ]3−/4− and 0.1 M KCl.
(c) Anodic Stripping Voltammetry results of 0.2 ppb Hg (II) solution measured
by three kinds of MEA sensors.

the reduction peak current of these microelectrode sensors
were almost equal, and the potential difference between the
oxidation peak potential and the reduction peak potential
was about 70 mV, which indicated the good electrochemical
performance of these electrodes and the reaction on electrode surface had reversibility. This relatively simple electrode
structure without a modified layer could exhibit controlled and
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Fig. 8.
Ten consecutive measurements for mercury solution with the
concentration of 1.0 ppb using the same MEA sensor.

Fig. 7. Effect of the deposition time (a) and deposition potential (b) on the
stripping peak current of 0.6 ppb Hg2+ solution on a 3# MEA sensor.

stable electrochemical performance, and it also had excellent
detection capabilities. The 3# MEA sensor with smaller combfinger electrode size and wrinkle structure got an obvious
increase of peak current (curve 3#) compare to two other
MEA sensors, caused by the nonlinear diffusion property of
electrode surface which resulting in faster electron transfer and
mass transfer rate.
Three kinds of MEA sensors were tested using ASV method
in solution with 0.2 ppb Hg (II), respectively. As shown
in Fig.6c, the peak current and background current of both
2# and 3# sensors were significantly higher than 1# sensor.
It could be explained as the reaction on wrinkle structure
surface was more dramatic and the mass transfer rate was
higher. Comparing the testing results of the 2# and 3# electrodes, we could find that they had comparable background
current, but the peak current of 3# electrode with a smaller
finger width was larger, which also resulting in the “signalto-noise ratio” improved for about 50%. The microelectrode
arrays formed by the heat-shrinkage had good performance of
detecting ultra-low concentration mercury ion solution due to
its microelectrode effect and unique wrinkle structure.
C. ASV Determination of Hg (II)
The effect of the deposition time on the peak current of
Hg2+ at −0.2 V deposition potential was studied in the time
range from 40s to 300s and the obtained results are shown in
Fig. 7a. All tests were given a 20s stop stirring time to obtain

a static solution state. The stripping peak current of Hg2+
increased undoubtedly with the increase of the deposition time,
because the surface of the electrode was covered by more
mercury. Above 120s, the growth rate of peak current with the
deposition time slowdown, which may be due to passivation
of the electrode surface. Deposition time was chosen to be
120 seconds to balance limit of detection and measurement
time. The effect of the deposition potential on the peak
current of Hg2+ after 120s deposition time was also studied
in the potential range from −0.8 V to 0.2s and the obtained
results are shown in Fig. 7b. When the accumulation potential
shifted from −0.2 V to −0.6 V, the stripping peak currents
increased gradually. As the accumulation potential became
more positive, the peak current reduced more completely.
To a certain extent the more negative voltage can be beneficial
to the accumulation of mercury ions. However, this trend was
not the same at the deposition voltage of −0.8V. Because
the reaction of water electrolysis was very violent at this
voltage, a large number of bubbles appeared on the surface
of the electrode, which was obviously not conducive to the
enrichment of mercury ions, so that the peak discharge current
was reduced. On the other hand, more negative voltages tended
to concentrate other heavy metal ions such as Pb2+ and
Cd2+ on the electrode surface, which might be detrimental
to our detection. Therefore, −0.2 V was used as the optimal
accumulation potential for the subsequent experiment.
The results of ten consecutive measurements for mercury
solution with the concentration of 1.0 ppb using the same
MEA sensor were shown in fig.8. Between each determination,
multiple SWASV scanning without pre-concentration step was
used to remove the deposited mercury of last test. The peak
current fluctuated randomly at an average value of 0.147 μA
and no upward or downward trend was observed. This indicated that our detection method was effective, and continuous
detection did not lead to accumulation of mercury ions on
the electrode surface and caused the unilateral increase of the
stripping peak current. More importantly, this sensor was made
of inert material gold as an electrode with a simple structure
and did not have any modification layer. Therefore, it will not
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the corresponding linear calibration plot, linearity coefficient
of determination of 0.981 was achieved for the fitted plot.
IV. C ONCLUSIONS

Fig. 9. Anodic stripping voltammograms of Hg (II) measured by the MEA
sensor.

In summary, we present a very simple and low-cost microelectrode arrays fabrication method. Due to the non-linear
diffusion characteristics of the micro-electrode and the microwrinkle structure formed by thermal shrinkage, the performance of the sensor has been greatly improved for mercury
ions detection by ASV. The sensor’s “signal-to-noise ratio”
(Faraday current divide background current) increases significantly, and detection limit is achieved as 0.0874ppb. Testing
results show that this is an effective means to detect ultra-low
concentrations of mercury ions. In addition, this processing
idea may be applied to various fields.
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