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Flexible electrochemical sensors that measure the concentrations of specific analytes (e.g., ions,
molecules, and microorganisms) provide valuable information for medical diagnosis, personal health
care, and environmental monitoring. However, the conductive electrodes of such sensors need to be
exposed to the surrounding environments like chloride-containing aqueous solutions during their
operation, where chloride ions (Cl7) can potentially cause corrosion and dissolution of the sensors,
negatively impacting their performance and durability. In this work, we develop soft, flexible conductivity
sensors made of gold (Au) electrodes and systematically study their electrochemical behaviors in sodium
chloride (NaCl) solutions to prevent chloride-induced corrosion and enhance their sensitivity for marine
environmental monitoring. The causes of gold chlorination reactions and polarization effects are
identified and effectively prevented by analyzing the effects of direct current (DC) and alternating
current (AC) voltages, AC frequencies, and exposed sensing areas of the conductivity (salinity) sensors.
Accordingly, a performance diagram is constructed to provide guidance for the selection of operation
parameters for the salinity sensor. We also convert the varying impedance values of salinity sensors at
different salinity levels into output voltage signals using a voltage divider circuit with an AC voltage (0.6
V) source. The results offer an assessment of the accuracy and response time of the salinity sensors, as
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DOI: 10.1039/d3tb01167d well as their potential for integration with data transmission components for real-time ocean
monitoring. This study has important implications for the development of soft, flexible, Au-based

rsc.li/materials-b electrochemical sensors that can operate efficiently in diverse biological fluids and marine environments.

buffered saline (PBS) solutions®''*2° or biological fluids, such
as sweat, %% tears,>'® saliva,>*** and interstitial fluids.>*®
Additionally, electrochemical sensors for environmental monitor-
ing and analysis are immersed in seawater,”” > tap water,>" and
soil specimens.*> Among various conductive materials for electro-

1. Introduction

Flexible electronics is an emerging field that holds the potential to
revolutionize a wide range of technologies, including wearable
devices,”” medical diagnosis,>® and consumer electronics.”

Wearable and implantable electrochemical sensors are flexible
electronic devices designed to measure the concentrations of
specific analytes (e.g., ions, molecules, and microorganisms) in
the environment.* ! Their sensing mechanism is based on the
principles of electrochemistry, where the interaction (or reaction)
between the sensing surface and the chemical/biochemical sub-
stances is quantified by applying electrical potential/current
to electrodes and detecting corresponding electrical signals. Thus,
a common feature of electrochemical sensors is that their sensing
electrodes are exposed to the surrounding environments,"** like
the frequently used chloride-containing aqueous solutions, dur-
ing operation. For example, biosensors are tested in phosphate-
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chemical sensors, including carbon-based materials, metal nano-
materials, and conductive polymers, noble metals such as Au,
silver (Ag), and platinum (Pt) are versatile electrode materials due
to their high electrical conductivity and superior chemical
stability.>® However, the exposed sensing area of the metallic
electrodes for electrochemical sensors is in direct contact
with the chloride ions (Cl7), which can potentially cause the
dissolution of the sensors due to chlorination reactions.***> Such
reactions may negatively impact the performance and durability
of the sensor, and, therefore, addressing this issue is critical for
the reliability of the sensor measurements.

Take the salinity sensor as an example, typical commercial
salinity sensors include refractometers and stainless-steel-based
conductivity meters that measure the refractive index and elec-
trical conductivity of solutions, respectively, to determine their
salinity levels. However, the rigid components in these devices,
such as glass lenses in refractometers and stainless-steel electro-
des in conductivity meters make them bulky and restrict their

This journal is © The Royal Society of Chemistry 2023
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versatility in applications that require device flexibility. To over-
come these limitations, researchers have developed salinity
sensors based on flexible optical fibers that can be integrated
with smartphones for more accurate and adaptable data analysis
than refractometers.>®*” In addition, stainless-steel thin films
that are conformal and could potentially improve the flexibility of
stainless-steel electrodes in conductivity meters are reported, in
which, however, the stainless-steel thin film is primarily deposited
onto rigid metallic substrates (hundreds of micrometers thick)
and still limits their flexibility.>® Recently, a flexible conductivity
cell with gold thin-film (Au, 100 nm) electrodes for salinity
measurements has been reported with improved flexibility.”’
Nonetheless, the study showed that the Au electrodes suffered
damage when performing measurements in a NaCl solution with
an alternating current (AC) of 1 mA.>® In addition, our recent work
demonstrated that salinity sensors made of Au electrodes can
function under large hydrostatic pressure of up to 15 MPa, but
experience damage when being operated at a constant current
of 1 pA.*® To address chlorination-induced corrosion problems in
salinity sensors, some researchers explored the use of carbon-
based electrodes, such as laser-induced graphene (LIG) on a
polyimide substrate, as an alternative material for flexible salinity
2949 Nevertheless, bending the LIG conductivity sensor
causes the stretching of its porous graphene structure, which
increases the sensing area exposed to the saline solution and
leads to a transconductance increase of over 50% at the same
salinity level.”

In this work, we perform a systematic study on the electro-
chemical behavior of Au electrodes in sodium chloride (NaCl)
solutions to reveal the cause of the gold chlorination reactions
and enhance the performance of soft salinity sensors for ocean
environmental monitoring. Au thin films are chosen as the
model material for this study because of their biocompatibility,
chemical inertness, and long-term stability. First, direct current
(DC) signals with various potentials are applied to investigate
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the interaction between the Au electrodes and Cl~, and a critical
potential of <0.8 V is identified to prevent chlorination reactions.
Next, various testing parameters, including AC frequencies, AC
voltages, and the exposed sensing area of the salinity sensors, are
systematically and thoroughly analyzed to optimize the perfor-
mance of the sensor, leading to a performance diagram that can
provide important guidance for the operation of the salinity
sensor. Finally, to achieve real-time salinity measurements, we
utilize an AC voltage source (square wave, 0.6 V, 1 kHz) and a
voltage divider circuit to convert the varying impedance values
of salinity sensors at different salinity levels into output voltages.
The accuracy and response time are evaluated by recording time-
dependent output voltages as the salinity levels vary, which can
assess the viability of integrating the developed soft salinity sensor
into fully functional electronic systems. Compared with existing
salinity sensors, our developed soft, flexible salinity sensors offer
the advantages of (1) thin geometry and potential for miniaturiza-
tion, (2) high flexibility, (3) real-time monitoring, (4) high pressure
tolerance and high energy efficiency, and (5) potential for integra-
tion with many platforms including animal tags, divers, and soft
robotics.

2. Results and discussion

Design concept of soft, flexible salinity sensors for ocean
monitoring

Soft, flexible ocean sensors can enable conformal integration
onto various platforms, such as marine creatures and soft
robots, and realize real-time marine environmental monitoring.
As shown in Fig. 1A, our flexible salinity sensor comprises two
separated Au electrodes that are fabricated by depositing Au thin
films (thickness of 100 nm) onto a soft substrate of bi-layer
parylene C (5 pm) and polyimide (PI, 7.6 um) using magnetron
sputtering, and patterning of the Au film into desired geometries
(dimensions of 4 mm x 4 mm) via photolithography. A chro-
mium thin film (Cr, 10 nm) serves as an adhesion layer between
Au and parylene C. Encapsulating the sensor with a 5 pm-thick
layer of parylene C from the top followed by reactive ion etching
defines exposed areas on the Au electrodes and enables the
protection of the parylene C-covered regions from the potentially
corrosive environment. As shown in the exploded view of the
salinity sensor (Fig. 1A), there are two pairs of exposed areas for
the two Au electrodes: the inner pair of exposed areas in contact
with the saline water is used for ion sensing and conductivity
measurement, and the outer pair of exposed areas serves as
contact pads where conductive wires are soldered for power
supply and data acquisition. The optical image in Fig. 1 shows
that the fabricated salinity sensor can be laminated onto a soft
PDMS substrate, and can be easily held and bent with two
fingers, demonstrating its flexibility, miniaturized size, and ease
of integration with future ocean monitoring devices. To further
evaluate the flexibility of the salinity sensor, we performed
additional bending and twisting tests of the sensor. More
specifically, for the bending test, we laminated the salinity
sensor onto 3D printed molds (material: digital ABS) with
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Fig. 1 (A) Schematic illustration of the layout and working principle of soft salinity sensors, as well as an optical image of a flexible salinity sensor
laminated onto a soft PDMS substrate. Created with BioRender.com. Scale bar in the inset image: 1 mm. (B) Bending test of the salinity sensor showing
the relative impedance change of the sensor as a function of bending angles from 0° to 50°. Scale bars: 5 mm. (C) Twisting test of the salinity sensor
showing the real-time relative impedance change of the sensor under a twisting angle from 0° to 90° in 60 seconds. Scale bars: 5 mm.

bending angles of 0°, 10°, 20°, 30°, 40°, and 50° (insets in Fig. 1B)
and submerged the sensor in 30 PSU NacCl solution for testing.
Fig. 1B shows the electrical response (relative impedance change
of the salinity sensor, recorded by an LCR meter (IM3533, Hioki))
as a function of the bending angle from 0° to 50°. We can see
that the impedance of the sensor has negligible changes under
varying bending angles. For the twisting test, the salinity sensor
was first laminated onto a soft PDMS substrate, which was then
manually twisted from an angle of 0° to 90°. Fig. 1C shows the
real-time relative impedance change of the salinity sensor as the
twisting angle varies from 0° to 90° within 60 seconds, along with
the optical images of untwisted and twisted salinity sensors. The
impedance of the salinity sensor remains unchanged at a relatively
small twisting angle of 0°-30° and experiences a slight increase (up
to 1.2%) as the twisting angle increases to 90°. Overall, the bending
and twisting tests demonstrate the high flexibility of the salinity
sensor, which can be integrated with many platforms.

For the practical application of salinity sensors in the ocean
environment, it is crucial to ensure that the Au electrodes
function effectively for a reasonable period of time in seawater
which contains approximately 35 g NaCl/L (35 PSU) on average.
Although Au is a widely used electrode material due to its

7336 | J Mater. Chem. B, 2023, 11, 7334-7343

outstanding chemical stability and oxidation resistance, the
presence of halide ions (CI™ or Br™) in seawater and the applied
operation voltage on the electrodes can trigger the electrolysis
reaction of Au and accelerate the dissolution of Au electrodes. To
prevent such reaction, we employ various electrochemical analysis
techniques in this study to investigate the effects of the direct
current (DC) voltage, alternating current (AC) frequency and AC
voltage on the performance of salinity sensors (will be discussed
in the following section). An AC voltage with an amplitude of 0.6 V
is identified as the optimal test potential to prevent damage to the
Au electrode and overcome the limitations of DC voltage by
oscillating the ions between the electrodes.

The effect of applied DC voltages on the performance of salinity
Sensors

To determine the optimal voltage for salinity measurement in
the ocean environment, the response current of the salinity
sensor is measured under voltages of 0-1.5 V using linear sweep
voltammetry (LSV) at salinity levels of 30-40 PSU. This electro-
analytical method involves sweeping the potential of a working
electrode over a defined potential range while measuring the
response current (direct current, DC) flowing through the

This journal is © The Royal Society of Chemistry 2023
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electrodes, which is utilized to identify the reduction-oxidation
(redox) electrochemical reactions and to quantify the electro-
active species in a solution. Fig. 2A shows the LSV curves
of salinity sensors tested with an applied potential range of
0-1.5 V. At the beginning, the curves under different NaCl
concentrations increase very slowly and highly overlap with
each other. However, all LSV curves at different salinity levels
start rising at 0.8 V (zoom-in curves in Fig. 2A), indicating that a
redox reaction occurs at this potential. Based on the potential-
pH diagram (Pourbaix diagram) of the gold-chloride-water
system, which investigates the electrochemical behavior of Au
in NaCl solution and plots the theoretical potential of reduction
reactions, Au reacts with chloride ions through the following
reactions and forms AuCl,” and AuCl,” anions when the
potential exceeds 0.8 V.>>*!

Au +2ClI° — AuCl,” +e~ E° (V) =1.15 — 0.1183log(Cl ")
+0.0592 log(AuCl, ) (1)

Au +4Cl~ - AuCl,” +3e~  E° (V) = 1.002 — 0.079 log(Cl~)
+0.0197 log(AuCl, ") (2)

These chlorination processes also produce electrons and
drive an electric current that corresponds to the rise of LSV
current response at 0.8-0.9 V. This clearly explains the reason
why the previous research applied a constant AC current of
1 mA on their four-electrode conductivity cell and observed
severe damage to the outer pair of Au electrodes.?® Under their
operating conditions, the high resistance of the conductivity
sensor (R = 1/G > 800 Q) can lead to the voltage between the
two electrodes above 0.8 V (V = 800 Q x 1 mA), which exceeds
the chlorinating potential and cause Au dissolution. Therefore,
the optimal condition for salinity measurement is the constant
voltage mode below 0.8 V, where the chlorination reactions can
be avoided to prevent Au electrodes from corrosion and dis-
solution in NaCl solution. In addition, response currents under
different NaCl concentrations become differentiable at an
applied potential of above 1.2 V, with the maximum current
variations observed at 1.35 V (2.98 pA at 30 PSU and 4.70 pA at
40 PSU), which is consistent with the standard reduction
potentials of chlorine/chloride ions (E° = 1.36 V).

View Article Online
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Chronoamperometry, a time-dependent current (DC)
measurement at steps of constant potential, is then performed
to study the kinetics of charge transport at applied voltages
below 0.8 V. Here, three steps of constant potential (0.2 V, 0.4 V,
and 0.6 V) are applied to the salinity sensor in a 30 PSU NaCl
solution and the response current is recorded for 1 min at each
step. As shown in the applied voltage-time waveform (Fig. 2B
left y-axis) and response current-time profile (Fig. 2B right
y-axis), the initial currents for each step are 0.07 pA, 0.15 pA
and 0.27 pA, respectively. However, the current drops rapidly and
down to below 0.005 pA within 1 minute regardless of the applied
voltage value. The sharp decline in current is due to the migration
of Na' and Cl™ ions, which gradually accumulate near the
electrode surfaces, eventually blocking the current flow between
the two electrodes. This phenomenon, which is known as the
polarization effect, may negatively affect the accuracy of conduc-
tivity measurements.*>** According to Ohm’s law (R = V/I), the
calculated resistance of the salinity sensor would soar from
2.2 MQ to 122.5 MQ within 1 minute of testing at the constant
voltage of 0.6 V. Consequently, despite solving the issue of electrode
damage, applying a DC voltage below 0.8 V is not suitable for
salinity measurements because it restricts the mobility of ions and
causes significant errors in resistance measurements.

The optical microscope images of the salinity sensor cap-
tured before and after LSV measurements confirm that the Au
electrodes undergo the electrolysis reactions at a sweeping
voltage range of 0-1.5 V. As shown in Fig. 2C, one side of the
Au electrode is severely corroded and dissolved after test,
indicating the chlorination processes occur at the anode term-
inal and causes the anodic Au dissolution.

The effect of AC frequency on the performance of salinity sensors

To diminish the polarization effect at low DC voltage (< 0.8 V),
alternating current (AC) is utilized to keep the charged ions
oscillating between electrodes. Electrochemical impedance
spectroscopy (EIS) is used to evaluate the changes in the
impedance (Z), which quantifies the opposition to AC flowing
through the circuit, of salinity sensors to determine salinity
levels. EIS measures impedance as a complex number with
magnitude (|Z]) and phase angle () by applying low-amplitude
AC voltages over a range of frequencies. Purely resistive
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Fig. 2 (A) Linear sweep voltammetry (LSV) curves of salinity sensors measured in NaCl solutions at salinity levels of 30—40 PSU. (B) Applied voltage-time
waveform and response current-time profile measured by chronoamperometry at a salinity of 30 PSU. (C) Optical images of the salinity sensor before
and after LSV measurements scanned in the potential range of 0—-1.5 V. Scale bars: 500 um.
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impedance (Zgx = R) is independent of frequency and has a
phase angle of 0°, while purely capacitive impedance (Z¢ =
1/joC, o = 2nif) varies with frequency and its phase angle is —90°.

To study the effect of AC frequency on the performance of
salinity sensors, the measured impedance magnitude and
phase angle are plotted as a function of frequency in Fig. 3A
and B, respectively. The impedance of the salinity sensor
decreases from approximately 20 kQ to 100 Q when the AC
frequency increases from 1 kHz to 500 kHz. Most importantly,
the impedance curves show a good correlation between impe-
dance values and salinity levels (the lower the salinity, the
higher the impedance) at each constant frequency, as shown
in the zoom-in view of impedance curves at the frequency of 1
kHz, 10 kHz, and 100 kHz (Fig. 3I-1II). The relative impedance
change (AZ/Z,, %), with Z, being the impedance at 30 PSU, is
also plotted as a function of salinity levels to compare the
sensitivity of the salinity sensor at different frequencies.

Fig. 3C shows that the AC frequency has a noticeable effect
on the performance of the salinity sensor. Overall, the sensitivity
(defined as the absolute value of relative impedance change
(IAZ/Zzy|) of the salinity sensor is improved as the AC frequency
increases from 1 kHz to 500 kHz. At the frequency of 1 kHz, |AZ/
Z,| is approximately 5.5% under a salinity change from 30 PSU
to 40 PSU. |AZ/Z,| increases to 6.9% and 15.8% at 100 kHz and
500 kHz, respectively. Moreover, there is a strong negative
correlation between relative impedance changes and phase
angles (Fig. S1, ESIt). The minimum relative impedance change
at 10 kHz corresponds to its maximum phase angle (—83.2°), and
the sharply increased relative impedance change at 500 kHz is
correlated to its lowest phase angle (—44.4°). According to Fig. 3A
and B, the magnitude of the impedance varies with frequency,
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and the phase angles are negative, revealing that the salinity
sensor tested in NaCl solution contains both resistive and capa-
citive properties. The capacitive behavior of the salinity sensor in
the EIS measurements is associated with the double-layer capaci-
tance that arises from two layers of opposing charged ions at the
surface of the electrode. Specifically, the polarization effect is not
fully eliminated even under the AC conductivity measurement.
Various approaches, such as increasing the electrode surface area,
applying an appropriate AC frequency, and using a four-electrode
cell, have been reported to weaken the negative impact of double-
layer capacitance.*>** Please note that these approaches are not
the focus of this study and will be studied elsewhere.

The effect of AC voltage and exposed sensing areas on the
performance of salinity sensors

Impedance measurements using the low-amplitude AC signal
(0.01 V) in Fig. 3C have demonstrated the strong linearity
between relative impedance changes and salinity levels. In this
section, various applied AC voltages and exposed sensing areas
are studied to accelerate the ionic transport, reduce the current
density, and, therefore, decrease the influence of double-layer
capacitance on the performance of the salinity sensor. According
to the impedance values measured at AC voltages of 0.01V, 0.4V,
0.6 V and 1.0 V (Fig. 4A), a higher applied AC voltage leads to a
lower impedance of salinity sensors due to the increased ionic
mobility and conductivity. Fig. 4B shows the linear relationship
between relative impedance changes and salinity levels under
applied AC voltages of 0.01 V-1.0 V. We can see that when being
tested under salinity levels of 30 PSU-40 PSU, |AZ/Z,| of the
salinity sensor increases from 6.8% to 52.3% as the applied AC
voltage rises from 0.01 V to 1.0 V, which is attributed to its
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—35.0PSU —35.0 PSU A
——37.5PSU | > -504 37.5PSU Sy
——40.0 PSU ——40.0 PSU ~
g & 60 N 8
Nt < ~ 1oq = 1kHz
o -704 < .12 e 10kHz
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Fig. 3 Electrochemical impedance spectroscopy (EIS) curves of salinity sensors with an exposed sensing area of 500 um tested in NaCl solution at
salinity levels of 30-40 PSU. (A) Impedance as a function of frequency in the range of 1-500 kHz. Zoom-in EIS curves at frequencies of (I) 1-1.2 kHz, (I1)
10-12 kHz, and (Ill) 100-120 kHz. (B) Phase angle as a function of frequency in the range of 1-500 kHz. (C) Relative impedance change (AZ/Z,, %) as a

function of salinity levels at different applied frequencies.
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decreased phase shift angle and reduced polarization (Fig. S2,
ESIt). Such results indicate that a larger applied AC voltage could
enhance the sensitivity of the salinity sensor. However, as shown
in the optical images of salinity sensors before and after salinity
measurements (Fig. 4C), the Au electrodes are damaged under
1.0 V V¢ as the chlorination processes are activated at voltages
above 0.8 V, which is consistent with the study on the effect of
DC voltage on salinity sensors earlier. In addition, the AC signal
periodically reverses its direction, causing anodic reactions at
both terminals and corroding both sides of the Au electrode.
Conversely, no degradation of Au electrodes is observed
when the salinity sensor is tested at 0.6 V Vac. Thus, as long as
the voltage is lower than the redox potential of the gold
chlorination reaction (0.8 V), increasing the applied voltage
is an effective approach to increase the sensitivity of the salinity
measurement.

We further study the effect of exposed electrode areas on the
performance of the salinity sensor using 0.6 V (AC) to avoid Au
dissolution. As described earlier, the 4 mm x 4 mm electrodes
are encapsulated by a parylene C layer, and the exposed sensing
areas are defined by patterning the parylene C layer via a
reaction ion etching (RIE) process. The exposed widths of the
electrode sensing areas are 20 pm, 300 pm, 500 pm and 1000 um,
which are denoted as E20, E300, E500 and E1000, respectively.
For example, the E20 salinity sensor has a pair of 20 pm x 4 mm
exposed regions in contact with the saline solution. Fig. 4D and
E show that a larger exposed area results in lower impedance
values under the same salinity level and higher relative impe-
dance changes |AZ/Z,| over 30-40 PSU. In addition, increasing

18k 0
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the exposed area can improve the sensitivity of the salinity
sensor, as the resulting lower current densities (Table S1, ESIt)
are accompanied with a reduced polarization effect. The optical
images of salinity sensors in Fig. 4F show various exposed areas
after salinity measurements, confirming that the salinity sensors
tested in NaCl solution at 0.6 V V¢ experience no damage on
their Au electrodes.

Performance diagram of salinity sensors and time-dependent
AC salinity measurement

To provide guidance for the selection of optimal parameters for
testing the Au-based salinity sensors in chloride-containing
solutions, we establish a performance diagram by plotting the
contour of the sensor sensitivity (defined above as |AZ/Z|)
versus DC/AC voltage and frequency, as shown in Fig. 5A. The
performance diagram is divided into four regions: (1) gold
chlorination (red, observed electrode damage); (2) polarization
effect (blue, |AZ/Z,| < 5%); (3) low sensitivity (yellow, |AZ/Z,| =
5-10%); and (4) high sensitivity (green, |AZ/Z,| > 10%).
Applying a potential above 0.8 V (DC or AC) to Au electrodes
in the presence of C1™ forms soluble gold-chloride complexes,
resulting in the dissolution and delamination of the Au thin-
film electrodes.** In addition to the testing results of Au-based
salinity sensors in this study, it has been reported that Au
electrodes with a thickness of 300 nm were tested in PBS (pH =
7.4), which typically contains ~0.1 M NacCl, at different voltage
inputs for chronic neural electrophysiology applications.** The
lifetime of the electrodes decreased with increasing voltage,
with gold dissolution and electrode failures observed after 6 h,
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Fig. 4 Calibration curves of (A) impedance and (B) relative impedance change (AZ/Z;, %) of salinity sensors as a function of salinity levels under Vac of
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sensing areas after salinity measurements. Scale bars: 100 pm for the microscopic image of E20; 500 um for the rest of the images.
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2 h,and 5 min at 2V, 3V, and 5 V, respectively.** Therefore, the
gold chlorination reaction (red region) at a voltage greater than
0.8 V needs to be avoided for minimizing damage to the Au
electrodes. When tested with DC signals or low-frequency
(1 kHz and 10 kHz) and low-voltage (0.01 V and 0.3 V) AC
signals, the polarization effect (blue region) causes insufficient
sensitivity (|AZ/Z,|) of less than 5%. When a DC signal is applied,
charged ions accumulate near the electrodes, blocking current
flow and significantly increasing the equivalent resistance of the
solution.”® Similarly, an applied AC signal at low frequencies for
impedance measurements generates electrical double layers due
to ion movement to the electrodes under electrostatic forces.*?
The double-layer capacitance can cause voltage/impedance
measurement errors that need to be addressed.*>**
Furthermore, the performance diagram shows a high sensi-
tivity (green) region representing sensitivity higher than 10%
and a low sensitivity (yellow) region with sensitivity values of
5-10%. The sensitivity can be enhanced by using relatively high
frequency and voltage to minimize double-layer effects and
capacitance contribution to impedance.**** In addition to the
studies in this work, the performance diagram is also validated in
many works. For instance, an Au-electrode conductivity sensor in
a sweat collection patch operated at 0.2 Vpp (peak-to-peak voltage)
and a frequency of 80 kHz (in the low sensitivity region of the
performance diagram) exhibited a conductance sensitivity of
24 pS/mM NaCl when tested in NaCl solutions with a concen-
tration range of 10-150 mM.** Another Au-electrode impedance-
based sweat sensor, which was operated at 100 kHz with an AC
signal amplitude of 400 mV (in the high sensitivity region of the
performance diagram), possessed an improved conductance sen-
sitivity of approximately 70 nuS/mM NaCl calculated from the
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admittance change when the NaCl concentration varies from
15 to 60 mM.> The results in this study and those from previous
studies effectively validate the performance diagram, which can
provide significant guidance for the operation of Au-based elec-
trochemical sensors.

To realize wearable electronic sensor systems for real-time
ocean environmental monitoring and data transmission, the
salinity sensors need to be integrated with electronics that can
offer an AC voltage source and record the impedance changes
of salinity sensors for salinity measurement. Here, we demon-
strate a proof-of-concept study that utilizes a voltage divider
circuit, consisting of an input voltage source and two impe-
dances connected in series, which can create an output voltage
that is a fraction of the input voltage. The voltage divide ratio is
determined by the two impedances and is given by Voutput = Zs/
(Zo + Zs) X Vinput- Using this basic circuit, the impedance values
of salinity sensors at different salinity levels can be converted
into output voltage signals for further data processing and
recording. In the experimental setup for time-dependent sali-
nity measurements (as described in the experimental section
and shown in Fig. 5B), an input of 0.6 Vgyyms AC (root mean
square value of AC voltage) square wave with a frequency of
1 kHz provided by a function generator is applied across a
constant resistor (Z,, 20 kQ) and a salinity sensor (Zs) that are in
series. The output voltage signals across the salinity sensor are
recorded by an oscilloscope (to record the waveform) and a
digital multimeter (to record the voltage). As the salinity level
increases from 30 PSU to 40 PSU, the impedance of the salinity
sensor decreases, resulting in a decrease in the amplitudes
of the output voltage due to the corresponding change in the
divide ratio. (Fig. 5C). Please note that the shape of the output

A 09V - B
Gold Chlorination
——— $
‘ ,_\/?gh Sensitivity > 0
0.6 V-
S L N - =
% Low Sensitivity { 4
Z oav E Function =
g 7 unction
Oscilloscope
t
Polarization Effect o generator Zg
0.01V . . . =
Dc AC, 1kH, AC, 10kH, AC, 100kH; AC, 500kH; Voo Zs v, Multimeter
Frequency M Zg+2s ™ |
C D E
0.2 — 0.120
A —orsy JEO 325 Salinity level: PSU 0
7\ —ssopsu| _ 0115 v 35
041 \ —37.5pPsu 2 o i
2 > 31 5 S
5 + 0.105 °
3 00 5 40 >
=] S 0.100 > 10
o ° ]
> >
-0.1 0.095{
0.090 . . . , -15
02 0 2 4 6 8 10 30.0 32,5 35.0 375 40.0
) Time (min) Salinity level (PSU)

Fig. 5 (A) Performance diagram of gold-based salinity sensors operated at various DC/AC voltage and frequencies. (B) Voltage divider circuit and
experimental setup for time-dependent salinity measurements. (C) Output AC waveforms of the salinity sensor recorded from an oscilloscope at salinity
levels of 30-40 PSU. (D) Time-dependent output voltage (Vrms) recorded from a digital multimeter at salinity levels of 30-40 PSU. (E) Calibration curve of
relative output voltage change (AV/V,, %) of the salinity sensor as a function of salinity levels.
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waveforms is not the same as that of the input square wave due
to the capacitive behavior of the salinity sensor.

The time-dependent output voltage is recorded under salinity
levels ranging from 30 PSU to 40 PSU, and the results are shown in
Fig. 5D. The output voltage decreases with increasing salinity
levels, which is consistent with prior results in Fig. 3 and 4. The
output voltage drops to a lower value in 5 seconds and stabilizes at
a relatively steady voltage within 2 minutes, which is considered a
quick response for the salinity monitoring.** In addition, the
relationship between relative voltage change (AV/V,, %) and
salinity levels presents a good sensitivity (|JAV/V,y| = ~15% across
30-40 PSU) and linearity (R*> = 0.99), as shown in Fig. 5E. For
future applications, the output voltage signal will be converted to
analog-to-digital (ADC) signals and sent to external computing/
recording devices via a Bluetooth module for short-distance
testing or an acoustic signal transmitter for deep-sea monitoring.

3. Conclusions

In summary, we develop soft, flexible conductivity sensors and
systematically study the effect of the magnitude and frequency of
operating voltage and exposed sensing areas on the performance
of the sensor. We find that an operating voltage lower than the
redox potential of the gold chlorination reaction at approxi-
mately 0.8 V can effectively eliminate the chloride-induced
corrosion and dissolution of gold-based electrochemical sensors.
In addition, an AC signal with relatively high amplitude (~ 0.6 V)
can reduce the polarization effect and provide better sensitivity
compared to that under DC signals. A performance diagram is
constructed to provide guidance for avoiding gold chlorination
and polarization effects and, in the meanwhile, to identify
operating voltage and frequency for high sensitivity. The results
provide an important guideline for the development of soft
metallic-electrode-based electrochemical sensors that can be
used for biosensing or hydro-environmental analysis.

Moreover, a salinity measurement circuit consisting of a
0.6 V AC voltage source, a voltage divider and a salinity sensor
has demonstrated high accuracy and quick response time in
real-time salinity monitoring. The future prospect of this work
includes incorporating soft salinity sensors with other physical
sensors like temperature and pressure sensors into a fully
functional multimodal sensing system for real-time CTD (con-
ductivity, temperature, and depth) monitoring of the ocean
environments,’® as well as integration with other platforms like
soft robotics and diver equipment.

4. Experimental section
Fabrication of soft salinity sensors

The soft salinity sensor comprises a top encapsulation layer
(parylene C, 5 pum), a pair of gold (Au, 100 nm) thin-film
electrodes (each measuring 4 mm x 4 mm), and parylene C
(5 um)/polyimide (PI, 7.6 pm) substrates. The fabrication pro-
cesses were reported in our previous work® and also provided as
follows. A layer of PDMS (Sylgard 184, Dow, with an elastomer/

This journal is © The Royal Society of Chemistry 2023
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curing agent weight ratio of 10:1) was spin-coated onto a glass
slide at 1500 rpm for 35 s to enhance the adhesion between the
subsequent PI substrate and glass. A 7.6 um thick PI film was
then laminated onto the PDMS-coated glass substrate, and a 5
pum parylene C (Specialty Coating Systems Inc.) layer was depos-
ited on top of the PI film. Next, a bilayer of Au (100 nm)/Cr
(10 nm) thin film was deposited onto the parylene C layer using a
magnetron sputtering system (AJA Orion-8 Magnetron Sputter-
ing System, AJA International Inc.). The Au/Cr thin film was then
patterned into a pair of separated electrodes via photolithogra-
phy and wet-etching techniques. The patterned sensor electrodes
were then encapsulated by depositing a top parylene C layer.
To define exposed ion sensing areas for salinity sensors, the top
parylene C encapsulation layer was patterned by photolithogra-
phy processes, followed by reactive ion etching (RIE) with oxygen
plasma.

Electrochemical measurement of salinity sensors

Saline solution with salinity levels of 30-40 practical salinity
unit (PSU, g kg ) for all sensor characterizations were prepared
by dissolving 30-40 g of NaCl in deionized (DI) water. Electro-
chemical measurements were performed using a potentiostat/
galvanostat instrument (Autolab PGSTAT128N, Metrohm). Lin-
ear sweep voltammetry (LSV) was swept from 0 V to 1.5 V at a
scan rate of 0.1 Vs~ ' and a step of 0.01 V. Chronoamperometry
applied three steps of voltage (0.2 V, 0.4 V and 0.6 V) and
recorded the response current at each step for 1 minute with an
interval of 0.1 s. Electrochemical impedance spectroscopy (EIS)
was performed in the frequency response analysis (FRA) impe-
dance potentiostatic mode and the response of the sensors was
measured by applying a sinusoidal excitation signal (sine wave)
with a frequency from 500 kHz to 1 kHz and an amplitude of
0.01 Vrums. The effect of AC voltage and exposed sensing areas
on the performance of the salinity sensor were performed using
an LCR meter (IM3533, Hioki). The LCR meter recorded the
impedance values once per second for 1 min for each test
condition. The effect of AC voltage (0.01 V, 0.4 V, 0.6 V and
1.0 V) was tested at a constant frequency of 1 kHz using salinity
sensors of the same exposed sensing area (exposed width of
500 um, denoted as E500). The effect of exposed sensing areas
of salinity sensors was tested at a constant frequency of 1 kHz
and constant applied V¢ of 0.6 V.

Voltage divider circuit for time-dependent salinity
measurement

A function generator (SDG1032X, Siglent) was used to generate
a square wave AC voltage with an amplitude of 0.6 Vrmg (root
mean square value of AC voltage) and a frequency of 1 kHz. This
input voltage was applied across a programmable resistor
board set at a constant resistance value of 20 kQ (Z,) and a
salinity sensor (Zs) that were connected in series. The output
voltage waveforms across the salinity sensor were captured
using an oscilloscope (DS1104Z Plus, Rigol). To test the time-
dependent salinity measurement, different concentrations of
NaCl were added to the solution to achieve salinity levels of
30-40 PSU. The output AC voltage was continuously measured
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by a digital multimeter (34470A, Keysight) in Viys values. The
digital multimeter was operated in the data logging mode to
record the AC voltage every second.
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