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Solid-contact ion-selective electrodes (SC-ISEs) are advanced potentiometric sensors with great capa-
bility to detect a wide range of ions for the monitoring of industrial processes and environmental pollu-
tants, as well as the determination of electrolytes for clinical analysis. Over the past decades, the innova-
tive design of ion-selective electrodes (ISEs), specifically SC-ISEs, to improve potential stability and minia-
turization for in situ/real-time analysis, has attracted considerable interest. Recently, the utilisation of
nanomaterials was particularly prominent in SC-ISEs due to their excellent physical and chemical pro-
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perties. In this article, we review the recent applications of various types of nanostructured materials that
are composed of carbon, metals and polymers for the development of SC-ISEs. The challenges and
opportunities in this field, along with the prospects for future applications of nanomaterials in SC-ISEs are
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Introduction

The detection of ionic compounds plays an important role in
various fields including water quality monitoring and disease
diagnosis. Among various types of ionic sensors, electro-
chemical detectors are widely used due to their simple setup,
low detection limit, fast response, and high selectivity.'™
There are several electrochemical techniques that have been
successfully applied for the development of ionic sensors,
such as amperometry, voltammetry and potentiometry.*”
Potentiometric ISEs have been used extensively in various
applications including clinical diagnosis, environmental moni-
toring, and industrial process control. In this method, an elec-
trode with a membrane is designed to be selective to a specific
ion, and thus the activity of the target ion is measured based
on the potential difference between the inner and outer sur-
faces of the membrane. This approach is simple, quick, cost-
effective, non-destructive, and has good selectivity and a wide
linear range to test biological and environmental samples.®”
The main challenges of conventional liquid-contact ISEs
include low stability resulting from leakage of the internal
electrolyte, intensive maintenance due to electrode potential
drift, and limited durability. SC-ISEs can circumvent these
challenges by eliminating the liquid component; this has led
to improved stability, longer lifetimes, and reduced mainten-
ance costs. However, there is a need for improvements in the
performance of SC-ISEs, specifically in terms of reproducibil-
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ity, selectivity, and sensitivity. This is particularly important
for analysing a wide range of real samples under non-labora-
tory conditions, such as in situ monitoring of ions in harsh
environments or real-time monitoring of biological samples.

In recent years, the innovative design of ISEs by integrating
advanced materials into different components such as mem-
branes, transducers and their interfaces has attracted con-
siderable interest to improve the performance of ISEs.'*™*?
Nanomaterials are an important group of advanced materials,
encompassing a wide range of structures such as nanospheres,
nanotubes, nanorods, nanowires, nanofibers, nanoclusters,
and quantum dots, in which at least one of their dimensions
is less than 100 nm."* Due to ultra-high surface areas, nano-
materials show unique properties compared with bulk
materials,"> making them promising candidates for the devel-
opment of the next generation of SC-ISEs. For example, nano-
materials with high conductivity, light insensitivity, and low
interference by O, and CO, have better signal stability than the
bulk materials.

The application of nanomaterials as a component of ISEs
was initiated in 1994 when Diamond et al'® predicted the
development of new generations of intelligent sensing
systems, with the rapid progress in nanotechnology. In 1997,
Ghadiri et al."” introduced a novel diffusion-limited size-selec-
tive ion sensor based on monolayer-supported peptide nano-
tubes on a gold film. Nowadays, many types of nanomaterials
including carbon nanotubes (CNTs), graphene, fullerene,
carbon black, three-dimensionally ordered microporous
(3DOM) carbon, metal and polymer nanomaterials, as well as
nanocomposites have been investigated for the development
of the next generation of ISEs.'*!
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In recent years, although there have been several review
papers published in the area of SC-ISEs, which have provided
comprehensive information on mechanisms and applications
of SC-ISEs,'"**?* none of them have focused on the evalu-
ation, discussion, and identification of the challenges in nano-
material-based SC-ISEs, which are of significant importance
for the future development of low-cost and high-performance
chemical sensors. Additionally, regarding SC-ISEs based on
nanomaterials, most of these reviews focus on the use of nano-
materials as transducers of SC-ISEs. Although it is the most
common way to improve the sensing performance,'’?*?* the
benefit of using nanomaterials in other parts of ISEs should
not be ignored. In this review, an overview of recent advances
in nanomaterial-based SC-ISEs over the last five years is pro-
vided, with an emphasis on the applications of various types
of nanomaterials as different components of SC-ISEs.
Furthermore, comments on the main progress and challenges,
as well as the potential of using nanomaterials for the design
of SC-ISEs with improved sensing performance are also pro-
vided and discussed.

ISE structures and mechanisms

Traditionally, an ISE is composed of an ion-selective mem-
brane, reference electrodes and inner reference solution, oper-
ating based on potentiometry and following the Nernst
equation. The ion-selective membrane selectively interacts
with the ion of interest while excluding the other ions. The
reference electrode, e.g., the Ag/AgCl electrode, has a highly
reproducible and stable potential and is widely used in ISEs.
Given that all reference and junction potentials can be
assumed to be constant, the ion-selective membrane is the
central component of ISEs, governing the overall potential and
ion movements.***® In addition to traditional liquid-contact
ISEs, SC-ISEs were developed by replacing the internal solution
with a transducer that enabled ion-to-electron transduction.>®
They addressed inherent limitations of traditional ISEs associ-
ated with the use of an internal reference solution, including
liquid junction potential issues, solution evaporation, elec-
trode fouling, and limited miniaturization capacity.

The principles of ion-selective sensors are rooted in the
relationship between ion activity and output voltage, as
defined by the Nernst equation.®?” At electrochemical equili-
brium of an ISE, the solution/membrane interface undergoes
the formation of an electrical double layer, leading to the gene-
ration of an electrical potential difference. The following
equation predicts a linear dependence of the potentiometric
sensor response (E) based on a function of the ion’s activity:*®

o RT
E=E +—Inla 1
oF nfai (1)

where R is the gas constant, F is the Faraday constant, n
denotes the electron count, g; is the activity of the primary ion,
and E° is the standard potential, which is a key parameter for
the reproducibility of potentiometric sensors.
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Converting the ionic signal to the detectable electrical
signal, which is performed through the transducer layer, plays
a significant role in the potential stability, lifetime, sensitivity,
response time, and reproducibility of SC-ISEs. The ion-to-elec-
tron transition mechanism in traditional liquid-contact ISEs is
based on an internal reference electrode and an inner filling
solution, which enable the ion transition via a reversible redox
reaction. While this approach offers advantages such as the
simplicity of the process, it encounters limitations like port-
ability, lifetime, and fragility due to the nature of the liquid
contact. In SC-ISEs, the charge transition from an ion to an
electron is governed by the transducer functional material.
There are two main types of SC-ISEs, requiring distinct ion-to-
electron transducer materials. The transducer based on redox
capacitance typically involves the use of redox polymers or
other electroactive materials, such as redox couple doped gold
nanostructures. The ion-to-electron procedure is like the
process for the internal reference electrode of traditional ISEs
as described by:

MfA " +e2M+A"

where M" is a metal ion or oxidized conductive polymer, M is a
metal or neutral conductive polymer, and A™ is an anion.
Conductive polymers are commonly used as the solid contact
in ISEs; however, the possible formation of a water layer, as
well as their sensitivity to oxygen and light are potential limit-
ations in practical applications. On the other hand, the trans-
ducer based on double-layer capacitance utilizes materials
with a large surface area. Instead of a redox process, a large
double layer capacitance is created at the surface of the solid
contact, and thus the interfacial potential is produced based
on the number of charges in the electrical double layer. Since
this mechanism depends on the large interfacial potential
between the solid contact and the membrane, nanomaterials
such as carbon-based nanomaterials (carbon nanotubes, gra-
phene, and fullerene) and some metal-organic frameworks
(MOFs),"*7? which naturally have a high surface area, have
been extensively used based on this mechanism.

Although the SC-ISEs exhibit improved performance, there
are several problems to address, including potential instability
and poor reproducibility. For example, dissolved O, and CO,,
which may reach the solid contact, can generate side reactions
in parallel to the ion-to-electron transduction procedure.*?
These reactions can interfere with the electrochemical pro-
cesses involved in the detection of target ions. In a similar
way, exposure to light during measurements, especially in
harsh environmental situations, e.g., intense sunlight, can
induce photochemical reactions that may interfere with the
electrochemical processes, resulting in a poor response accu-
racy of SC-ISEs. Furthermore, a water layer formed between the
membrane and the solid contact of SC-ISEs serves as an elec-
trolyte reservoir, which equilibrates after every change in the
sample’s composition, leading to high limits of detection
(LODs) and low potential stability.>*>>
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To overcome these challenges, different types of nano-
materials have been employed in SC-ISEs. Although nano-
materials have been employed in the components of external
reference electrodes and ion-selective membranes,**% most
studies have concentrated on enhancing the performance of
transducers with nanomaterials. Fig. 1 provides a schematic
diagram of the components of a typical nanomaterial-based
SC-ISE, in which nanomaterials are integrated into the trans-
ducer layer of the ISE by drop casting. The emphasis lies on
improving the ion-to-electron transduction process by increas-
ing electrical conductivity, capacitance, hydrophobicity, and
surface area.

Applications of nanomaterial-based
SC-ISEs

Carbon nanotubes

Among various nanomaterials, CNTs stand out as one of the
most favoured materials for the development of high-perform-
ance SC-ISEs. They have tubular structures of rolled graphene
sheets and are classified as single, double, and multi-walled
CNTs. CNTs have various properties, such as a high surface
area to volume ratio, high electrical capacitance, good hydro-
phobicity, high Young’s modulus (~1 TPa), fast charge transfer
kinetics, high level of selective functionalization, and good
antifouling ability, making them attractive materials for SC-ISE
applications.>™*> Therefore, CNT-based ISEs exhibit high
analytical performance to detect many ions of biological and
environmental importance such as K', Na*, Mg>*, NH,", Ca>",
Si0,*7, Hg*", cd**, Pb**, NO;™, AI*", ClO,™, I, and Cr**.**7>*
Additionally, the CNT-based SC-ISEs were used extensively for
the detection of chemical and pharmaceutical compounds
such as bisphenol S, fluoxetine,>® barbital,*® nalbuphine.®”
Rius et al.>® pioneered the application of CNTs in SC-ISEs
by using single-walled carbon nanotubes (SWCNTs) as an ion-
to-electron transducer, which exhibited good signal stability
(25 days) and a short response time (fewer than 10 s for activi-

lon-Selective Electrode m External Reference Electrode

Nanomaterials

Membrane

Transducer Layer

Fig.1 A schematic representation of a typical nanomaterial-based
SC-ISE.
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ties over 10~>° M) for the detection of K'. Although it is more
challenging to design SC-ISEs for the determination of anions
than cations due to the smaller charge-to-radius ratio of
anions, their propensity to become protonated at low pH, the
influence of solvation effects, and the variability in their geo-
metric sizes,> CNTs used as the inner transducer layer in
SC-ISEs exhibit high capabilities for detecting both anions and
cations.®® The capacitance of the transducer layer of ISEs plays
a significant role in potential stability and can also have an
impact on important parameters like reproducibility and long-
term performance. Zdrachek and Bakker® reported that the
double-layer capacitance increased linearly by increasing the
number of deposited CNT-based transducer layers, which led
to a reduced potential drift. This method could also serve as a
new way to estimate the double-layer capacitance of the
SWCNT layer in the deposition process.

Serving as a reference electrode is another application of
CNTs in SC-ISEs. The most commonly used reference elec-
trode, the Ag/AgCl electrode, is not very appropriate for sweat
analysis, as the potential of the electrode is highly affected by
the concentration of chloride ions. Toor et al.®* embedded a
layer of CNTs between the membrane and Ag/AgCl layer to
adsorb and retain chloride ions for the detection of Na*, NH,",
and lactate in sweat. This method resulted in a reproducible
and stable reference electrode that exhibited a negligible
potential fluctuation up to 0.08 mV in a solution with chloride
concentrations varying between 0.1 and 100 mM, while practi-
cal applications such as real-time monitoring of sweat on skin
are expected to be investigated, considering the common
issues of reproducibility and long-term stability associated
with interference from the electrolytes in sweat. Hanein et al.®®
developed a wearable CNT-based SC-ISE for Na" detection by
using CNT electrode arrays in both the solid contact and refer-
ence electrode. CNT electrodes were prepared by the synthesis
of CNTs via chemical vapor deposition (CVD) on SiO,/Si sub-
strates. Subsequently, reference electrodes were prepared by
coating the CNT electrodes with a colloidal dispersion of Ag/
AgCl, agarose, NaCl, and polyvinyl chloride (PVC). The CNT-
based reference electrodes showed high repeatability and low
sensitivity (—1.7 = 1.2 mV per decade) in the NaCl solution.
Despite the fact that some important characterization studies
including potential drift were not provided, this paper was pio-
neering in the application of CNTs in wearable potentiometric
sensors and opened a new avenue for subsequent studies.

Carbon paste is an attractive type of electrode due to its
good reusability, simple and versatile preparation procedure,
and low cost.®*®® It is generally composed of a wide range of
carbon materials, additives and solvents®® and has been used
in ISEs for several decades.’” In recent years, nanocarbon-
based paste, particularly CNT paste, has been introduced into
ISEs, which have exhibited improved performance for ion
sensing.®®*”! For example, Ramezani and co-workers’> devel-
oped multi-walled carbon nanotube (MWCNT)-grafted 2,6-bis
[2-(amino methyl)phenol]pyridine (BAPP) synthetic ligands as
novel ion carriers and signal boosters in carbon paste for the
simultaneous detection of Hg** and Cu®". The modified ISE
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displayed satisfactory reproducibility, with LODs of 2.0 x 107°
and 7.9 x 107*° mol L™" for Hg>" and Cu®", respectively.

Graphene

Graphene with sp*-bonded carbon atoms has a single layer of
hexagonal honeycomb structure and is known for its excellent
electrical, mechanical, and thermal properties.”*’* It is one of
the most widely used carbon nanomaterials in potentiometric
ISEs, which exhibit excellent analytical performances to
monitor a wide range of ions such as K", Na*, Pb*", Li*, H,
Mg>, Zn?**, Ca**, and Cu*".”>® For the first time, Ying et al.®*
introduced a novel SC-ISE for the detection of K' by using gra-
phene as the solid contact. The Nernstian response was
58.4 mV per decade in a linear range from 107>® to 107 M of
K" with a low detection limit of 107%* M. The attractive feature
of the graphene-based transducer in an SC-ISE is its high
hydrophobicity, which prevents the formation of a water layer,
thereby minimizing interference from other ions.
Furthermore, it is insensitive to O, and CO,, meaning that it
prevents side reactions and interference with the membrane,
providing more accurate analysis.

Wu and co-workers®®> proposed an SC-ISE using electroche-
mically reduced graphene oxide as the ion-to-electron transdu-
cer for Ca®" detection, which exhibited a Nernstian slope of
29.1 mV per decade and a fast response time of less than 10 s.
Moreover, a low detection limit of 107>® M and high hydro-
phobicity were obtained. Additionally, the effects of defects in
graphene on capacitance and hydrophobicity were investigated
by Gan et al.®® Fig. 2 illustrates the use of defective or high-
quality graphene as the solid contact in an SC-ISE. The photo-
graph of the contact angle test for reduced graphene oxide
shows a contact angle (6 = 113°) after 3 hours of reduction at
160 °C. It was found that there was a negative correlation
between the hydrophobicity of graphene and its capacitance.
Notably, reduced graphene oxide with a moderate level of
defects demonstrated the highest potential stability by achiev-
ing a balance between hydrophobicity and capacitance.

Hydrophobicity

Graphene ISM Solution
A A
-

1)
+ o+ 4+ o+

+ >+

High-quality Graphene

Interfacial EDL capacitance

Fig. 2 Graphical summary of defective and high-quality graphene used
as the solid contact material in an ISE, along with a photograph of the
contact angle of water on reduced graphene oxide, and a schematic
figure of the interfacial EDL capacitance of ISE.®® Copyright 2021,
Elsevier.
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Recently, a new method based on laser-induced graphene
was proposed for the preparation of SC-ISEs for NO,™ detec-
tion.”” These sensors exhibited a broad linear sensing range
with high potential stability without the formation of the water
layer due to the hydrophobic characteristics of the electrode.
The outstanding properties can be attributed to the double-
laser treatment of the graphene surface, resulting in facile elec-
tron transfer kinetics, high surface porosity, and superior
conductivity.?®%°  Additionally, Gomes and co-workers®®
employed a double-laser process to produce hydrophobic
laser-induced graphene, which was coated with an ion-selec-
tive membrane to form an SC-ISE for the detection of NO;™.
The proposed ISE exhibited a low LOD (6.01 + 1.44 pM), and
the performance remained almost stable over a period of 5
weeks. The application of different types of graphene and
CNTs as a transducer layer in SC-ISEs is well developed for a
wide range of target analytes. However, their high costs and
tedious preparation procedures become barriers in the further
advancement of these SC-ISEs. Therefore, cost-effective
carbon-based nanomaterials with similar physical and chemi-
cal properties to those of graphene and CNTs were investigated
to circumvent these limitations.

Other nanocarbons

3DOM carbon or other forms of nanoporous carbon consist of
a large amount of pores providing a high surface area and
capacitance, which lead to long-term stability in the design of
SC-ISEs.”* As a solid contact, 3DOM carbon has demonstrated
strong capabilities in ISEs due to its high electroactive surface
area.”®®* Biithlmann and Stein et al.>® pioneered the investi-
gation of 3DOM carbon in ISEs by using well-ordered intercon-
nected macro-porous carbon as the solid contact. The gener-
ated intermediate layer stabilized the potential difference
between the metallic conductor and polymer-based ion-selec-
tive membrane for K* detection. Su and Liu et al.°*> developed
K' ISEs using spherical mesoporous carbon as a solid contact,
resulting in an extended linear range (10~*'°-107*' M), low
LOD (5.4 pM), and a stable Nernstian response, which could
be attributed to its uniform spherical structure with a meso-
porous network, high capacitance, and good conductivity.
Three steps were required for the preparation of ordered meso-
porous carbon spheres, which made the preparation process
tedious, while the high potential stability with a potential drift
of 3.33 + 0.58 pV s~ ' showed a notable advancement in the
development of potentiometric sensors. Zhong and Niu et al.”®
compared the performance of nitrogen-doped mesoporous
carbon (NMC) with that of reduced graphene oxide (RGO) and
CNTs for the preparation of Ca®>" SC-ISEs. Fig. 3A and 4B
shows a scheme of the SC-ISE structure and SEM images of
the three carbon nanomaterials, respectively. The chronopo-
tentiometric results indicate that the NMC-based SC-ISE
exhibited the highest capacitance (Fig. 3C), which made it
advantageous for the detection of Ca** in mineral water and
soil leaching solutions.”®

Nanostructured carbon black is a cost-effective nano-
material that can be obtained through straightforward manu-
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Fig. 3 (A) Schematic diagram of SC-ISEs based on NMC, RGO, and
CNTs. (B) SEM images of NMC, RGO, and CNTs. (C)
Chronopotentiometric curves obtained for the NMC-based, RGO-
based, and CNT-based SC-ISEs for the detection of Ca2*.°¢ Copyright
2022, MDPI.
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Fig. 4 (A) The process of preparing a home-made TMA sensor for vagi-
nosis analysis. (B) A SEM cross-section image of the membrane coated
TMA sensor (scale bar is 50 pm). (C and D) Photographs of the sensor
depicting its portability and size.2°? Copyright 2023, MDPI.

facturing approaches and further modified to increase its
surface area.””*® It has been successfully employed as a solid
contact in ISEs due to its high porosity, good conductivity,
hydrophobicity, and inert nature. Paczosa-Bator first developed
an SC-ISE based on carbon black for determining K*.°° In a
recent study, Michalska et al.'® introduced a simple method
to prepare a 3D-drawn substrate using a 3D pen containing
carbon black/polymer for the preparation of disposable ISEs.
This process enables electrodes to be made with desirable
shapes and high device-to-device reproducibility. Moreover,
carbon black has been explored to produce paste electrodes for
ISE applications. Paczosa-Bator et al'®' recently proposed a
paste electrode consisting of carbon black, ruthenium,
iridium, and poly(3-octylthiophene-2,5-diyl) to monitor NO3~
in soil. The obtained results were close to the Nernst equation
and showed a negligible response to interfering ions such as
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Cl~, CH,CO00™, SO,>7, and HPO,>~, making this method suit-
able for analysing real samples. Furthermore, Mousavi and co-
workers'®* developed a home-made SC-ISE for the rapid detec-
tion of trimethylamine (TMA) using a carbon black cotton
string and a TMA selective membrane, which could be applied
for the clinical diagnosis of bacterial vaginosis. Fig. 4 shows
the main steps for preparing the TMA sensor, its morphologi-
cal image, as well as photos of the portable sensing device.
Carbon black has also been used as a solid contact in SC-ISEs
for the determination of Na*, K", NO; ™, and acetylcholine,'®* '
exhibiting a Nernstian response with low LODs.

Additionally, hollow carbon nanospheres were used as the
solid contact to significantly enhance the ion-to-electron trans-
duction between the conductive substrate and the ion-selective
membrane for the monitoring of Ca**.'°® The hydrophobicity,
high surface area, and unique hollow structure of carbon
nanospheres as a solid contact are the main reasons for the
enhancement of ion-to-electron transduction. Carbon nano-
horns,"'® carbon nanofibers,""'"*> and graphdiyne oxide''?
were also employed as the ion-to-electron transducer in ISEs
for the detection of Ca®>*, Pb®>", moxifloxacin, and K, which
achieved good potential stability and sensitivity (close to a
Nernstian response). Pretsch et al.''* applied redox-active and
lipophilic fullerene, which is a spherical form of carbon com-
posed of carbon atoms arranged in a network of hexagonal
and pentagonal rings,"*>'® for the preparation of an SC-ISE
via self-assembly. They obtained Nernstian responses to K"
with a linearity down to 10™° M, without the O, interface
alongside high stability."** However, in recent years, the appli-
cation of fullerene in ISEs has significantly decreased due to
the rapid development of state-of-the-art nanomaterials that
exhibit higher performance and lower cost for potentiometric
ion sensing.

Metal-based nanomaterials

Metal/metal oxide materials are widely utilized in SC-ISEs to
enhance charge transport characteristics, mechanical stability,
and electrical conductivity’*®'?° due to their high conductivity
and large surface area. Among various metal nanomaterials,
silver nanoparticles have attracted considerable interest, since
they exhibit anti-biofouling properties, a high electron trans-
port rate and a large specific surface area. As a result, they
could be applied as a component in the transducer layer of the
solid contact'*! and as the surface modifier of the ion-selective
membrane to provide the anti-biofouling feature.'** Silver
nanoparticles have a prominent antibacterial property to elim-
inate microorganisms, making them promising for detecting
ions in biological samples under harsh environments. Another
attractive metal nanomaterial used in SC-ISEs is gold
nanoparticles,>'?* first proposed by Michalska and co-
workers."* It was found that gold nanoparticles with a longer
alkyl chain ligand (Au@C8) improved the selectivity of the
SC-ISE. Subsequent reports also highlighted that gold nano-
clusters served as effective transducers in the design of high-
performance SC-ISEs.>*’*** Gold nanomaterials have been suc-
cessfully employed to immobilize ion recognition components

This journal is © The Royal Society of Chemistry 2024
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such as ionophores,'?® bio-receptors,'”” and aptamers'*® to
increase selectivity. Due to the excellent electrical properties,
biocompatibility, biochemical activity, and multi-functionality,
gold nanoparticles find wide applications in potentiometric
biosensors."**'*® Zhang and co-workers'*® developed a multi-
calibrated urea potential sensing array with three main parts,
namely, a urea electrode group, a reference channel, and a pH
electrode group. The pH electrode group contains a calibration
channel, and the basic potential of sensing channels could be
adjusted using the respective calibration channels. The urea
electrode group consists of a sensing channel and Au@urease
nanoparticles were applied as the sensing material to increase
the stability of the sensor. The pH electrode group could
measure pH values and calibrate the response slope of the
urea electrode cluster using the calibration coefficient. Fig. 5A
(a) illustrates the preparation process for the multicalibration
urea potential detection array (b) and Au@urease nano-
particles. In addition, bimetallic nanoparticles composed of
two metals such as Au-Ag and Ni-Pt exhibited unique pro-
perties as electrochemical catalysts due to the high surface
area, synergetic effects, and high catalytic activity.*®'3!7133
Transition metal nanoparticles were also developed as the
sensing membrane or solid contact to improve the potential
stability, reproducibility, response time, and lifetime due to
large surface areas and multiple oxidation states."**™'*°

Nanoporous metal materials have attracted considerable
interest for the development of SC-ISEs due to their numerous
interconnected nano-sized cavities that can provide a large
area for ion interaction and adsorption.’®”**° For example,
nanoporous gold film and platinum oxide were used widely as
the solid contact in ISEs, which demonstrated high potential
stability with a short response time.'*°** The impact of
different types of metal oxide nanoparticles as the solid
contact, including zinc oxides, iron oxides, and copper oxides,
on the sensing performance of ISEs for K' detection was
studied by Wardak et al.'*° It was found that the integration of
metal oxide nanoparticles into the electrode enhanced its per-
formance, particularly in terms of electrical parameters and
potential stability; this could be attributed to excellent electro-
chemical activity and a high surface-to-volume ratio. In
addition, the best performance was achieved by using zinc
oxide nanoparticles, with a low LOD (3.66 x 10°° mol L"), a
fast response time (4-6 s), and sustained functionality over
5 months. The superior characteristics of electrodes utilizing
zinc oxide nanoparticles might be attributed to greater hom-
ogeneity. A graphical depiction of the modification of a glassy
carbon electrode (GCE) with metal oxide nanoparticles and a
membrane, alongside a SEM image of the zinc oxide nano-
particles and calibration curve for the zinc oxide electrode, is
shown in Fig. 5B.

Recently, MOFs consisting of metal ions or clusters co-
ordinated with organic ligands to form an ultra-high porous
structure'**'** have been highly favored for the development
of SC-ISEs. Mirica et al.'*> proposed an SC-ISE using a conduc-
tive MOF as the ion-to-electron transducer. This electrode was
prepared by modifying a GCE with MOFs through drop

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 (A) A graphical depiction of the preparation process of (a) a
sensing array of multicalibrated urea potential, and (b) Au@urease nano-
particles.’®® Copyright 2022, ACS publications. (B) Schematic illustration
of the modification process for a GCE with metal oxide nanoparticles
and membrane, alongside a SEM image of zinc oxide nanoparticles and
calibration curves of unmodified and different metal oxide nanoparticle-
based-ISEs (ZnO, CuO, and Fe,O3z) in KNO3z solution over the concen-
tration range of 1 x 10781 x 107! mol L™ after two months of measure-
ments.*?° Copyright 2022, Elsevier.

casting, followed by modification of a K or NO®~ selective
membrane. The ISE showed a very good performance close to
Nernstian behavior (54.1-58.2 mV s') with a satisfactory
signal stability (15 + 1 pV s™') and a wide dynamic range span-
ning from millimolar to nanomolar concentrations for the
detection of K" and NO; ™. Recently, Asadnia and co-workers"*®
investigated the impact of using Ni-HAB MOFs as the ion-to-
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electron transducer in an SC-ISE for the detection of Li'. It was
found that the capacitance of the sensor was raised by increas-
ing the thickness of MOFs, which led to long-term stability
with a 1.15 x 107® mV h™" drift over 12 h. In principle, the
high capacitance of the ion-to-electron transducer layer helps
to prevent polarization due to a minimal electrical current,
resulting in a quicker and more stable response.'*® Although
the low electrical conductivity of MOFs may limit their appli-
cation in SC-ISEs, their high proton conductivity and compat-
ibility with highly conductive materials enable the develop-
ment of effective nanocomposite-based solid contacts.
Moreover, their interconnected and tunable pore sizes make
them promising candidates as solid contacts or ionophores for
the preparation of SC-ISEs."*" >

Recently, Fouad et al.*>* synthesized Mullite nanoceramics
using the sol-gel method; these were used as ionophores in
carbon paste of ISEs for the detection of Cd*>". The mechanism
of action was based on ions binding to the surface of the elec-
trode containing Mullite nanoparticles. Since the mesoporous
structure of Mullite significantly speeds up electron transfer
processes, this work can be considered a good example of the
high potential of porous nanomaterials for ionophore prepa-
ration. Chen, Ge et al.'*® developed a portable Ca®" ISE by
using phenylboronic acid-functionalized nanometer-sized
CaCO; particles as the recognition and signal elements for
monitoring carcinoembryonic antigen glycoprotein. In order
to maintain the bioactivity, the carcinoembryonic antigen apta-
mers were immobilized on the Au substrate. In addition,
phenylboronic acid-functionalized nanometer-sized CaCO;
enhanced the storage stability by facilitating the retention of
organoboron-conjugated nanomaterials and aptamers on the
Au substrate.

Polymer-based nanomaterials

Nanosized conductive polymers used as the ion-to-electron
transducer layer have broadened the applications of ISEs by
improving their sensing performance.”®'>* For example,
Yehia et al."® developed an SC-ISE for flunitrazepam determi-
nation in beverages using poly(3,4-ethylenedioxythiophene)
nanoparticles, which generated a conductive and hydrophobic
polymer layer on the electrode surface to achieve good selecti-
vity and a low detection limit. Zhang and co-workers'>®
employed poly(3-octylthiophene-2,5-diyl) and carbon black as
the transducer in an SC-ISE to improve the sensitivity for the
detection of K'. Various polymeric nanofibers such as poly(3,4-
ethylenedioxythiophene) have been used in SC-ISEs as a com-
ponent of the solid contact for the detection of Pb>".'*’
However, the impact of pH on the sensing performance of this
material, which is one of the important parameters for practi-
cal applications, was not reported in this work. Shaban
et al."*® prepared an m-cresol nanopolymer-based electrode for
the potentiometric sensing of Pb**, which showed a good
Nernstian response, low detection limit (1.0 x 10~ M), high
selectivity and good stability under ambient conditions.
Michalska et al.'* reported modified polyvinylidene fluor-
ide nanofibers with bis(2-ethylhexyl)sebacate as a receptor for
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K" detection. The thickness of the ion-selective layer was below
10 nm, but the electrolyte diffusion coefficient for the nano-
fiber phase was estimated to be 107*° cm? s™*, which was con-
siderably lower than the values typically associated with ion
transport through traditional poly vinyl chloride (PVC)-based
membranes. This could be related to the effect of air trapped
in the pores of the nanofiber mats, which hinders the pene-
tration of this phase by water, indicating that the rate limiting
step in this process is filling the nanofiber mat pores with
electrolyte.

Among various types of polymer nanomaterials, polyaniline
(PANTI) is more favourable for the design of high-performance
ISEs owing to its high conductivity, environmental stability,
low cost, versatile production methods along with simple
setup.’®*'® In addition, it was found that the morphology of
PANI had a significant effect on the sensing performance of
SC-ISEs.'®**'% For instance, 3D PANI nanowire arrays (NWA)
used as the ion-to-electron transducer layer offered a better
performance, including faster response (approximately 1 s)
and lower detection limit (2.5 x 10~® M) for the selective detec-
tion of Pb**, than PANI micro-/nanowire networks (MNWN)
and micro-/nanosheets (MNS)."*® This performance can be
attributed to the high double-layer capacitance and enhanced
diffusion of Pb*>* through the transducer layer due to the open
structure of nanowire arrays, as shown in Fig. 6A and B."*°

B @ Pb
ppz Pb* @ e
Sample solution «— Pb*
A ClO,

Pb*-ISM < R : Mobile site

= Ee e Ee e e
Rl et e e e e
& { i A: 107 M Pb(NO,),
E = 1 B: 0.1 M NaCl
= A

¥ GC/Pb™"-ISE
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—— GC/PANI- MNWN/P*"-ISE
------ GC/PANI- MNS/Pb’"-ISE
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Fig. 6 (A) SEM images of PANI-NWA (a), PANI-MNWN (b), and
PANI-MNS (c) deposited on a glassy carbon electrode by direct electro-
deposition. (B) Sensing mechanism for a NWA-based ISE. (C) Potential
curves of different Pb?*-ISEs in 10™> M Pb(NOs), for 3 h, 0.1 M NaCl for
3 h, and then 107> M Pb(NOs), again for 12.5 h.'®® Copyright 2021,
Elsevier.
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Fig. 6C compares the stability of the potential response of the
various Pb*" ISEs, indicating that the potential drift signifi-
cantly decreased by introducing PANI micro-/nanomaterials.
Furthermore, the PANI-NWA can inhibit the formation of the
water layer most efficiently due to its hydrophobic character,
as observed in the water contact angle measurement.
Additionally, PANI nanoparticles and nanofibers were utilized
as the solid contact of ISEs, which achieved fast and stable
Nernstian responses for the sensing of flucarbazone herbicide,
cr*f, Cr®, NH,", NO;™, alcaftadine, and cephalosporin,¢%67717°
In general, nanostructured polymers have good flexibility and
elasticity, besides the typical properties of nanomaterials,
making them promising candidates for the development of
wearable and stretchable SC-ISEs in real-time analysis.

Nanocomposites

In recent years, the development of nanocomposite materials
with a synergetic effect to maximize the sensing performance
of SC-ISEs has attracted increasing interest. For example, the
CNT-polymer nanocomposite is a typical material used in
SC-ISEs to increase mechanical stability, alongside flexibility
and conductivity.'”"'”* Paczosa-Bator et al.'’® reported the
construction of super-hydrophobic nanocomposite layers con-
sisting of MWCNTs, carbon black, poly(3-octylthiophene-2,5-
diyl), and hydrous iridium dioxide for K' determination.
Michalska and co-workers'”* developed the MWCNT-poly(3-
octylthiophene-2,5-diyl) (POT) nanocomposite as a transducer
layer to promote the sensing performance of the electrode for
the detection of K'. The MWCNTSs were well dispersed by POT,
which eliminated the use of a surfactant as a stabilizer.
Additionally, the undesired partitioning of POT to the mem-
brane phase was prevented, which led to the high potential
stability of the potentiometric sensor.

Ni,O3/RGO nanocomposites exhibit high electrochemical
performances as a transducer element for the sensing of NO;™
due to the synergistic effect between RGO and Ni,O; nano-
structures.’”” Generally, the combination and interaction of
the components play a major role in nanochannels, leading to
an attractive sensing performance, such as good selectivity and
long-term stability.*>'’®'”” For example, graphene/PVC and
gold-CNT-gold nanocomposites were developed as a transdu-
cer material for the detection of tenofovir disoproxil fuma-
rate'’® and Na*,'”® respectively. Many studies reported that
CNTs were promising components in nanocomposites for
enhancing the analytical performance of the ISEs due to their
high aspect ratios and high functionalization ability.'”* 818
Recently, Hernandez-Varela et al.'®' developed an ISE based on
cellulose/MWCNTs as the transducer for detecting K'. The
homogeneous dispersion of cellulose aerogel (CA) and CNT
ink increased the electrical and conductive behaviour of the
ISE, and the resulting solid network exhibited good mechani-
cal properties. The ISE shows a near Nernstian response (52.04
+ 0.26 mV) with a linear range from 10~ to 10™" M, while the
LOD is 8.49 x 102 M, which is higher than that of many other
K" sensors. Additionally, a detailed evaluation of important
parameters such as long-term potential stability and capaci-
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tance was not provided. Fig. 7A shows a scheme of the poten-
tiometric cell and photos of the prepared K* ISE. The potentio-
metric response, the calibration plot, and preparation steps for
the cellulose-CNT nanocomposite aerogel are shown in
Fig. 7B, C and D, respectively. While using specific types of
nanomaterials like an aerogel could offer potential improve-
ments in ISEs, the LOD of the prepared sensor was 8.49 x 1073,
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Fig. 7 (A) Graphical representation of an ISE based on cellulose/
MWCNT nanocomposites as a component of a potentiometric cell with
accompanying photographs, (B) the potentiometric response time trace,
(C) calibration curve, and (D) graphical depiction of the preparation
steps for the nanocomposite, including the preparation of CA, addition
of CNTs (CAl), and incorporation of CNTs and NaDDBS ink to prepare
the functionalized aerogel.®! Copyright 2023, Wiley.
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which was higher than those reported in similar studies. Also,
the authors did not provide information on important para-
meters such as long-term potential stability and capacitance.

The application of MOF-based nanocomposites as a solid
contact has been on the rise in recent years, owing to their
high electrical conductivity, charge mobility, and surface
area.*”'®>'% or the same reasons, MOFs are also widely used
as a component of carbon paste in ISEs to improve their
sensing performance. For example, 2D Cu-MOF : tricresyl phos-
phate (TCP): graphite mixture in a ratio of 2.67:30.54:66.79
(wt/wt%) was prepared in the form of carbon paste for the
detection of Cu®, where graphite, 2D Cu-MOF, and TCP acted
as the matrix, the electroactive material, and the plasticizer,
respectively.'®® The results displayed Nernstian behavior with a
fast response time (3-5 s) and pH independency in real
samples, including red and mate tea, sesame seeds, human
hair, and tap water (non-drinking water).

In recent years, the development of flexible and miniature
SC-ISEs has been highly desirable to meet the increasing
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Fig. 8 (A) SEM images of the NiCAT nanowire array, along with a photo-
graph of a flexible and wearable ISE based on MOF nanowires aligned on
carbon nanotube fibers (CNTF), including their position in the sensor,
potential response, calibration curves, and typical real-time sweat moni-
toring.®2 Copyright 2022, Elsevier. (B) Graphical representation of the
miniaturized MOF-integrated solid contact, the sensor components, and
its sulfur mustard detection mechanism using a miniaturized portable
potentiostat for simulant analysis on a Bluetooth-interfaced smart-
phone.*® Copyright 2023, Elsevier.
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demand for wearable devices. Zhang et al®* synthesized a
nickel triphenylene-fused metal catecholate (NiCAT) nanowire
array on carbon nanotube fibers (CNTF) for the development
of a wearable SC-ISE for sweat sensing. Fig. 8A shows photo-
graphs of the attachment of the wearable sensor to the fore-
head, construction details and a schematic diagram of the
NiCAT@CNTF based ISE and RE in an electrochemical cell,
as well as SEM images of the NiCAT@CNTF material, indicat-
ing that MOF nanowires aligned the carbon nanotube fibers
as the transducer. This sensor exhibited a stable potential
response alongside a good calibration curve and real-time
sweat monitoring, as shown in Fig. 8A. The extremely high
double-layer capacitance (34.39 mF cm™>) of the solid
contact transducer can be attributed to the small contact
impedance and ordered porous structure of the nano-
materials. In addition, biomimetic zirconium MOF/polyviny-
lidene fluoride (PVDF) was used as the solid contact for the
detection of CI™.'®® The different components of the minia-
turized MOF-integrated potentiometric sensor, alongside the
sensor setup and portable potentiostat are depicted in
Fig. 8B. The miniaturized wireless electrochemical sensing
system demonstrates the high portability of the sensor,
making it suitable for real-time, on-site and remote detec-
tion of C1™.

Core-shell nanomaterials exhibit unique characteristics by
combining the properties of the inner and outer parts when
applied to ISEs."®”"'®® Kaushal and Singh et al."® developed a
highly selective core-shell nanocomposite electrode based on
boron doped graphene oxide-aluminium fumarate metal-
organic framework (BGO/AIFu MOF core-shell) for the detec-
tion of Br~, showing a close to Nernstian response at low con-
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Fig. 9 (A) Overview of a wireless all-in-one sodium sensor with a solid-
state ISE (SS-ISE) and a reference electrode (RF), attached to different
substrates. (B) Graphical depiction of the SS-ISE and RF, and the pro-
duction steps for the SS-ISE.}° Copyright 2021, Elsevier.
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“Standard potential, which is the potential recorded when the primary ion activity is set to 1.23%3
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centrations (1 x 107’-1 x 10~" M). The LOD and average slope
of the calibration curve were 7.1 x 10~% M and 54.53 + 0.15 mV
per decade change of concentration, respectively. Fullerene-
based nanocomposites, owing to the high compatibility of full-
erene with many materials, also serve as the solid contacts or
membranes in SC-ISEs."'”*°%'°! Over the past few years, a sub-
stantial number of studies on SC-ISEs focused on the explora-
tion of novel nanocomposites with tailored structures and fea-
tures as solid contact transducer layers or ion-selective mem-
branes for the sensing of various ions,'?>"67192719

Wearable SC-ISEs have attracted considerable interest for
the non-invasive and real-time monitoring of ions.
Nanocomposites have been proposed as fascinating candidates
for wearable sensors due to good biocompatibility and
mechanical stability with high flexibility on the skin’s surface,
and good ion-to-electron transduction.'®*® Recently, Doan
and co-workers'®® developed NH,*-ISEs based on gold-nano-
particles-reduced graphene oxide as an ion-to-electron trans-
ducer. The prepared sensor exhibited high potential stability
and a fast response time (<10 s) due to good hydrophobicity,
conductivity, and an increased double-layer capacitance at the
membrane/solid-contact interface (from 1.22 to 8.41 uF) due
to the AuNP-RGO transducer layer. The linear range and detec-
tion limit were 107°-10"> M and 3.80 x 10~° M, respectively,
without interference from light, carbon dioxide, oxygen, and
redox species. The potentiometric response of the sensor in
NH,CI solutions spanned the range from 10~ to 10> M, with
high potential stability and reversibility at low concentrations.
However, since the composition of the nanocomposites in the
solid contact was not characterized in detail, the mechanisms
associated with the synergistic effect of the materials on the
analytical performance were not well understood. A wearable
all-in-one SC-ISE was developed for Na' detection based on
nanocomposites of Au and CNTs (Fig. 9)."° As shown in
Fig. 9A, the Au/CNT/Au sensors and thin-layer circuits are fully
encapsulated within a soft and biocompatible silicone elasto-
mer membrane, which can be attached to different substrates.
Fig. 9B indicates the preparation process for the nano-
composite transducer composed of CNTs and Au nano-
particles, along with a schematic and SEM images. The pre-
pared nanocomposites exhibited an enhanced surface contact
area and improved signal stability, leading to a sensitivity of
55.5 + 0.3 mV per decade for Na’. Although it was observed
that the capacitance of the Au/CNT/Au electrode increased to
620.5 pPF as compared to 75 pF for the Au/CNT electrode and
2.4 pF for the Au electrode, studies on the transduction mecha-
nisms were not provided. The prepared thin electronic device
with a thickness of 2 mm is promising for manufacturing min-
iaturized and wearable sensors. In addition, as reported by
Bakker and Bobacka,>°®?°! thin layers, as a class of nano-
materials, could also be used as membranes due to fast
diffusion processes, despite some possible drawbacks such as
low robustness, limited lifetime, and potential leakage of
membrane components. Table 1 summarizes the sensing per-
formance of various nanomaterial-based SC-ISEs developed
over the past 5 years.
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Conclusions and perspective

In this study, we provide a comprehensive review of the recent
applications of various types of nanomaterials on SC-ISE
sensing platforms. Although nanomaterials have been
employed to enhance the properties of reference electrodes
and ion-selective membranes such as mechanical strength and
ionic selectivity, most of the reports focused on their utiliz-
ation as an ion-to-electron transducer in SC-ISEs, which have
been applied to detect various ions of environmental and bio-
logical interest. The unique nanostructures and high surface
area of nanomaterials provide enhanced functionalities and
interactions across interfaces of SC-ISEs; this makes them
superior to the bulk materials in terms of sensing performance
improvement. Among different types of nanomaterials such as
carbon-, metal-, and polymer-based materials, nanocomposites
with tailored compositions and structures have attracted
increasing attention in recent years due to their good compat-
ibility and high versatility, which can be attributed to syner-
getic effects in material combinations.

Although there has been a significant increase in the use of
nanomaterials for the development of high-performance
SC-ISEs over the past few years, the main challenges in this
field include: (1) lack of a fundamental understanding of the
structure-property—performance relationships for the rational
design of nanomaterials in various SC-ISE applications; (2)
poor reproducibility in sensor preparation because of the
complex routes for nanomaterial preparation; (3) variations in
sensing performance due to their high sensitivity to environ-
mental conditions; (4) the potential toxicity of SC-ISE sensors
that include heavy metals or engineered nanoparticles. Recent
progress has indicated that nanomaterials are promising can-
didates for SC-ISE applications, particularly in the develop-
ment of miniaturized, portable and wearable sensing devices
for water quality and health monitoring, while the above-men-
tioned problems need to be addressed for their commercialisa-
tion for practical applications. This requires interdisciplinary
efforts from various fields such as materials science, nano-
technology, sensor design and theory advancement.
Furthermore, calibration-free ISEs, which are pre-calibrated
when manufactured, offer fast measurements and user-
friendly properties in environmental and clinical analyses.
However, many of them have suffered from poor reproducibil-
ity and low stability due to potential variation and drift, result-
ing in low accuracy and reliability. Recently, advancements
have been made in terms of improving the preparation
methods and introducing innovative control measures. It is
worth noting that the integration of novel materials into
SC-ISE components is also a promising approach to address
this challenge.
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