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Ion-selective electrodes are a popular analytical tool useful in the analysis of cations and anions in environmental,

industrial and clinical samples. 
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1. Introduction

Ion-selective electrodes (ISEs) are sensors used in potentiometric measurements. They are also called membrane

electrodes due to the presence of an ion-selective membrane, which is one of the most important elements of each

ISE. Because of the presence of the ionophore in the membrane, the electrode is sensitive to changes in the

activity of particular ions in solutions . The development of ion-selective sensors began more than 100 years ago

when at the beginning of the 20th century, Cramer invented a glass electrode, which, for quite a long time (until the

1930s), was successfully used for analytical measurements. Haber and Klemensiewicz were also working on ISEs

at the beginning of the last century . Extremely important for potentiometry was the year 1966, when Frant and

Ross announced their pioneering discovery of the fluoride ion-selective electrode . Ion-selective sensors were

improved in subsequent years by researchers such as Bloch, Moody, Thomas, Bakker and Sokalski. However, the

breakthrough in the field of potentiometry came in 1971 when Freiser and Cattrall invented the first solid contact

ion-selective electrode (SC-ISE), which they called a coated wire electrode (CWE). It was the first ion-selective

electrode in which there was no internal solution. This completely revolutionized the field of potentiometry and

opened the way to a number of new construction possibilities . A brief history of ISEs is presented in Figure 1.
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Figure 1. A brief history of ISEs development.

Their discovery contributed to the development of SC-ISEs, which, compared to classical ion-selective electrodes,

have a number of advantages undoubtedly due to the elimination of the internal solution. As a result of this action,

the design of these electrodes has been simplified and downsized, and, consequently, the production costs of

these measuring instruments have been significantly reduced .

By comparing the differences in the design of classic ion-selective electrodes with a liquid contact and ion-selective

electrodes with a solid contact (Figure 2), it can be observed that SC-ISEs have an ion-selective membrane and

an inner electrode just like classical ISEs. SC-ISEs differ from classical electrodes because of the absence of an

internal electrolyte and the presence of solid contact in the form of an intermediate layer between the internal

electrode and the ion-selective membrane. The solid contact that is present in SC-ISEs provides the transport of

ions and the conversion of their signal into an electrical signal . It fulfills the functions of the internal solution in

classical electrodes, the presence of which forces the measurement in a vertical position and is the cause of

difficulties in the miniaturization of these electrodes.

Figure 2. Construction of liquid contact ion-selective electrode (1) and solid contact ion-selective electrode (2) (1—

inner electrode; 2—internal electrolyte; 3—holder; 4—solid contact layer; and 5—ion-selective membrane).
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The complete elimination of the internal electrolyte solution in the SC-ISEs enables not only the miniaturization of

these sensors but also often obtains a lower limit of detection (LOD) even to nanomole concentrations . This is

a consequence of the fact that in the absence of an internal electrolyte solution, there is no flow of ions from the

internal solution (containing usually a high concentration of these ions) through the membrane into the sample

solution. In addition, the lack of an internal solution eliminates the operations related to it: the problem of its

leakage, the presence of air in the electrode and the need to work in a vertical position. SC-ISEs show greater

mechanical resistance. This is due to the fact that the membrane of the electrodes with solid contact is usually

thicker and placed on a hard surface. This makes them easier to store and transport, which is especially important

for field measurements. . The electrodes are easy to obtain in small sizes and in any shape. This allows the

construction of multi-sensor measurement platforms, e.g., electronic tongues  or wearable sensors in the form of

wristbands or elements of clothing . The most common disadvantage of SC-ISEs is insufficient potential stability

related to inadequate mutual adhesion of the used materials  and the formation of an unfavorable water layer

between the membrane and the inner electrode .

2. Constructional Variants of Anionic Ion-Selective
Electrodes

The most important component of any ion-selective electrode is the ion-sensitive membrane. The most important

component of the membrane from the point of view of electrode operation is the ionophore, which gives it

sensitivity and selectivity to a specific ion. The material used as an ionophore should selectively bind a given ion in

the membrane environment. In the case of anion-sensitive electrodes, three types of membranes can be

distinguished: polymeric membranes based on PVC, crystalline membranes composed of insoluble salts of the

determined ion and composite membranes containing the active ingredient combined in various ways with other

materials. Polymeric and crystalline membranes are still used in classic liquid-contact electrodes; however, a much

larger group includes a variant of electrodes without internal electrolyte solution called all-solid-state ion-selective

electrodes (ASS-ISEs). In recent years, they have become, among ISEs, one of the most studied groups of

analytical measuring instruments. Depending on their construction, ASS-ISEs can be classified as follows:

CWE, CDE—a coated wire/coated disc electrode, which was originally a platinum wire coated with a layer of

PVC membrane. CWEs/CDEs are created by applying, for example, a polymer membrane or crystal membrane

on a wire/disc used as the inner electrode. Such sensors are now rarely used. In publications, they are studied

as a comparative system to assess the effectiveness of solid contact or modification of the membrane

composition.

SC-ISE—solid contact ISE is a type of electrode in which an intermediate layer of material, generally called solid

contact, is introduced between the ion-selective membrane and the inner electrode. Conductive polymers,

carbon nanomaterials, metal and metal oxide nanoparticles and composite materials are most often used as

intermediate layers.
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SP-ISE—a single-piece ion-selective electrode with a membrane in which the modifying material is dispersed or

dissolved. An ion-selective electrode is created by depositing a membrane cocktail of conductive polymers or

other conductive materials, e.g., carbon nanotubes, onto a surface that is usually a glassy carbon electrode 

. Carbon paste ion-selective electrodes can also be included in this group of electrodes in which the active

component of the membrane is mixed with graphite powder and binder material, and the mixture is packed in

the sensor holder with an internal electrode placed inside (often a copper wire). In order to improve their work,

the composition of the paste electrode membrane is also modified by the addition of various materials, which

are often carbon nanomaterials. A comparison of the construction of different ASS-ISEs electrodes is shown in

Figure 3.

 

Figure 3. A comparison of the construction of CP-ISE, SP-ISE and SC-ISE electrodes.
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All-solid-state constructions, except CWEs and CDEs, provide a reduction of potential drift and improve stability as

well as reproducibility of the potential. The additional solid contact materials and conductive materials used for

membrane modification increase the electrical capacitance and improve the ion-electron conductivity. To achieve

these goals, a system with solid contact must fulfill three important conditions, which have been defined by Nikolski

and Materov: (1) The current passing through the sample during the measurement should be significantly lower

than the exchange current, which should be characterized by high values. (2) The chemical indifference towards

the other interferents present in the sample—there must be no side reactions taking place alongside the main

electrode reaction. (3) The equilibrium of the ion-electron conductivity should be reversible and stable .

Two of the most disadvantageous properties of CWEs and CDEs are their weak reproducibility and stability of the

potential. Besides this, the formation of an aqueous layer between the ion-selective membrane and the internal

(“lead”) electrode is a fairly common problem, which in turn results in the generation of a higher potential drift and a

shorter electrode lifetime. This problem can be significantly minimalized by the above-mentioned modifications. In

this case, the hydrophobic materials prove to be very suitable.

3. Research Methods Used to Assess New ISEs

Newly developed ion-selective electrodes are subjected to numerous tests to determine their parameters and

assess their analytical usefulness. The basic measurements carried out in each case include the production of a

calibration curve from which the LOD, measuring range and slope of the characteristic are determined. Equally

important are the selectivity tests consisting of determining the values of selectivity coefficients towards interfering

ions. These measurements are absolutely necessary when a new active substance is introduced into the electrode

membrane. The most commonly used methods for determining selectivity coefficients are those recommended by

IUPAC, i.e., the separate solution method (SSM) and the fixed interference method (FIM) .

In order to check the effectiveness of the introduced electroconductive materials in the form of an intermediate

layer or as a membrane component, the potential drift tests are performed: the potential change under zero current

conditions and the estimated E  potential stability in time . Chronopotentiometry and electrochemical impedance

spectroscopy measurements also provide valuable information in this area as they make it possible to determine

the electrical capacitance of the electrodes and their resistance, which significantly influence the stability of the

electrode potential . Water layer tests are also performed according to the procedure proposed by the

Pretsch group .

4. Ion-Selective Electrodes Sensitive to Nitrates Ions

The monitoring of nitrate ions is very important, which is why new tools are being developed to make their

identification more accurate and simple. Determining the concentration of nitrate ions is crucial because an excess

of nitrates in the human diet is harmful to health and can cause, for example, problems with the cardiovascular

system and dysfunction of the intestines and the rest of the gastrointestinal system. It can also lead to pathological
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conditions such as cancer. The researchers have collected 19 nitrate ion-selective electrodes that were developed

over the past five years. Almost all of the nitrate electrodes were solid contact electrodes, with the exception of two

that had liquid contact.

For the determination of nitrates, a few groups of scientists proposed electrodes with a solid contact, which had

TDMAN (tridodecylmethylammonium nitrate) as the ionophore. They were different from each other, for example, in

the inner electrode and material of the intermediate layer. In article , the structure of the electrode was

developed by using screen-printing technology, in which the working electrode was a graphite electrode deposited

from a graphite-based ink, was described. Graphite was used as the transducer layer due to its stability, as well as

its good conductive and hydrophobic properties. The slope of the characteristic of −55.4 mV/decade slightly

deviated from the Nernst value, and the obtained linearity range for the tested microelectrode was not very wide

(2.9 × 10 –1.7 × 10  M). The limit of detection was quite high, so measurements of low concentrations could be

problematic. The advantage of this electrode is its good repeatability.

The second electrode with TDMAN as the ionophore was described in the publication , where the ISE based on

hydrophobic laser-induced graphene (LIG) as an intermediate layer was presented. The hydrophobic LIG was

created using a polyimide substrate and a double lasing process. A study using the XPS (X-ray photoelectron

spectroscopy) technique was carried out to check the composition of the LIG, and the static contact water angle of

135.5 ± 0.7° was determined. The slope of the characteristic equaled −58.17 mV/decade and was much closer to

the Nernst response in comparison to the electrode described as the first. The ranges of the linearity were

comparable, but the detection limit extended to micromole values, which was a significantly better result. This

electrode was successfully applied in the monitoring of surface water quality.

The authors of another work  proposed a novel electrode in which a new nanocomposite consisting of poly(3-

octylthiophene) and molybdenum disulfide (POT-MoS ) was used as the intermediate layer. A gold electrode (AuE)

was used as the basic electrode. The SC-ISE exhibited an over-Nerstian response, while the other parameters

were comparable to the ISEs described above. The parameters of the nanocomposite-modified electrodes were

not remarkably different from those for ISEs based on MoS  or POT. Nevertheless, the combination of POT-MoS

gave the best results, i.e., the slope, LOD or potential stability. An additional advantage of the newly proposed

composite is its high hydrophobicity and redox properties. By replacing the membrane, this electrode can be used

for the determination of other ions, i.e., potassium, phosphate or sulfate ions.

Subsequent electrodes having the same type of ionophore—TDMAN—were presented in the work . In the

publication , the solid contact ion-selective electrodes with different types of transducer layers (TLs) were

described. The TL was constituted by polyaniline nanofibers doped with Cl  (PANINFs-Cl ) or NO  (PANINFs-

NO ) ions (the chemical formulas are shown in Figure 4). Several variations of electrodes were prepared using

the polymer conductor—it was used as a suspension dropped directly onto the surface of the inner electrode,

which was GCE (glass carbon electrode), and as a component of a membrane cocktail, where it occurred in

different amounts (0.5%, 1%, 2%). All polyaniline nanofiber-modified electrodes had better parameters than the

unmodified electrode. Electrodes with PANI nanofibers doped with Cl  ions had a wider range of linearity and a
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lower detection limit than those where PANINFs were doped with NO . On the other hand, the second ones

exhibited a slope closer to the Nernst slope of −57.8 mV/decade. ISEs with both types of nanofibers did not show

potential sensitivity to changes in pH in a very wide range. Furthermore, these types of electrodes showed

excellent stability and potential reversibility and also had a lower membrane resistance value and a higher value of

double-layer electrical capacitance relative to the unmodified electrode. These electrodes were successfully used

to determine nitrate ions in real environmental samples, i.e., drinking, river and groundwater.

Figure 4. The structure of polyaniline doped with chloride (a) and nitrate (b) ions .

The same type of ionophore was also presented in the article , where a miniaturized version of the ion-selective

electrode was presented in which the solid contact was mesoporous black carbon (MCB) and the conductive

electrode was a silver wire placed in a glass capillary. MCB provides good ion-electron conductivity and, in

addition, has a large specific surface. An additional advantage is its high availability and low price. The addition of

MCB significantly stabilized the electrode’s response, ensuring adequate double-layer capacitance and decreasing

the resistance more than a hundred times over coated wire electrodes. In comparison to electrodes described in

the work of , these ISEs had a lower slope of −54.8 mV/decade, an order of magnitude more narrow range of

linearity and a similar detection limit. Undoubtedly, the disadvantage of this electrode is its relatively short lifetime

oscillating around 20 days. By comparing the electrodes proposed in the publications , it is clearly preferable

to incorporate modifications such as PANINFs rather than MCBs.

Also, in the paper , for the determination of nitrate ions, an electrode in which TDMAN performed the function of

the ionophore was proposed. The inner electrode was a screen-printed carbon electrode (SPCE), on whose

surface cobalt (II, III) oxide nanoparticles (Co O NPs) were deposited, and acted as an ion-to-electron transducer.

The solid contact was examined in terms of morphology and physical properties using XRD, EDS (energy-

dispersive X-ray spectroscopy), SEM (scanning electron microscope) and TEM (transmission electron microscopy).

Novelization of the electrode structure with hydrophobic Co O  nanoparticles prevented the formation of an

aqueous layer and improved its response in relation to ISE without a Co O NP layer. This electrode also exhibited

a good slope of −56.8 mV/decade, as well as a low limit of detection of 1.04 × 10  M. According to the EIS

spectra, a reduction of membrane resistance was observed for the electrode modified with oxide nanoparticles. As
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was confirmed by comparing the results of SC-ISEs and spectrophotometer determinations, this electrode is

certainly suitable for the analysis of various types of water samples.

The subsequent two electrodes were based on a glassy carbon electrode using polypyrrole (PPy) doped with NO

ions as the ion carrier. The electrodes differed in their solid contact layer, which, in the case of the electrode

presented in the publication , was a pericarpium granati-derived biochar (PGCP) activated with phosphoric acid.

PGCP was applied together with PPy, forming a bilayer membrane. Based on morphological studies PGCP was

found to have a porous structure and, on the basis of the EIS measurements, also a low resistance, which

translates into the possibility of using it as a transducer material for the charge transfer. In the second article, a

double-layer structure consisting of gold nanoparticles (AuNPs) (solid contact) and a conductive polymer PPy-

NO  (ion-selective membrane) was successfully used . AuNPs solid contact layer and nitrate-doped polypyrrole

molecularly imprinted polymer membranes were prepared by electrodeposition. Both of these electrodes had a

slope that deviated from the ideal Nernstian slope and respectively amounted to −50.86 mV/decade for PGCP-ISE

and −50.4 mV/decade for AuNPs-ISE. For the PGCP-modified electrode, the linearity range was in the range of 1.0

× 10 –5.0 × 10  M and the LOD was 4.64 × 10  M, which is very similar to the results obtained for the gold

nanoparticle-modified electrode, where the LOD was an order of magnitude higher. A positive aspect of the

electrode, with solid contact in the form of AuNPs, is the favorable result of the aqueous layer test because no

potential drift towards higher values of potentials was observed for this electrode compared to the unmodified

AuNPs electrode. Finally, both the PGCP- and AuNPs-modified electrodes exhibited excellent long- and short-term

stability and significantly better electrical parameters than the unmodified electrode. The PGCP-ISE was also

successfully used for the determination of nitrates in samples from Shenzhen OCT wetland and laboratory

wastewater with 4% RSD.

In publications  are presented electrodes that were connected by the presence of the same ionophore,

which was nitrate ionophore VI. The ISE described by  was developed using screen-printing technology by

applying inkjet printing gold onto the substrate, thereby forming a screen-printed gold electrode. Afterwards, the

entire sensor was secured with Teflon tape and the membrane containing the ionophore was applied. The

parameters of this potentiometric sensor were determined, i.e., the slope of the characteristic −54.1 ± 2.1

mV/decade and the linearity range between 1.0 × 10  M and 1.0 × 10  M. The water layer test was carried out

with positive results. Unfortunately, the LOD for the obtained electrode was not included in the publication, and the

electrical parameters were not determined.

Another article  described an SC-ISE that was produced by applying a membrane mixture containing varying

amounts of PTFE (poly(tethrafluoroethylene)) (0%, 2.5%, 5%. 7.5%, 10%) onto a screen-printed electrode. The

best results were obtained for an ISE in which PTFE constituted 5% of the membrane cocktail. This electrode was

characterized by a slope of −58.0 mV/decade, which unfortunately reduced to −35.0 mV/decade after 20 days of

measurements, which means that the lifetime of this electrode is not long, and further studies are required to

eliminate this drawback.
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The last discussed electrode using nitrate ionophore VI is an SC-ISE based on the gold electrode (AuE) and thiol-

functionalized reduced graphene oxide (TRGO) as solid contact material, which was used for the first time in this

role . This electrode was characterized by an almost Nernst response as the slope equaled −60.0 ± 0.5

mV/decade. The range of linearity of the described ISE was similar to electrodes possessing the same type of

ionophore. An additional advantage of this SC-ISE is the low detection limit reaching micromole values and the

wide working range of pH 2.0–10.0. Moreover, the use of TRGO improved the potential reversibility, which

indicates that reduced graphene oxide performs well in the solid contact function due to its good conductivity. In

addition, according to the EIS tests, the membrane resistance values of the electrode with TRGO are lower than

those for the unmodified electrode. The aqueous layer test came off satisfactorily as no potential drift was

observed. After improving the stability of the electrode in real samples, it will be possible to use it for the

determination of ions in blood samples.

A new ionophore as the active ingredient in an ion-selective membrane used in the construction of nitrate(V) ion-

selective electrodes was proposed by the researchers' group in the publication . In the construction of SC-ISEs,

a cobalt(II) complex with 4,7-diphenyl-1,10-phenanthroline (Co(Bphen) (NO ) (H O) ) was used, which performed

very well in this role and cooperated with the Ag|AgCl inner electrode. Trihexyltetradecylphosphonium chloride was

selected as the ionic component of the membrane, which provided a constant concentration of chloride ions and

represented a reversible redox system with the internal electrode Ag/AgCl/Cl-(silver/silver chloride

electrode/chloride). A satisfying electrode response was obtained for this ISE, which was characterized by a slope

of −56.34 mV/decade, a linearity range of 1.0 × 10 –1.0 × 10  M and an LOD lower than the micromole value.

The electrode exhibited a constant potential over a wide pH range of 5.4–10.6. Furthermore, the reversibility of the

potential and its drift were at a very satisfactory level. This electrode was successfully applied to the determination

of the concentration of NO  ions in tap, mineral and river water samples with reproducibility close to 100%. The

same ionophore was used in an ion-selective electrode based on a glassy carbon electrode . A nanocomposite

consisting of multi-walled carbon nanotubes and the ionic liquid trihexyltetradecylphosphonium chloride (THTDPCl)

was proposed as a solid contact and used as a membrane component. Various composites obtained from

MWCNTs differing in structure were tested. The electrode with a nanocomposite containing nanotubes

characterized by the highest porosity and homogeneity of the structure showed the best performance. In

comparison to the previous electrodes with the same ionophore  based on Ag/AgCl/Cl, the electrode with a

nanocomposite achieved a better slope closer to Nernst’s value, which was −57.1 mV/decade, a lower detection

limit of 5.0 × 10  M and a linearity range that was an order of magnitude larger, as well as a wider working pH

range. Interestingly, the addition of the nanocomposite directly to the membrane did not cause the redox sensitivity

of the electrodes. Moreover, this simultaneously increased their hydrophobicity, so that no water film formation was

observed between the membrane and the inner electrode in these SC-ISEs.

The ionophore in the form of TDANO  (tetradecylammonium nitrate) was used both in a nitrate ion-selective

electrode with a solid contact  and a liquid contact . In the solid-contact electrode, the leading electrode was a

screen-printed carbon electrode, and the solid-contact layer was a reduced graphite oxide aerogel (rGOA) . A

Nernst response of −59.1 mV/decade, a linearity range of 0.1 M to micromoles and a detection limit of 7.59 × 10

M were obtained. With success, this electrode was used for the determination of NO  ions in perilla leaves, where
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the results achieved by ISE were compared with chromatographic results. In the case of liquid contact, the inner

electrode was one of the more commonly selected Ag|AgCl electrodes and the inner electrolyte—solution of 0.01 M

KNO  or 0.001 M KCl . There is no doubt that the team carrying out the study on SC-ISEs succeeded in

improving the parameters obtained for the competing electrode with LC. The slope of the characteristic differed

from the theoretical value and was −53.7 ± 0.4 mV/decade, and, additionally, the values for linearity range and

LOD were less satisfactory, so in this case the solid-contact ISE worked much more effectively.

In order to improve the performance of nitrate ion-selective electrodes with solid contact, the application of a

nitron–nitrate complex (Nit /NO ) that acted as an ionophore was proposed . A novel form of an ion-selective

membrane that had the shape of a ‘sandwich membrane’ (bilayer membrane) was presented. This type of

membrane was formed by pressing together two previously dried membranes, where one of them contained an

ionophore and the other did not. The membrane prepared in this way was then applied onto the surface of the

glassy carbon electrode with the non-ionophore side, where the part with the ionophore had direct contact with the

testing sample. Multi-walled carbon nanotubes were used as the solid contact. The presented electrode showed a

very wide linearity range of 8.0 × 10 –1.0 × 10  M, and a low LOD of 2.8 × 10  M. The response of the

GCE/MWCNTs/NO -ISM electrode was equal to −55.1 ± 2.1 mV/dec. The working pH range of such an electrode

was between 3.5 and 10.0 pH and the lifetime was 8 weeks. The proposed ISE exhibited a very high tolerance to

the presence of interfering ions, as we could observe from the rather low values of the selectivity coefficients.

However, the authors did not report a value of this parameter for highly lipophilic ions, i.e., ClO  or SCN , which

are well-known interferents for nitrate electrodes. The ISE was successfully used to measure the concentration of

nitrate ions in wastewater samples.

The article  presents liquid-contact nitrate ion-selective electrodes used for the determination of nitrates in

hydroponic solutions. A design with two internal solutions and two membranes was used. The internal electrode

was a silver chloride electrode placed in a PP tube filled with 0.1 M LiCl, which ended with a Nafion membrane—

this constituted part 1. Part 1 was immersed in part 2, which was a second PP tube that ended with a PVC

membrane, which, in turn, contained a 0.1 M LiNO  solution (Figure 5). The ionophore included in the PVC

membrane was THANO  (tetraheptylammonium nitrate), which had already been used in nitrate ion-selective

electrodes. On the basis of the calibration curve, a slope of −53.3 ± 0.1 mV/decade was determined, which

deviates slightly from the ideal value for monovalent ions. The range of linearity and the detection limit took on

average values and did not stand out from other nitrate electrodes. It was concluded that this type of electrode

could be used in studies of NO  ions for more than four weeks in order to determine their concentration in

hydroponic solutions.
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Figure 5. Ion-selective electrode construction based on .

The paper  presents a new form of solid contact in the form of TTF-TCNQ (tetrahiafulvalene-

tetracyanoquinodimethane) illustrated in Figure 6. Here, the inner electrode was a glassy carbon disc onto which

an intermediate layer was applied, which was followed by an ion-selective membrane containing an active

ingredient, which was a nitrate ionophore V. The electrode showed great potential stability and was not sensitive to

changes in the redox potential. The response of the electrode was almost Nernstian and amounted to −58.47

mV/decade, while the LOD was equal to 1.6 × 10  M. The presence of the proposed solid contact improved the

selectivity of the nitrate electrodes and their electrical parameters, i.e., decreased the membrane resistance and

increased the electrical capacitance.
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Figure 6. Tetrathiafulvalene 7,7,8,8-tetracyanoquinodimethane TTF-TCNQ salt used as solid contact in nitrate SC-

ISE .

A comparison of the analytical parameters of various nitrate electrodes is presented in Table 1.

Table 1. Nitrate ion-selective electrodes.

[39]

E. No
Type of

Contact
Ionophore/Ion Carrier

Intermediate/Transducer

Layer

Type of

Internal

Electrode

Slope

[mV/decade]

Range

of

Linearity

[M]

Limit of

Detection

[M]

pH

Range
Application/SamplesReferences

1 SC TDMAN Graphite GrE
−55.4 ±

0.7

2.9 ×

10 –

1.7 ×

10

2.04

×

10

4.0–

11.0

Industrial and

environmental.

2 SC TDMAN LIG -
−58.2 ±

4.2

5.0 ×

10 –

1.0 ×

10

6.01

×

10

6.0–

8.0

Agricul-ture and

surface water.
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E. No
Type of

Contact
Ionophore/Ion Carrier

Intermediate/Transducer

Layer

Type of

Internal

Electrode

Slope

[mV/decade]

Range

of

Linearity

[M]

Limit of

Detection

[M]

pH

Range
Application/SamplesReferences

3 SC TDMAN Co O NPs SPCE −56.8

1.0 ×

10 –

1.0 ×

10

1.04

×

10

3.0–

8.0

Aquaculture,

river,

domestic and tap

water.

4 SC TDMAN PANINFs-Cl

GCE

−56.8

1.0 ×

10 –

1.0 ×

10

3.16

×

10

4.0–

12.5

Environmental

samples.

5 SC TDMAN PANINFs-NO −57.8

1.0 ×

10 –

1.0 ×

10

1.12

×

10

4.0–

11.5

6 SC TDMAN MCB Ag wire −54.8

5.0 ×

10 –

1.0 ×

10

2.5 ×

10
- -

7 SC TDMAN POT-MoS AuE −64.0

7.1 ×

10 –

1.0 ×

10

9.2 ×

10
- Soil.

8 SC PPy-NO PGCP GCE −50.9 1.0 ×

10 –

4.64

×

10

3.5–

9.5

Environmental

and clinical

laboratories.

3 4

−7

−2
−8

[27]

−6

−1
−7

[25]

3

−6

−1
−6

−5

−1

−6
[26]

2

−4

−1

−5
[24]

3
−

−5

−6

[28]
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