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COPPER DETECTION WITH BIO-INSPIRED MEMS-BASED

ELECTROCHEMICAL SENSOR
N. Wang', E. Kanhere', M.S. Triantafyllou® and J.M. Miao®"
!School of Mechanical and Aerospace Engineering, Nanyang Technological University,
SINGAPORE and
Department of Mechanical Engineering, Massachusetts Institute of Technology,
Cambridge, MA, USA

ABSTRACT

A Dbio-inspired, miniaturized, compact and disposable electrochemical sensor fabricated by
microelectromechanical systems (MEMS) technology for copper detection is proposed. The biomimetic
design circumvents the usage of mechanical stirring, rendering the MEMS-based sensor to exhibit high
sensitivity of 32 nA/ppb and low detection limit of 0.4 ppb with short deposition time of 40 s.
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INTRODUCTION
Recently, due to the possibility of mass production, commercial screen-printed electrodes (SPES)
have been considered as a potential alternative to conventional macro-sized electrodes for field meas-
urement of heavy metal pollution. The applicability of SPEs for copper detection is studied in different
mediums, such as atmospheric sample [1], fuel bioethanol [2] and water [3]. However, the ability of
SPEs to detect low concentration metal ions highly relies on the employment of mechanical intervention,
especially magnetic stirring to induce sufficient mass transport towards working electrode. Sensitivity
will be significantly reduced if the mechanical intervention is not involved. Besides, boundary layer gen-
erated by moving flow may cover the sensing surface of SPEs, which further lowers the mass transport
efficiency of target ions. As an attempt to address these challenges, we propose a MEMS electrochemical
sensor with bio-inspired configuration of three-dimensional (3D) arch-shaped working electrode array.
The idea of designing 3D electrode array comes from the biomimicry of shark’s olfactory receptor cells,
considering the fact that shark has developed ultrasensitive odorant perception among aquatic animals.
As shown in Figure 1, shark’s olfactory sensing organ is filled with abundant layers of olfactory lamellae,
on which large quantities of ciliated receptor cells are scattered [4]. The standing structure of these re-
ceptor cells not only enlarges the total area that is in contact with odorant molecules, but also extends

from the boundary layer, enabli_['lg shark to quickly and accurately pinpoint the location of prey.
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Figure 1: (A) Cross-sectional SEM image (permission obtained from ref. [4]) of shark’s olfactory organ to show
abundant layers of olfactory lamellae (0l), where ‘ic’, inlet chamber,; ‘r’, raphe. Inset depicts enlarged view of one
piece of lamella, which is enclosed in red rectangular box. (B) SEM image (permission obtained from ref. [5]) to
show standing receptor cells on the sensory epithelium (S), where ‘NS’, nonsensory epithelium.

EXPERIMENTAL

Fabrication of proposed bio-inspired electrochemical sensor was performed by means of MEMS
technology. As shown in Figure 2(A), the sensor consisted of a polydimethylsiloxane (PDMS)
microchannel and a silicon substrate on which three miniaturized base electrodes, i.e. reference electrode,



working electrode and counter electrode, were photolithographically patterned. A silicon dioxide layer
was deposited on the silicon substrate in order to insulate the base electrodes. Figure 2(B) shows the
close-up of arch-shaped electrode array with 24 micropillars functioning as 3D working electrodes. The
height and diameter of each micropillar are 120 um and 100 pum, respectively. The material of reference
electrode is silver/silver chloride, while the working and counter electrodes are all made of gold.

Figure 2: (A) Photograph of bio-inspired MEMS-based electrochemical sensor after fabrication. (B) A close-up of
3D arch-shaped working electrode array under optical microscope, where ‘RE’, reference electrode; ‘WE’, working
electrode; ‘CE’, counter electrode.

As for the electrochemical experiments, all the chemicals used were of analytical grade. Atomic
absorption standard copper (Cu(ll)) solution (1000 mg/L) and acetate buffer (pH 4.6) were purchased
from Sigma-Aldrich (Singapore). Diluted solution was prepared with deionized water (18.2 MQ-cm)
collected from a Milli-Q system (Millipore, Singapore). All measurements with square wave anodic
stripping voltammetry (SWASV) were carried out by using a CHI 600C electrochemical workstation (CH
Instruments, USA).

RESULTS AND DISCUSSION

To optimize the electrochemical performance of proposed sensor, the influences of frequency, ampli-
tude and step potential regarding SWASV were studied in the range of 20 to 70 Hz, 5to 55 mV and 1 to
11 mV, respectively. As shown in Figure 3, the stripping peak for the solution containing 30 ppb Cu(ll)
gradually decreases from 20 to 50 Hz and remains stable when the frequency is higher than 50 Hz. For
the amplitude, the peak current significantly increases from 5 to 45 mV and then reaches a plateau value.
However, in terms of step potential, the magnitude of Cu(ll) stripping peak initially rises up from 1 to 5
mV and then quickly reduces once the step potential crosses 5 mV.
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Figure 3: Influences of (A) frequency, (B) amplitude and (C) step potential on the stripping peak of 30 ppb Cu(ll).
Measurement parameters: deposition potential of -0.2 V and deposition time of 30 s.

The effects of deposition potential as well as deposition time were also investigated to select appro-
priate parameters. As shown in Figure 4, a considerable increase of Cu(ll) stripping peak is observed
when the deposition potential varies from 0 to -0.3 V, after which peak current is distinctly dropped. For
the deposition time, the peak current ascends up to 40 s, whereas prolonged deposition time does not con-
tribute to the enhancement of stripping peak. Under the optimal conditions, a series of SWASV were
recorded by increasing the concentration of Cu(ll) from 10 ppb to 110 ppb, as shown in Figure 5(A). The
corresponding calibration curve is depicted in Figure 5(B). High sensitivity of 32 nA/ppb and low detec-
tion limit of 0.4 ppb were achieved under short deposition time of 40 s, demonstrating favorable capabil-
ity of proposed bio-inspired electrochemical sensor for on-site/in-situ copper detection.
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Figure 4: Influences of (A) deposition potential and (B) deposition time on the stripping peak of 30 ppb Cu(ll).
Measurement parameters: deposition time of 30 s for (A), deposition potential of -0.3 V for (B), frequency of 20 Hz,
amplitude of 45 mV and step potential of 5 mV.
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Figure 5: (A) Square wave stripping voltammograms for increasing concentration of Cu(ll) (from 10 to 110 ppb)
under optimized conditions and (B) corresponding calibration curve. Measurement parameters: deposition potential

of -0.3 V, deposition time of 40 s, frequency of 20 Hz, amplitude of 45 mV and step potential of 5 mV.

CONCLUSION

A bio-inspired MEMS-based electrochemical sensor is presented. The performance of proposed sen-
sor regarding copper detection has been comprehensively investigated by using SWASV. Under the con-
dition of optimum experimental parameters, well-defined and legible stripping peaks with good linearity
are obtained. High sensitivity of 32 nA/ppb and low detection limit of 0.4 ppb are achieved.
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