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Abstract: Recent advances in electrochemical devices have sparked exciting opportunities in the
healthcare, environment, and food industries. These devices can be fabricated at low costs and
are capable of multiplex monitoring. This overcomes challenges presnted in traditional sensors for
biomolecules and provides us a unique gateway toward comprehensive analyses. The advantages
of electrochemical sensors are derived from their direct integration with electronics and their high
selectivity along with sensitivity to sense a wide range of ionic analytes at an economical cost. This
review paper aims to summarize recent innovations of a wide variety of electrochemical sensors for
ionic analytes for health care and industrial applications. Many of these ionic analytes are important
biomarkers to target for new diagnostic tools for medicine, food quality monitoring, and pollution
detection. In this paper, we will examine various fabrication techniques, sensing mechanisms, and
will also discuss various future opportunities in this research direction.

Keywords: electrochemical devices; chemical sensors; ionic detection; health monitoring; environ-
mental monitoring

1. Introduction

The charged ionic species, such as electrolytes (Na*, K*, C17) and heavy metals
(Pb%*, Cu?*, Cd?*, Zn2*, Hg?"), play key roles in physiological processes for biological
developments, including neural communication networks and biofeedback systems for
cardiovascular regulation [1-9]. These charged species regulate the pH level in water
ecosystems and help in plant growth for the environment [5]. However, disproportionate
concentration of ionic species can be toxic for many biological processes [1-3,5,7]. As an
example, heavy metal concentration in the human body is associated with a higher risk
for Alzheimer’s disease [2]. High concentrations of these heavy metal species are often
caused by pollution from modern factories, as well as hazardous substances from the
developments of agriculture [1-3]. Toxic ionic species can also be absorbed into the body.
Mercury substances are found in food sources involving aquatic species and in day-to-day
life [2]. The ions from industrial waste and old piping can make their way into food and
water sources [4]. Therefore, the potential value of continuous monitoring and tracking
down ionic analytes are significant. In preventive healthcare, it is essential to develop
ion-sensitive devices that can track and monitor the ionic concentration levels that have
important implications on the health of an individual.

In this paper, we focus on the application of ion-selective devices used in diverse
scenarios. Electrochemical devices enable the measurement of a wide variety of ions, such
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as hydrogen ions, electrolytes, heavy metals, and nutrients [5-8]. For instance, one of
the common methods to measure pH is using glass electrodes. Figure 1 shows various
usage of ion-selective devices. In recent years, they are extensively used in healthcare,
environmental monitoring, food quality assessment, agriculture cultivation, and drug
tests [2,5,7,9]. These electrochemical devices can be fabricated as electrochemical sensors
through roll-to-roll (R2R) printing, physical vapor deposition (PVD), and semiconductor
compatible processes [9]. They are capable of multiplex sensing, which provides users a
pathway toward comprehensive analyses.

Agriculture
monitoring
system

Figure 1. Wide application of sensors for ionic analytes.

Developing cost-effective and high-throughput methods of fabricating sensing com-
ponents are critical for the commercialization of one-time throw electrochemical devices. In
various available printing techniques, such as R2R gravure printing, large-scale production
of low-cost and robust devices can become possible. The simple printing mechanism of R2R
gravure allows faster printing speeds and also provides superior resolution, consistency
over the screen, offset, and flexography printing techniques [9,10]. Due to their promising
usage, the advancement of integrated electrochemical devices is fueled by rapidly growing
research. They consist of an ionized functional layer, such as film or membrane, that is
selectively responsive to targeted ions and electrochemical transducers to relay chemical
signals to electrical signals when target analyte ions are in contact with the layer. The
commonly used electrochemical sensing technologies are based on potentiometric, voltam-
metric, capacitance, and impedance measurements [11-19]. Heavy metals are important
indicators of the toxicity of an environment and human health condition. Human body
fluids (such as blood, sweat, and urine) contain various metabolites, electrolytes, proteins,
and heavy metals. Research has shown that various heavy metals can be found in human
body fluids, which are closely related to human health status [9,11]. For instance, high
Cu?* accumulation in the human body can lead to Wilson’s disease [4]. Additionally,
Pb?* and Hg" are toxic substances on human body systems, including cardiovascular,
immunological, and nervous systems [20-25]. Some studies are developing electrochemical
sensors based on organic conducting polymers, such as composites with carbon nanotubes
(CNTs), to detect trace heavy metal ions in water [26]. CNTs have good properties such as
chemical, mechanical, electrical, and environmental stability. Graphene-based materials are
promising due to their low electronic noise and zero bandgap. They have high electron mo-
bilities which are essential for heavy metal detection [27,28]. Organic conducting polymers
(OCPs), such as polypyrrole, polyphenylene, polyaniline, polyacetylene, polythiophene,
etc., have advanced electrochemical properties toward metal ions detection [29]. Because
of their collective redox properties, OCPs have good sensitivity to minor electrochemical
perturbations [30].

In the following sections, we report sensor types, materials, fabrication processes,
and sensing mechanisms for ion-selective devices. Then, we discuss how electrochemical
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sensors for ionic analytes can be adopted for various applications such as health monitoring,
environment analysis, water quality, agricultural cultivation, production industries, and
forensic settings. In Section 4, we review variations of these electrochemical sensors with
enhanced capabilities through integration with microfluidic devices, energy-harvesting,
and self-powered functions. Moreover, we will further discuss different future research
directions in this area.

2. Sensor Types and Mechanisms

Sensors for ions target a wide variety of analytes. They can be categorized as anions
and cations. There are also special types that are worth special attention, such as heavy
metal ions, nutrient ions, and electrolytes.

2.1. Types of lonic Analytes
2.1.1. Cations

Cations are important in biological phenomena that respond to physiological stimuli.
In biomimetic nanofluidic gating systems, smart bio-inspired devices can be developed to
monitor the concentrations of cations that are related to our daily life and environment, such
as H*, Na*, K* [31-36]. Jean-Philippe Ndobo-Epoy et al. [37] reported the development
of a new iridium oxide nanometer pH sensor with high reproducibility. To ensure good
chemical insulation during the manufacturing process of making iridium nanotips, a xylene
insulating layer was used to cover the nanoelectrode tips, and a gallium focused ion beam
was also used to open a hole of 100 nm diameter to form a sensing area for transmission.
To produce a stable pH response, the iridium tip was oxidized in an oxygen atmosphere
for 12 h. The measurement procedure used an Atomic Force Microscope (AFM) to control
the distance between the sample and the nanosensor. Upon immersing the device in the
buffer solution, a Nernstian behavior (slope 59.2 mV /pH) was shown in a calibration
curve in the range from pH 3 to 14. Wen-Ding Huang et al. [38] proposed another iridium
oxide sensing film for pH detection. In their work, the sensitivity of the sensor matched
with the theoretical Nernstian response and showed a rapid response to the pH level.
Figure 2A shows a fabricated device containing three pairs of miniaturized working IrOx
and reference Ag/AgCl electrodes on a polyimide substrate to detect pH from 1.5 to 12. The
electrodes were fabricated in three pairs (each pair with its working and reference electrode)
that are separated from each other by 5 mm, which defined the sensing spatial resolution.

Longjiao Zhu et al. [39] have developed a universal electrochemical biosensor that
detects Cr** ions and microRNA via synthetic nanochannels as capture probes. This work
synthesizes small diameters of nanochannel with anodized aluminum oxide (AAO) porous
film and high channel density. The AAO creates a larger surface area to respond to these fast-
chemical reactions. Wei Gao et al. [40] have demonstrated a wearable microsensor array to
monitor heavy metals in body fluids. This work shows a flexible wearable microsensor array
that can allow simultaneous and selective sensing of various heavy metals in human sweat,
such as Cd?*, Pb2+, Zn?*, Hg*, and Cu?*. The flexible microsensor arrays demonstrate
outstanding repeatability and stability for heavy metal detection. They also integrate
with a temperature sensor for real-time compensation of the sensing signals to ensure
reliable and accurate measurements. As shown in Figure 2B, the device consists of a
flexible working electrode (WE) and counter electrode (CE) array, a printed circuit board,
and a polydimethylsiloxane (PDMS) well on polyethylene terephthalate (PET). In this
work, the authors demonstrate the sensitivities for Pb%*, Cu?*, and Hg" tobe 14, 4.1, and
2.9 nA-L/ug, respectively, through stripping voltammograms with Au or Bi as working
microelectrodes. Ion sensors are used to detect ions in different matrices including body
fluids, with urine as one commonly used sample type in clinical testing.

The composition in urine, such as urea, uric acid (UA), creatinine, and hydrogen ions,
are important biomarkers for the diagnosis of urethritis, kidney disease, and electrolyte
disorders [41]. Jiang Liu et al. [41] developed an electrochemical sensor that was easy
to manufacture and with the simple detection principle of cyclic voltammetry and open
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circuit potential measurement in urine. This device was capable of detecting urea, and pH
from urine on the same working electrode, and the range of pH detection was 4.0—8.0. As
shown in Figure 2C, a tip-shaped sensor system is composed of three main parts, namely
the connector at the top of the device, the cylindrical electrode setting tube at the middle
part, and the conical suction sheet at the bottom. The design of the middle tube has three
inner grooves. Those grooves are suitable for placing different materials for the working
electrode, counter electrode, and reference electrode. The sensor adopts a square wave
voltammetry technique to identify the oxidation peak of UA. While the peak current gives
information on the concentration of UA, the variation of pH causes a shift in the oxidation
peak of UA, and the degree of shifting becomes the basis of pH measurement. When
S/N = 3, the sensitivity of pH detection in urine is 73 mV/pH, meaning that, for every
unit change of pH level, it causes the oxidation peak of UA to shift by 73 mV. This sensing
method is a new application of electrochemical technology for point-of-care testing (POCT).

2.1.2. Anions

The detection of anions (such as PO4~, NO3;~, F~, Cl7) is essential for the deter-
mination of important areas such as water quality, physiological status, and soil condi-
tions monitoring [42,43]. Piotr Golebiewski et al. [44] presented a high selectivity and
sensitivity sulfate ion sensor at pM (10712 mol/dm?) level. The device comprises a
cyclopeptidedipyrromethene-Cu?* or Co?* sensing layer on a gold electrode. The sen-
sor can detect sulfate ions in the water without adding an external redox marker to the
test solution, and electrochemical anionic sensing happens on the surface of the functional
film of an electrode. This work also considers the contact angles between water droplets
and the surface monolayers on the electrodes as a key parameter once an analyte adsorbs
onto the functional film. The abovementioned sensor shows detection limits of 0.10 pM
(Cu2+-containing electrode) and 0.14 pM (Co2+-containing electrode), and selectivities (de-
fined as the ratio of the slopes of the calibration curves obtained for the target ion and the
interfering ion) of 0.84 (Cu2+—c0ntaining electrode) and 0.42 (C02+—c0ntaining electrode).

Sam Emaminejad, et al. [45] proposed a device that shows sensitivities of 63.2 and
55.1 mV per decade of concentration to Na* and Cl~, measured in 10-160 mM NaCl
solutions. The repeatability is also demonstrated after over 6 h of long-term and continuous
measurement in 20, 40, and 80 mM NaCl solutions. In Figure 2D, the left side shows
electrodes of iontophoresis sweat sensors that target Na* and C1~ and form a stable sensor-
skin contact. The flexible PET is chosen as substrates for the patterned electrodes, where the
middle part illustrates the independent and switchable mode between the iontophoresis
process and sweat sensing. Polyvinyl butyral (PVB) was selected to coat the reference
electrode to provide stability under different voltages. The right side of the figure shows
electrochemical sensors’ responses in NaCl solutions.

Md. Azahar Ali et al. [46] introduced a tiny sensor that can be used for long-time
continuous monitoring of nitrate in the soil. Since the poly(3-octyl-thiophene) and molyb-
denum disulfide (POT-MoS;) composite material has high hydrophobicity and redox
properties, it is very suitable for use as the sensing layer in nitrate ion detection. The
sensor has two round-shaped, 5 mm diameter, working and reference electrodes based
on copper. For the working electrode fabrication, Au layer (100 nm thick and 5.2 mm
diameter) was deposited on top via electron beam evaporation process. Then, POT-MoS,
and nitrate ion-selective membranes were dispensed on top of the Au surface by an au-
tomated fluid-dispensing robot. For the reference electrode fabrication, the Ag layer was
first prepared with the same evaporation process above (500 nm thick and 5.2 mm di-
ameter) and then screen-printed with Ag/AgCl. Thus, after WE and RE are fabricated,
direct coating of molybdenum disulfide (MoS,), poly(3-octylthiophene-2,5-diyl) (POT),
poly(3-octyl-thiophene), and molybdenum disulfide (POT-MoS;) was performed on the
electrode through high-precision robotic arm automatic distributor to complete the produc-
tion of the sensing electrodes. The sensor with POT-MoS, produces better selectivity and
sensitivity compared with those prepared with MoS; or POT. The results show that the
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sensing device developed in this study can be deployed in the soil to monitor the nitrate
for about 4 weeks. Furthermore, the authors noted that, by replacing nitrate sensing film
with another ion-selective film, the sensor can potentially be used to detect other different
nutrients in the soil, such as sulfate, phosphate, and potassium. These ions are all essential
nutrients for plant growth and agricultural productivity. The continuous measurement of
nutrients has important potential applications in plant breeding, plant biology, production
agriculture, and environmental science. Figure 2E shows the manufacturing of an all-solid
soil nitrate sensor. The left side shows the high-precision automatic fluid distribution robot,
which can distribute the POT-MoS, material on the circular Au electrode, and the right side
shows an image of the fabricated device.

2.1.3. Multiplexed Sensing of Both Cations and Anions

The multiplexed sensing of both cations and anions such as NiZ*, Co?*, Mg2+, BaZ*,
PO43’, NO; ™, K*, and F~ are published in the literature [47], while the development of a
potentiometric silver ion-selective electrode is also reported [48]. An amendable sensing
platform that can target various types of ions is quite attractive for practical applications.
In particular, human sweat contains a rich amount of cations and anions and represents
an important target of interest for multiplexed sensing to capture a complete picture of
a person’s physiological state. Hnin Yin Yin Nyein et al. [49] presented an efficient ion
detection system to analyze sweat secretion of multiple components such as pH, Na*,
K*, C17, and sweat rate. It integrates microfluidic channels and fabricates sensors on
PET. This work provides a solution to simultaneously monitor different types of analytes
and minimize the averaging effect by allowing fresh sweat to be measured. As shown in
Figure 2F, the sensor is composed of a spiral microfluidic channel, a pair of parallel Au
electrodes, an insulation layer made of parylene-C, and Na* sensing electrodes. The sweat
sensing data can be transmitted to a cellphone via Bluetooth. From the measured data, the
output result can be obtained from on-body sweat analysis of pH, K*, and C1~ through the
sweat sensing patch during a stationary cycling period of the volunteer. The reservoir is
designed to collect sweat for multiplexed detection of analytes in the sweat, as shown on
the right part of the figure.

2.2. Electrode Type

Some commonly used electrodes are glassy carbon electrodes, screen-printed elec-
trodes, and roll-to-roll printed electrodes. Selective electrode is a key part in the electrochem-
ical sensor, such as the potentiometric nitrate ion-selective electrodes being reported [46].
Here, we will provide more detailed discussion of each electrode type.

2.2.1. Glassy Carbon Electrodes

Glassy carbon electrodes (GCE) have wide usages in the detection of ions, such as
heavy metal ions, which pose danger to public health as well as on our environment. For
example, Reda M. El-Shishtawy et al. [50] proposed an approach to fabricate a Cd>* ion
sensor based off Schiff base, 1,1’-(biphenyl-4,4'-diylbis(azan-1-yl-1-ylidene))bis(methan-1-
yl-1-ylidene) dinaphthalen-2-ol (BZNA). A Nafion/glassy carbon electrode was covered
with a thin layer of the synthesized BZNA to selectively detect Cd?* ion in an aqueous
environment. When voltammetry was adopted for detecting Cd?*, the measured sensitivity,
limit of quantification (LOQ), limit of detection (LOD), and the linear dynamic range (LDR)
of Cd?* ions were found to be 2.93 pA uM~lem =2, 106.67 pM, 32.0 £ 1.62 pM, and from
0.1 nM to 0.1 mM, respectively. This novel approach enables different methodologies to
the heavy metal ion detection process in the fields of healthcare and the environment. In
one example, glassy carbon electrode (GCE)/platinum (Pt)/dealuminated (D)-mordenite
electrode was selected for heavy metal ions detection such as Hg?*. In this work, the
detection limit was 3.4 nM, and the sensitivity was 11.2598 pA uM~! cm~2 [51]. The
detection of Pb?>* was performed with glassy carbon electrode modified by polyvinyl
alcohol/chitosan-thermally reduced graphene composite and via anodic stripping voltam-
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metry [52]. A similar detection of Pb?* was performed with glassy carbon electrode with
modification by rGO/g-C3Ny [53] and through modifying glassy carbon electrode with
Bi/carboxyphenyl [54]. Afzal Shah et al. [55] designed a sensor to detect mercury and
thallium, which have extensive use in thermostatic devices due to the mercury/thallium
alloy’s ability to withstand low temperature. The authors functionalized a glassy carbon
electrode with amino acid that lowers the detection limit (the amino acid serves as a media-
tor that has strong interactions with the metal ions) to detect thallium and mercuric ions.
Through electrochemical impedance spectroscopy, square wave anodic stripping voltam-
metry (SWASV), cyclic voltammetry (CV), and chronocoulometry, the limit of detection
for Hg?* and TI* were 0.23 and 0.175 nM. These techniques that were based on a glycine
modified glassy carbon electrode (Gly-GCE) demonstrated a greener and cost-effective
detection approach with portability and rapid responsiveness.

2.2.2. Screen-Printed Electrode

Several kinds of ions sensing approach through screen-printed electrode were pro-
posed. Prashanth Shivappa Adarakatti et al. [56] designed Calixarene bulk modified screen-
printed electrodes, which were fabricated and utilized as electrochemical sensors toward
the measurement of toxic metal ions such Pb%*, Cu?*, and Hg2+ within the environmental
samples. In another paper, Tamer Awad Ali et al. [57] proposed a method for fabricating
screen-printed electrode modified with gold nanoparticles. The detection limit was found
to be 5.3 x 1071 mol L~! for Cu?* in water. These electrodes showed remarkable selec-
tivity for Cu®* over a wide variety of metal ions. Claudia Nufiez et al. [58] developed an
electrochemical biosensor for As** determination through immobilization of the Alcaligenis
faecalis bacteria on gold nanoparticle-modified screen-printed carbon electrode. To improve
the performance of the biosensor, the number of bacteria, the amount of cross-linker (glu-
taraldehyde), and the incubation time applied were optimized. Maria A Tapia et al. [59]
prepared a bismuthene-modified carbon-based screen-printed electrode with the advantage
of the strong features of exfoliated layered bismuth and differential pulse anodic stripping
voltammetry for metal ions detection. Vincenzo Mazzaracchio et al. [60] designed screen-
printed electrodes for sodium detection in sweat. These electrodes were easily modified by
drop casting with selective membrane cocktail along with nanomaterial carbon black (for
the working electrode) and with a polyvinyl butyral-based membrane (for the reference
electrode). The carbon black-based sensor used for the detection of sodium ions has a
detection limit of 63 uM.

Nowadays, there have been many efforts to construct miniaturized potentiometric
sensors. The ion functionalized film-coated electrodes have the merits of simple construc-
tion and good linear range. Hence, these types of devices are commonly used for the
determination of many ions, such as nitrate, sodium, and potassium ions. A disadvantage
of this type of device is its poor reproducibility during sensing and sensor drift. That may
be related to the poorly defined charge transfer at the interface of ion-sensitive membrane
and conducting substrate [61,62]. Hence, the selection of a suitable functionalized film is
essential. Meanwhile, the cost factor is another consideration of mass production for a
one-time disposable screen-printed biosensor.

R. Zieliniska et al. [63] selected a polypyrrole polymer film and fabricated electrode
foil layers via screen-printed procedure to produce a potentiometric chloride sensor, with
the lowest measured detection limit at 3.2 pM (linear range: 107! to 10~° M). For potentio-
metric measurements with liquid ion-selective electrodes and the analogues of solid-state
electrodes, screen-printing technology can be a useful way for mass production. The
technology also holds promises to produce integrated potentiometric devices that can be
leveraged toward disposable sensors and flow-injection analysis [64].
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Figure 2. (A) From left to right, shows a fabricated device containing three pairs of electrodes and
pH sensitivity on a flexible printed circuit (FPC) board. Reproduced with permission. Copyright
2011, Elsevier [38]. (B) From left to right, schematic showing a printed circuit board (PCB) connector
interfacing with a multiplexed microsensor array with working electrode (WE) and counter electrode
(CE) on a polyethylene terephthalate (PET) platform. The entire device can be covered with a
polydimethylsiloxane (PDMS) material to create a well for sweat collection. Reproduced with
permission. Copyright 2016, American Chemical Society [40]. (C) Schematic diagram of a tip-shaped
sensor system: 1. conical nozzle, 2. electrode tube with three electrode strips, 3. connector, 4. connect
the electrode, 5. platinum cable of the potentiostat, 6. pipette nozzle, 7. outer sleeve, 8. the sleeve
fixes the cable on the pipette. Reproduced with permission. Copyright 2021, Elsevier [41]. (D) From
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left to right, schematic of ion-selective electrodes (ISEs) and a reference electrode with polyvinyl
butyral (PVB) material. The sweat sensing device can measure Na* and Cl~. Reproduced with
permission. Copyright 2017, National Academy of Sciences [45]. (E) The manufacture of an all-
solid soil nitrate sensor. Left side, the high-precision automatic fluid distribution robot distributes
poly(3-octyl-thiophene) and molybdenum disulfide (POT-MoS;) nanocomposite on the circular Au
electrode. Right side shows photos of the equipment. Copyright 2019, American Chemical Society [46].
(F) From left to right, the explosion plot of the sensing device, an ion-selective device with integrated
circuits on PCB. Reproduced with permission. Copyright 2018, American Chemical Society [49].
(G) From left to right, shows a screen-printed electrode, lithium manganese oxide (LiMn;O;), and
electrochemical detection of Li* in authentic human saliva. Reproduced with permission. Copyright
2019, American Chemical Society [65]. (H) From left to right, shows R2R printed electrodes, R2R
gravure printing of electrode arrays on flexible PET substrate. To print electrode arrays, carbon
ink (provides stability under high operating potential) is deposited on top of silver (provides good
conductivity). The characterization curve is shown on the right. Reproduced with permission.
Copyright 2018, American Chemical Society [9].

Alex L. Suherman et al. [65] developed an electrochemical ion sensor for the detection
of Li* from human saliva. Lithium manganese oxide (LMO) was used to modify glassy
carbon electrodes (LMO-GCEs) and screen-printed electrodes (LMO-SPEs), and linear
stripping voltammetry (LSV) was used as the sensing method to detect Li*. The sensor
can analyze a sample within 3 min from LSV measurements, where the measurable limit
was 50.0 uM in both synthetic saliva samples and LiClO4 aqueous solutions. This research
demonstrated the capability of detecting lithium ions (Li*) with low concentrations, good
linearity, and high reproducibility (relative standard deviation < 7%). Figure 2G shows the
lithium manganese oxide-screen-printed electrodes, lithium manganese oxide (LiMn;QOy),
and the detection of Li* in authentic human saliva. The sensing technique is based on the
galvanostatic delithiation of LMO where the current is kept at a constant value during
measurement, followed by a linear stripping voltammetry to detect the Li* ion.

2.2.3. Roll-to-Roll Printed Electrode

The production of high throughput and cost-effective biosensors is needed due to the
rising importance of noninvasive health monitoring technology. Mallika Bariya et al. [9]
presented a roll-to-roll (R2R) gravure printing technique to fabricate biosensors. This tech-
nique enables higher throughput, lower cost production, and robustness for electrochemical
sensing applications. These R2R gravure printed electrodes are designed under a diverse
range for noninvasive biosensing applications that are geared toward point-of-care health
monitoring and diagnosis. In their work, they successfully achieved robust biosensing
with a range of sensing applications for pH, electrolytes, heavy metals, and other targets.
The devices they created allow ionic sensing functionality and access to biofluids nonin-
vasively. This technology is suitable for disposable sensors for personalized, in situ, and
real-time health monitoring. They demonstrated a transferrable technology that enables
mass production at low costs. Figure 2H shows biocompatible sensing electrode arrays,
which are fabricated through R2R gravure printing technology, the device size, and the
density of fabricated components can be controlled. The middle side shows electrodes on a
PET substrate under scanning electron microscopy. The sensor can be functionalized to
respond to different ions (H*, K*, Na*, Cu?*), with an example such as K* shown on the
right side.

Wookyu Lee et al. [10] reported an active matrix based single-walled carbon nanotubes
(SWCNTs) with 9.3 points per inch (ppi) resolution by using a R2R gravure printing process.
In this work, they obtained a device yield above 98% and extracted the important scalability
factors such as gate electrode widths (GWs) and channel lengths (CLs) under the given
overlay printing registration accuracy (OPRA). By the lamination of a pressure sensitive
rubber on the SWCNT-Thin-Film-Transistor active matrices, the authors achieved multi-
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touch sensor arrays. This technique overcomes the registration barrier of printing each
layer. Lee’s work contributed to the development of an R2R mass production technique,
which could have the potential to be used for fabricating ionic sensors.

2.3. Sensing Mechanisms for Ion-Selective Devices

The sensing mechanism for ion detectors is often implemented with techniques such
as potentiometry, cyclic voltammetry (CV), square wave anodic stripping voltammetry
(SWASV), and some variations of these aforesaid methods. Here, we will discuss in
further detail.

2.3.1. Potentiometry

A frequently used electrochemical technique in an ion-sensitive device is potentiom-
etry, which measures the voltage difference between two electrodes. Potentiometric ion-
sensitive sensors are based on an ion-sensitive membrane or ion-selective electrode (ISE).
For example, ion-selective field effect transistors (ISFET) function when the ion-sensitive
membrane adsorbs target analytes. Based on the various concentrations, the potential
of the ionized membrane will change once the analyte is attached on the surface of the
film. Consequently, the potential will drive the device to conduct electrical signals for
ionic detection. This potentiometric technique has been used routinely for the testing of
key electrolytes in physiology and chemistry [66]. Many techniques have been used to
monitor Fe3* ions from different samples. Most of the proposed methods have complex
procedures and there are few potentiometric sensors for Fe>* ions detection based on
porphyrins. Dana Vlascici et al. [67] proposed a potentiometric sensor for Fe** based on
5-(4-carboxyphenyl)-10,15,20-tris(4-phenoxyphenyl)-porphyrin that was plasticized with
bis(2-ethylhexyl)sebacate. This work demonstrated a sensitivity slope of 21.6 mV /decade,
a linear range of 10~7-10~! M, and response time of 20 s. The pH sensing range was from
2.0 to 3.8 and also showed good selectivity toward cations.

Tao Liang et al. [68] also established a program-controlled multiplexed system for
the detection of physiological ions such as Na*, K* and H* by combining potentiometric
sensors with a variety of ion-selective membranes (ISMs). The commonly used ISMs
have many disadvantages, such as poor adhesion to silicone-based sensors. The silicone-
rubber ISMs have better adhesion to silicone-based sensors. The proposed program-
controlled multiplexed system has good selectivity and long-term stability. Moreover, this
system has good sensitivity with micro-molar limit of detection, which is well sufficient
for the detection of ions in human biofluid, such as Na* and K* in human sweat (mM
concentration range).

Based on the potentiometric measurements of cations (K, Ca?*, and Na*), Marek
Debosz et al. [69] constructed 3D-printed solid-contact ion-selective electrodes, where mul-
tiple ion electrodes with ion-selective membranes were integrated into one flow module
for multicomponent water analysis. Several potentiometric detectors for physiological ions
were introduced [70]. They showed interesting work of potentiometric sensors for ions that
were developed with microneedles. In particular, acupuncture needles are considered as an
ideal tool to develop microelectrodes for in vivo sensing. Jiali Zhai et al. [71] achieved a mi-
crosensor that allows in vivo monitoring of Ca?* in cerebrospinal fluid via an acupuncture
needle. In this work, an ion-selective microelectrode (ISLE) has been developed by coating
an acupuncture needle tip (diameter about 80 um) with poly(3,4-ethylenedioxythiophene)-
poly(sodium 4-styrenesulfonate) as solid contact. The detection limit of the proposed
Ca?*-ISuE is 1.2 x 1077 M, and the sensing slope is 30.8 + 0.9 mV/decade in the range
from 1.0 x 10°t0 3.1 x 107 M.

2.3.2. Cyclic Voltammetry

Cyclic voltammetry (CV) is a method of electrochemical measurement. During a
CV measurement, the potential of the working electrode is linearly ramped with time.
When the potential has reached a designated level, the potential of the working electrode
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is ramped in the opposite direction to return to the default potential. This cycle may be
repeated multiple times. A cyclic voltammogram can then be plotted by tracing the current
versus the applied voltage at the working electrode. Currently, voltametric techniques are
applied frequently to determine pollutants because of their low cost, simple operations,
high sensitivity, and fewer requirements for reagents [72].

Many works have been proposed using CV method. Li-Da Chen et al. [73] developed
simple electrochemical electrodes to detect sodium, chloride, and potassium ions in human
serum. In this method, a gold-film thin electrode was used as the detection electrode for
chloride ions and a solid-state ion-selective electrode was developed for the detection of
sodium and potassium ions. The detection data can be obtained through cyclic voltam-
metry and square-wave voltammetry, and the ranges of detection were 2-10, 25-200, and
50-200 mM for the standard sample of potassium, chloride, and sodium, respectively.

Jivang Wang et al. [74] also proposed a novel electrochemical sensor that was based
on electropolymerized ion imprinted poly(o-phenylenediamine) PoPD/ electrochemical
reduced graphene oxide (ERGO) composite for determining trace Cd** on glassy carbon
electrode in water. In this process, ERGO was deposited through cyclic voltammetry on
the surface of the glass carbon electrode to enhance the transport of electron activity at the
surface of the electrode. Through cyclic and square-wave voltammetry, the electrochemical
behavior of PoPD/ERGO/GCE was investigated. This fabricated sensor has shown good
selectivity toward target Cd?* ions in the presence of other heavy metal ions and was
successfully applied in a real water sample for the determination of trace Cd?*

Hamsawahini Kunashegaran et al. [75] discussed both cyclic voltammetry and square
wave voltammetry methods for Pb?* quantification. This study used graphite reinforced
carbon (GRC) as a substrate material and the electrode was modified with graphene oxide
for electrochemical reduction to selectively detect Pb?* ions. The result shows highly
conductive GRC that expedites the reduction in graphene oxide and Pb?* ions to enhance
the detection of Pb?* ions.

2.3.3. Stripping Voltammetry

There are many recent papers related to the stripping voltammetric determination of
ions [76-78]. The basic operating principle of square wave anodic stripping voltammetry
(SWASV) is to give a large amplitude square wave potential to the working electrode and
collect the reaction current through the square wave cycle. SWASV is one of the most
effective methods for measuring trace metals concentration. Compared with the traditional
voltammetry method, it has higher sensitivity and lower detection limits [79]. Using
SWASYV, Chandre M. Willemse et al. [80] investigated a Nafion-Graphene nanocomposite
in combination with in situ mercury film for the simultaneous detection of cations, such as
Zn?*, Cd?*, and Pb?*. The detection limit obtained for each metal was Zn?* (0.07 ug-L™1),
Cd?* (0.08 ug-L’l), and Pb%* (0.07 ug-L’l). This technique could satisfy the requirements
of the Environmental Protection Agency (EPA) and establish a highly enhanced sensing
platform [80].

In biofluids, homeostasis of ionized calcium is critical for human organ systems
and biological functions. However, it is not easy to measure ionized calcium for clinical
applications, since the verification procedure is complicated and dependent on the pH
level. Hnin Yin Yin Nyein et al. [81] described a highly selective, repeatable, flexible,
and wearable microsensor array to monitor human body fluids. The device can perform
multiplexed measurements of the concentrations of Ca?* and pH. By interfacing with a
flexible printed circuit board, the device takes a sensor’s calibration and compensation
into account. For instance, a temperature sensor is integrated into the device for skin
temperature measurement and calibration purposes.

To summarize our discussion up to this point, Table 1 shows a list of detection scenarios
according to the detection technique, device type, electrode type, and targeted analytes
for comparison.
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Table 1. Various electrochemical devices for ionic analytes.

Detection Technique Device Electrode Analytes Ref.
Ton-sensitive field-effect transistor ZnO nanorod PO,3~,NO;—, K* [47]
Potentiometric Ion-selective sensor Screen-printed electrode F~ [42]
Ion-selective sensor Screen-printed electrode Cl~ [63]
Ion-sensitive field effect transistors Graphene electrode K* [35]
Ion-selective sensor Screen-printed electrode K*, NH,* [64]
Ton-selective sensor Silver electrode Ag* [48]
Ion-selective sensor Chromium/gold electrode K*, Na* [82]
Ion-selective sensor with gold nanodendrites Gold/electrode Nat, K* [25]
Nanoparticles/nanosheets-modified sensor Carbon paste electrode Cu?*, Pb%*, Bi* [76]
Voltammetric Nitrogen-doped reduced graphene oxide modified sensor Glassy carbon electrode Hg?* [78]
Nafion-graphene nanocomposite sensor Glassy carbon electrode Zn%*, Cd%t, Pb2* [80]

3. Applications of Ion-Selective Devices
3.1. Health Sensors

Biofluids such as blood, sweat, urine, and tears contain rich physiological informa-
tion [9,41,45,81,82]. In recent years, there are extensive studies on sweat sensing, which
has the advantage of non-invasive monitoring. Traditionally, hospitals have been using
sweat to screen newborns with cystic fibrosis by monitoring the balance between sodium
and chlorine in sweat [45]. Since it is challenging to capture and analyze human sweat in
real time with a bulky system, wearable ionic sensor technologies can play a significant
role to address this problem. These technologies can simultaneously, continuously, and
conveniently monitor a person’s health in real time [45,82]. In a wearable device, a wearer’s
motion will be less restricted compared to a conventional bulkier instrument during a mea-
surement. Some wearable devices have been developed to alert athletes about imbalances
in their electrolyte levels, which may indicate excessive exercise or dehydration [49].

One benefit of sweat monitoring technology is that the procedure can be completely
non-invasive. Therefore, the subjects do not need to perform finger pricking to obtain
access to biomarkers. Wei Gao et al. [82] merged a plastic-based sensors array with bio-
signal processors to perform wireless transmission of data measured from perspiration.
Figure 3A shows a flexible integrated sensing array (FISA) that can achieve long-term
monitoring of electrolytes (K*, Na*), metabolites (glucose, lactate), and skin temperature
during physical activities. The fabricated sensors are integrated on flexible PET substrate
with the advantage of being flexible and conformal to the skin. After packaging as FISAs,
smart “headbands” and “wristbands” are worn for simultaneous real-time monitoring
during physical motion on an ergometer. Figure 3B shows multiplexed sensor array for
sweat analysis. The Ag/AgCl electrode is fabricated to serve as a shared counter electrode
and reference electrode. Ion-selective electrodes (ISEs) are fabricated with a polyvinyl
butyral (PVB) coated reference electrode to maintain a stable measurement state with
different ionic strength levels of Na* and K*. For functionalizing as a potentiometric sensor,
poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) is chosen as an ion-
electron transducer for Na* and K* ions in the ISEs. Cr/Au metal microwires are fabricated
as resistive temperature sensors. Parylene coating is applied to prevent electrical contact
between the metal lines and the skin. The stability of the sensor’s reading is displayed on a
customized mobile app in Figure 3C.

Health sensors can also be inserted into a subject’s mouth for the measurement of
food intake to control eating behavior that can be related to diseases such as hypertension,
severe obesity, and diabetes. Yongkuk Lee et al. [83] proposed a wireless intraoral electronic
system that quantified the sodium intake for hypertension management in real time. The
major objective of this system was to achieve active and long-range wireless communi-
cation. This was offered by hybrid electronics to overcome the limitations of near field
telemetry that allowed communication within a few centimeters of distance. Figure 3D
shows a membranous device with an integrated circuit incorporated on a contoured dental
holder for easy handling and non-invasive insertion into the mouth. Any portable and
Bluetooth connected devices, including smartphones, can connect easily with electronics
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for the management of diet through real time food intake monitoring. The small form
of the membrane electronics is captured by X-ray microtomography (Bruker, Billerica,
Massachusetts, USA). Figure 3E shows electronics laminated on a custom porous retainer
surface. Figure 3F shows an experimental result of the selectivity of the sodium sensor. For
the detection of sodium intake, the ISE selectivity is sufficient for practical scenarios where
a typical type of food may contain interfering K*, Ca*, and Mg?* ions.

3.2. Integrate with Gloves for Human Fluid

Sensing gloves can be integrated onto a wearable platform [84]. Similarly, the idea of
sensing analytes at the fingertip has been demonstrated, such as the electrochemical on-site
screening of cocaine [85], solid-state forensic finger sensor for the detection of gunshot
residue and explosives [86], and the detection of organophosphorus chemical threats [87].
Several types of sweat sensors have been developed to non-invasively and continuously
obtain access to biofluids. Mallika Bariya et al. [88] proposed a functional glove-based
sensor which can accumulate natural sweat with minimal evaporation. This sensor collects
microliters of sweat without active sweat stimulation. In this system, the sensing electrodes
were patterned on nitrile gloves and finger cots for in situ detection of diverse biomarkers,
including electrolytes and xenobiotics. These electrodes were fabricated in various patterns
and deposited on the inner surfaces of nitrile gloves or finger cots. The electrode areas
are defined by a shadow mask and formed through evaporating conductive materials.
Gold and bismuth electrodes are also coated on glove surface and in contact with the
back of the hand that has high sweat rate. Through the direct integration of sensors into
gloves, the authors presented a simple and lower overhead scheme for natural sweat
analysis, which enabled a more practical approach without the need for highly complex
components to monitor multiple analytes. Figure 3G shows a schematic of analyzing
human sweat through glove-based analytics without active sweat stimulation. The glove-
based sensors including the functionalized cots allow sweat analysis during routine and
sedentary activities. Figure 3H illustrates the concept of allowing electrochemical sensors
patterned on glove surfaces (including backside). In this work, the sensors are placed
around areas of the hand where sweat rates are high. Figure 31 shows nitrile as a key
material for sweat functionalized finger cots, which can be worn on gland-rich fingertips
while offering a compacted form factor.

3.3. Agriculture and Produce

The quantity and variety of food have dramatically increased the need for sensors for
the food industry. Food safety holds a significant impact on human health, economy, and
consumers’ experience [89-91]. Therefore, the requirement for food quality monitoring
has increased considerably and harmful chemicals such as heavy metals are important
targets. Jing Wang et al. [92] implemented a method based on solid phase detection of Pb**
in food and water samples. The developed device has been synthesized by nanosheets
alginate hydrogel based on layered double hydroxides (LDHs) with the hydrogel having
the advantages of porous 3D framework and selective adsorption of LDHs to Pb*.

The development of smart agricultural control systems has been a trend in recent
years [18,93]. Advanced smart devices enable accurate control of a plant’s growing environ-
ment. The crops’ growth can be recorded and analyzed in real time and, in turn, effectively
reduce the costs to improve the crops’ yield and quality [94]. In another work, polyvinyl
chloride membrane-based dibasic phosphate (HPO4?~) ion-selective electrodes doped with
urea- and thiourea-calix[4]arene ionophores have been demonstrated with good sensitivity
with near-Nernstian slope in the concentration range of 5.0 x 107° to 1.0 x 10~ M of
HPO42~ [95]. One key component for developing smart agriculture is to implement ionic
sensors, which can monitor nitride and phosphorous effectively to help control the growth
of the crops. Huawei Jiang et al. [96] reported a microfluidic chip with integrated nutrient
(HoPO4~ and NO3 ™) sensors for nitrate and phosphorous monitoring for plants grown
under known growth medium. The embedded nutrient sensors detect the concentrations of
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the targeted ions in the medium as the root uptakes the nutrients. To note, 2.14 x 107¢ and
1.78 x 10~° mol/L are the detection limits for H,PO,~ and NO;~, while the sensitivities
for HyPO,4~ and NO3 ™~ are —55.7 £ 2.9 and —58.6 & 1.7 mV /dec, respectively. This sensing
chip demonstrates real-time monitoring of the plants’ nutrient uptake efficiency.

For soil quality monitoring, laser induced graphene (LIG) is one technology that
promises an alternative to ink-based technology [97,98]. Nate T. Garland et al. [99] demon-
strated a sensor for NO3~ and NHy* through a low-cost and one-step UV laser writing
fabrication method. Figure 3] shows solid contact ion-selective electrodes (SC-ISEs) on a
single polyimide swatch, which is written with different laser pulse widths (10, 20, 30, 40,
and 50 ms) to optimize the LIG electrochemical reactivity. Figure 3K shows representative
electrodes (passivated regions, bonding pads, working electrode, and reference electrode)
used in soil column studies. Figure 3L illustrates the SC-ISEs ion sensing result.
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Figure 3. Wearable sweat sensor and ion sensing results via wireless Bluetooth transmission on a
mobile device. (A) Shows the wireless flexible printed circuit board (FPCB) and integrated multi-
plexed sweat sensor array and of a wearable flexible integrated sensing array (FISA) on a subject’s
wrist. (B) Multiplexed sensor array for sweat analysis. The red dashed box shows the sensor array.
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(C) A mobile application for real-time data display. (A-C) Reproduced with permission. Copyright
2016, Nature Publishing Group [82]. (D) Overview of real-time monitoring of sodium intake with
intraoral electronics. (E) Images of an ultrathin intraoral device; the left figure shows electronics
laminated conformably on an oral retainer and the right figure shows circuit interconnects on a porous
membrane. (F) Sensing results in the presence of Na*, K*, Ca?*, Mg?*, and citric acid. The figure
shows the amplitude output of the sodium sensor. The inset part shows in vivo testing setup with a
human subject drinking the sodium solution. (D-F) Reproduced with permission. Copyright 2019,
American Chemical Society [83]. (G-I) Natural sweat analysis with glove-based analytics. (G) Shows
functionalized gloves and cots, which are included in glove-based sensors for natural sweat analysis
during routine activity and sedentary without active sweat stimulation. (H) Illustrates the concept
of allowing electrochemical sensors patterned on glove surfaces. For rapid sweat accumulation,
nitrile is a crucial material of the glove to protect against evaporation. (I) Functionalized electrodes
inside finger cots for sweat analysis. The nitrile cots can offer a condensed form factor that can be
functionalized to detect sweat from gland-rich fingertips. Reproduced with permission. Copyright
2020, American Association for the Advancement of Science [88]. (J) Laser induced graphene (LIG)
structure and functionalization for ion-selective sensing. Solid contact ion-selective electrodes (SC-
ISEs) are patterned on a single polyimide swatch. (K) Shows representative electrodes used in soil
column studies. (L) Illustrates the SC-ISEs’ ion sensing result. (J-L) Reproduced with permission.
Copyright 2020, American Chemical Society [99].

3.4. Environmental and Water Quality Sensors

The problem of heavy metal ion pollution in water in the environment is becoming more
common nowadays. Pengju Wei et al. [100] developed a surface ion-imprinting polymer
(ITP) copper ions sensor based on a glassy carbon electrode (Fe304 /510, /CS/Nafion/GCE).
Through the differential pulse anodic stripping voltammetry (DPASV), the proposed sen-
sors show high selectivity for monitoring copper ions when there are coexisting, interfering
metal ions (Cr (VI), Fe (II), etc.). Fe304/5iO,/CS/Nafion/GCE IIP based sensors not only
have good repeatability but also a wide linear detection range (0.01~20 umol L~!) and low
detection limit (5 nmol L~!). The detection of arsenic that can seriously endanger human
health is also an important concern. Haibing Hu et al. [101] used a glassy carbon electrode
with uniformly modified Fe304—rGO 20-nm nanoparticles for arsenic detection, where
reduced graphene oxide (rGO) serves as a conductive sheet with high sensitivity. The result
shows a lower limit of detection (1.19 ppb) and higher sensitivity (2.15 pA/ppb) for arsenic
in the water through square wave voltammetry.

Most of the pollution sources are caused by human activities when industrial waste
exceeds the self-purification capacity of the environment [102]. This situation can harm
the natural ecological system of the environment as well as human health. To overcome
this problem, new technologies and procedures to monitor the contamination levels in the
polluted environment are essential. Sona Krizkova et al. [103] successfully presented an
ultrasensitive detection with carbon paste electrodes to detect silver ions, with 0.5 uM as the
estimated detection limit (3 dB/Noise ratio). Megha A. Deshmukh et al. [26] discussed the
use of organic conducting polymers and carbon nanotubes to enhance the sensitivity and
selectivity of heavy metal detections. Because of the unique electrical, chemical, mechanical,
and structural properties of those materials, they have been adopted in the detection of
trace metals, such as Pb?*, Cu?*, Cd%*, Zn?*, Hg2+, Cr%*, Ni?*, and Co?*.

4. Integration of Electrochemical Sensors for Ionic Analytes and Energy
Harvesting Electronics

Electrochemical sensors for ionic analytes are powerful devices because of their porta-
bility. With the development of various mobile electronics, technology that is capable of
supplying a battery in environments where it is not possible to provide a stable power
supply is essential. In this regard, energy harvesting has attracted attention and energy
harvester shows a viable method to overcome the limitation of battery capacity that can
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constrain the long-term operation of implantable and wearable devices [104-108]. These
energy harvesting sensors are self-powered from the ambiance, and the converted electric
power can be applied in the sensing process instantly. They do not need an extra power
source, time-consuming charging duration, and complex procedures for sensing. There-
fore, energy harvesting is an attractive functionality to include with a wearable device for
ionic analytes [104,108]. A self-powered device will be advantageous to those who need
continuous monitoring for fitness management and health monitoring. In the following
section, we are going to introduce several mechanisms of self-powered energy harvesters
integrated with an electrochemical device for ionic sensing.

4.1. Triboelectric-Powered Energy Harvester for Electrochemical lonic Sensing

Despite much research on wearable energy harvesters, most of them suffer from poor
robustness, complex fabrication process, and low power density. The above issues make
them inconvenient for continuous monitoring. In triboelectric-powered energy, triboelectric
is a static electricity on which certain materials become electrically charged after they are
separated from the original material with which they were in contact. This is an effective
energy harvesting technique, which provides necessary power for small electronics.

In order to generate a sustainable and energy-efficient wearable device, Yu Song et al. [104]
proposed a wearable freestanding triboelectric nanogenerator (FTENG) energy harvester
based on a flexible printed circuit board. This device efficiently allows the collection of
power from human motion with battery-free, robust, and mass-producible properties. The
engineered FTENG demonstrates a triboelectric and battery-free system to power multi-
plexed sweat sensing and wireless data transmission during on-body human exercise trials.
In this work, sensitivities are measured with physiologically relevant Na* concentrations
(12.5 to 200 mM) and pH levels (4 to 8). Sensitivities of Na* and H* are 58.63 and 56.28 mV
per decade concentration, respectively. The result is close to Nernstian sensitivities and high
sensing performance is proven. Figure 4A shows a battery-free FTENG-powered wearable
sweat sensor system (FWS®) for wireless and non-invasive sweat monitoring. The left side
shows integrated human motion energy harvesting FWS3, which has power supply to
Bluetooth-based wireless data transmission in real-time for health status monitoring. This
device includes a mobile user interface and microfluidic-based sweat sensing functionality.
The right side shows different working frequencies of FTENG and its current output during
the energy harvesting process.

4.2. Biofuel-Powered Energy Harvester for Electrochemical Ionic Sensing

Due to interests in alternative fuels in the past few years, biofuel cells have become
an important topic of research [105-108]. This presents a unique opportunity to integrate
with electrochemical sensors for ionic sensing. A fuel cell is an electrochemical cell that can
generate current from reactions between the chemical species flowing into the cell [105].
When biofuel cells can be a power source for ionic-sensing wearable sensors, it provides a
way for long-term biosensing on a standalone platform, where the energy generated from
sweat can be used in ionic sensing [106].

Hee Uk Lee et al. [107] developed a graphite oxide/cobalt, hydroxide/chitosan com-
posite material, which has high specific surface area and redox activity, and the maximum
power density is 517 pW-cm 2. You Yu et al. [108] presented a biofuel-powered energy
harvester on skin sensing platforms. Many existing sensing platforms of electronic skin rely
on batteries or near-field communication for power charging, which is inconvenient and
restricted by the locations of the wireless equipment. This work overcame the above limita-
tion and demonstrated a battery free biomedical device with fully perspiration-powered
electronic skin (PPES). The key metabolic biomarkers such as NH4 ", glucose, urea, and
pH are monitored and transmitted wirelessly in a continuous way to a mobile device via
Bluetooth low energy (BLE). Figure 4B shows photographs of a PPES on a testing subject’s
arm, a reference sensing electrode, and an ion sensor on a flexible BEC-biosensor patch. The
potentiometric response of the NH,* is measured under 2.5 to 40 mM NHy* solutions. The
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outcome shows a linear potential output versus logarithmic concentrations of the target
analyte, with near-Nernstian sensitivities of 60.3 mV per decade of concentration for NH,*
sensors. This work demonstrates PPES that harvests energy from human lactate biofuel
cells through human sweat.

4.3. Photovoltaic- and Thermoelectric-Powered Energy Harvester for Electrochemical Ionic Sensing

Solar energy is one kind of renewable energy source, with its promise to supply a
share of the global energy demand [109,110]. In particular, photovoltaic (PV) devices are
used to generate electrical power via semiconductors that exhibit photovoltaic effects to
convert solar radiation into direct current. Several PV technologies, such as perovskite solar
cells and dye-sensitized solar cells (DSSC), were reported. PV have high potential for mass
production with manufacturing methods such as screen printing, inkjet printing, or slot-die
coating to produce electrochemical sensors for ions [111-114]. In prior demonstrations
of the concept, a dye-sensitized solar cell is used for both sensitive detection and power
generation of ionic analytes, which kick off a new pathway for integration and ultra-
miniaturization. Since its beginning, dye-sensitized solar cell technology has proven
stability and simplicity of fabrication while being able to sustain competitive efficiencies of
power conversion [115].

A versatile detection strategy was demonstrated by Kanika L. Agrawala and Max
Shtein [116]. The proposed device of this work was for sensing, and the power generation
was achieved using a single DSSC device. A DSSC is responsive to the occurrence of ionic
species, such as silver, and that generates a change in its electrical characteristics. When
introducing silver ions into the electrolyte of a general operating DSSC, the Ag ions will
be adsorbed, and the metal will be deposited on the mesoporous TiO; electrode. Then, it
reduces the driving level for charge injection while the deposited metals can make dye
sites inactive and halt the recombination between electrons. This approach can reliably
detect microscale concentrations of charged species in solutions without making substantial
adjustments to a well-understood photo-electrochemical system. The DSSC technology
for autonomous sensing of metal ion pollution in environments with high sensitivity and
repeatability can pave the path for new applications. Figure 4C shows dye-sensitized
photovoltaic cell and the response of the presence of ionic species that produces a change
in its electrical features. The Ag ions are introduced into the electrolyte of a DSSC under
operation mode, and the adsorption of Ag ions form metallic precipitations on the TiO,
electrode. Figure 4D shows the method for testing the sensor through injecting electrolytes.

Thermoelectric (TE) devices have received attention since they are able to convert
temperature gradients into electricity. They possess the potential to become a candidate that
allows for the operation of self-powered sensors that are separated from a localized power
supply [117,118]. Yu-HsiangTsao et al. [119] showed that the mechanism of thermoelectric
generators can be implemented to design a modern prototype of a self-powered sensor for
the detection of Hg?* ions. Generally, the performance of thermoelectric generators depends
on the critical thermoelectric materials, which is the key factor to determine the sensing
capability of the thermoelectric sensor. For the past few years, nanostructures of tellurium
have been proven to be highly efficient thermoelectric materials. Tellurium shows novel
properties and has the ability to be applied in piezoelectric nanogenerators [120,121]. Here,
tellurium nanowires (Te NWs) were selected as the essential material for the self-powered
thermoelectric sensor. Their excellent thermoelectric performance property comes from
HgTe nanocrystals, where the specific reaction of Hg?* ions and Te NWs leads to higher
thermoelectric efficiency. The as-constructed thermoelectric sensor has high selectivity and
sensitivity (detection limit of 1.7 nM) for Hg?* ion.

The proposed thermoelectric sensor can supply an intense electric output signal even
when it is driven by a small temperature difference. Figure 4E shows the structure of
the self-powered thermoelectric nanosensor and its sensing process for the detection of
mercury ions vs. different metal ions. Figure 4F shows the output measurement of multiple
ions. After 30 min of reaction time, PEDOT:PSS is coated on the wells to finalize the
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fabrication of thermoelectric nanosensors. Finally, electrical signal can be outputted across
the thermoelectric nanosensors.
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Figure 4. (A) From left to right shows integrated human motion energy harvesting a freestanding
triboelectric nanogenerator (FTENG)-powered wearable sweat sensor system and the output energy.
Reproduced with permission. Copyright 2020, American Association for the Advancement of
Science [104]. (B) From left to right shows a biofuel-powered energy harvester and its output energy.
The potentiometric responses of the NH** sensors are measured in 40 to 2.5 mM NH** solutions and
they demonstrate near-Nernstian sensitivities of 60.3 mV per decade of concentration. Reproduced
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with permission. Copyright 2020, American Association for the Advancement of Science [108].
(C) Shows dye-sensitized solar cell (DSSC), which will produce a change with its electrical character-
istics in response to the ionic species, while introducing Ag ions into the electrolyte of a DSSC results
in the adsorption of Ag ions as well as the formation of metallic precipitation on the mesoporous
TiO; electrode. (D) Shows a representation of the testing procedure. The devices were connected to a
Solartron Analytical Modulab test system. The impedance spectra and electrical characteristics were
measured under 1 sun illumination and in the dark. (C,D) Reproduced with permission. Copyright
2014, Royal Society of Chemistry [116]. (E) Shows self-powered thermoelectric nanosensor and
sensing process for Hg?" detection. Tellurium nanowires (Te NWs) here acted as a thermoelectric
material as well as a sensor. (F) The electrolyte is sucked into the vacuum cavity, and its sensing
process for mercury ions are reported after electrochemical reaction. Finally, the electric output
was performed by using Peltier system to create a temperature gradient across the thermoelectric
nanosensors. (E,F) Reproduced with permission. Copyright 2019, Elsevier [119].

5. Conclusions

Chemical sensors for ionic analytes are involved in many different technologies. It has
become ubiquitous and widely used, whether in the areas of environmental monitoring,
biological research, food safety, healthcare, or drug optimization. In recent years, due to the
rise of wearable devices and smart mobiles, they have the potential of being integrated into
our daily life. Most wearable sensors on the market do not rely on direct chemical reactions
with biomolecules but depend on spectral reflectance or absorption to obtain biomedical
data. In this paper, we reviewed a wide variety of applications of ion-selective sensing
devices. The technology in this field is quickly developing, and wearable devices can be
used in a wide range of applications such as 3C mobile devices, sports fitness monitoring,
and healthcare.

One of the core prognostic technologies of biological sensors is biomarkers monitoring
for the human body. Biological molecules and chemical substances can be detected by
wearable biological sensing devices, where the sensors transduce biological signals into
electronic circuits. Therefore, the biochemical molecules are transformed into information
for health-related interpretation. Because of the variations between human subjects, it
is essential to develop various types of ionic sensors to capture a comprehensive under-
standing of an individual’s health status. For example, the heart rate and blood pressure
levels alone are difficult to obtain accurate interpretations of a person’s health condition.
Hence, a device that can collect information regarding ionic targets in the human body
becomes important.

On the other hand, the applications of sensing technology can expand beyond biosens-
ing. Here, we reviewed the applications of ionic sensors in different contexts, such as
environmental and food quality monitoring. We expect the field of ionic sensors to have
great importance in the future. When electrochemical sensors are integrated with other
smart devices, we envision that they can be combined with big data and artificial intelli-
gence to provide pathways toward new, exciting opportunities.
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