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ABSTRACT: Preparation of nanocomposites based on fluorinated poly(3-octylthiophene-2,5-diyl) (POTF) and purified
mesoporous carbon black (PMCB) as the solid-contact layer of a screen-printed carbon electrode (SPCE) is proposed. POTF is
used as a dispersant for PMCB. The obtained nanocomposites possess unique characteristics including high conductivity,
capacitance, and stability. The SPCE based on POTF and PMCB is characterized by electrochemical impedance spectroscopy and
chronopotentiometry, demonstrating simultaneous detection of Na+, K+, Ca2+, and NO2

− ions with detection limits of 10−6.5, 10−6.4,
10−6.7, and 10−6.3 M, respectively. Water layer and anti-interference tests revealed that the electrode has high hydrophobicity, and the
static contact angle is >140°. The electrode shows excellent selectivity, repeatability, reproducibility, and stability and is not easily
affected by light, O2, or CO2.

1. INTRODUCTION
Saltiness is one of the five basic tastes, and a small amount of
salt is required for human life. However, high salt intake
increases health risks, especially the risk of cardiovascular
disease.1−3 The growing demand for healthier food has
become a driving force in academic and industrial research,
resulting in the development of low-salt foods. The addition of
salt or its substitutes has a fundamental impact on the
processing characteristics, sensory qualities, safety, and shelf
life of food. Increased Na+, K+, and Ca2+ concentrations not
only considerably affect food properties but also cause damage
to the heart, nerves, and muscle.4,5 Increased NO2

−

concentrations may cause poisoning symptoms and endanger
human health.6−8 Therefore, developing methods and equip-
ment that can analyze salt concentrations in relation to human
taste are particularly important. Sensitive, portable, reliable,
and cost-effective sensors are needed to monitor levels of salt
and salt substitutes.
Ion-selective electrodes (ISEs), which are the most popular

potential sensors at present owing to their ability to quickly
and conveniently determine various ion concentrations, have

been the research object of scientists worldwide for many
years. Their many advantages make them applicable in
agriculture,9 the food industry,10−12 the pharmaceutical
industry,13,14 process control, and clinical diagnosis.15,16

However, traditional ISEs are filled with a solution that acts
as the connection between the discharge electrode and ion-
selective membrane (ISM), which may affect measurement
accuracy and make their transportation more challenging. All-
solid-state ISEs are favorable substitutes for liquid ISEs, with
advantages such as long life, easy miniaturization, non-
destructive testing,17−23 process of use, transportation, and
storage. Despite its many advantages, the electric double-layer
capacitance between the electrode substrate and ISM of all-
solid-state ISEs is small24 while the charge transfer resistance is
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large,25 causing the electrode to easily produce water.26,27 The
result is poor electrode stability and its potential being prone
to drift. Thus, linear responses are not ideal at low-salt
concentrations in the detection solution.28,29 These disadvan-
tages are caused by the limitation of the solid-contact layer
material used for the electrode. To address these shortcomings,
this study combines the high hydrophobicity of conductive
polymers and the high specific surface area of carbon materials,
leveraging their respective excellent properties to prepare a
composite material that can be used as a solid-state contact
layer in ISEs.
Poly(3-octylthiophene-2,5-diyl) (POT) is a conductive

polymer known for its high hydrophobicity and ease of
deposition (by drop casting or electrodeposition) onto the
electrode surface with minimal involvement in side reactions.
Herein, we synthesized fluorinated poly(3-octylthiophene-2,5-
diyl) (POTF) containing perfluoroalkyl side chains. Fluorina-
tion further enhanced the hydrophobic properties of the POT,
resulting in a more stable open-circuit potential response of the
electrode. Moreover, carbon black (CB) possesses excellent
conductivity and cost-effectiveness and can be uniformly
dispersed. Compared to other carbon materials, CB exhibits
higher stability and good resistance to interference from O2,
CO2, and light.30−32 Mesoporous CB (MCB) is characterized
by its mesoporous structure (average pore size = 6.4 nm), high
specific surface area (>200 m2/g), and good conductivity.33,34

Although graphitized MCB (GMCB) exhibits excellent
conductivity, untreated MCB possesses a higher surface area
and better conductivity.35,36 This may result in a larger double-
layer capacitance of the solid-state contact layer, thereby
enhancing the stability of the sensor.
Screen-printed carbon electrodes (SPCEs) represent one

type of all-solid-state ISE, offering unique advantages, such as
flexible design, low cost, potential for mass production, and
ease of handling. They are gaining increasing attention among
researchers for the fabrication of solid-contact ISEs (SC-ISEs)
for potentiometric detection.37,38

In the field of food safety, untreated MCB (purified MCB,
PMCB) has not been utilized as a solid-state contact layer in
constructing SC-ISEs. There are no reports of the combination
of POTF and PMCB for ion detection in the literature.
Traditional methods of electrode preparation have primarily
focused on the detection of individual ions. Therefore, this
paper proposes using a nanocomposite material based on
POTF and PMCB as the solid-state contact layer for an SPCE.
Upon this foundation, a multichannel SPCE capable of
simultaneous detection of Na+, K+, Ca2+, and NO2

− ions was
prepared. Characterization via chronoamperometry, impe-
dance spectroscopy, and subsequent tests for selectivity,
repeatability, reproducibility, and stability was conducted.

2. EXPERIMENTAL SECTION
2.1. Experimental Materials. Sodium ionophore (4-tert-

butylcalix[4]arene), potassium ionophore (valinomycin), cal-
cium ionophore ETH-129 (C28H48N2O3), nitrite ionophore
(C36H46CoN2O2), PMCB, POT, poly(vinyl chloride) (PVC),
tetrahydrofuran (THF), bis(2-ethylhexyl) sebacic acid (DOS),
sodium tetra[3,5-bis(trifluoromethyl)phenyl]borate
(NaTFPB), dimethylformamide hydroxymethyl (EDOT),
decafluorooctanyl chloride, dichloromethane (CH2Cl2), so-
dium bicarbonate (NaHCO3), and hexane were purchased
from McLean Biochemical Technology Co., Ltd. (Shanghai,
China). Deionized water with a resistivity of 18.2 mΩ·cm was

prepared by the Pall Cascada Laboratory water purification
system. Other chemicals used were of analytical grade.

The four-channel screen-printed electrode (4w110) was
purchased from Metrohm AG. The electrode was composed of
four working carbon electrodes (2.95 mm diameter), which
shared the auxiliary (carbon) and reference (silver) electrodes.
2.2. Preparation of the Solid-State Contact Layer. The

stability of the solid-state contact layer substantially influences
the electromotive force (EMF), posing a challenging issue that
is difficult to eliminate. Many studies have focused on
suppressing drift by optimizing electrode materials or
developing new signal readout methods. Herein, a nano-
composite material comprising POTF and PMCB was
introduced as an optimized material for the solid-state contact
layer.

Before the solid-state contact layer was prepared, the SPCE
was first activated by cyclic voltammetry in 0.5 M aqueous
H2SO4 solution. The scanning range was from −1.0 to 1.0 V
until stable and stable and considerable voltammetric peaks
were observed. Subsequently, the SPCE was thoroughly rinsed
with deionized water and dried under nitrogen gas.

In this study, we synthesized POTF containing perfluor-
oalkyl side chains using hydroxymethylated EDOT (95%) and
perfluorodecanoyl chloride (97%) as the raw materials. The
synthesis of EDOTF was performed according to a previously
reported procedure, with slight modification.39 Specifically,
perfluorodecanoyl chloride (1.55 mL, 6.26 mmol/L, 1.08
equiv, 97%) was added dropwise to a solution of anhydrous
CH2Cl2 (20 mL) containing hydroxymethylated EDOT (1.00
g, 5.80 mmol/L, 95%) and triethylamine (0.87 mL, 6.21
mmol/L, 1.07 equiv, >99%). The reaction mixture was stirred
for 2.5 h, and hydrochloric acid (1 M) was added to the
mixture before separating the aqueous and organic phases. The
organic phase was washed with a saturated NaHCO3 solution
three times, and the crude product was purified by flash
chromatography (hexane/CH2Cl2 6:4). We obtained EDOTF
as a white crystalline solid, which was stored under nitrogen.

By slightly modifying the a previously reported procedure,40

10 mg of PMCB and 10 mg of EDOTF were added to 1 mL of
POT dispersion in THF, with a concentration of 10 mg/mL.
The resulting suspension was centrifuged (30 min, 7000 rpm,
30 °C), the supernatant was removed, and the precipitate was
washed three times with ethanol. Subsequently, the separated
solid material (hereafter termed POTF−PMCB) was dispersed
in 1 mL of THF. A 10 μL aliquot of POTF−PMCB was drop-
cast onto the surface of the SPCE, resulting in the prepared
electrode denoted as POTF−PMCB/SPCE, which was left in
the laboratory atmosphere for THF evaporation.

For comparison, ISEs using only PMCB as the solid-state
contact layer were prepared. PMCB powder was dispersed in a
mixture of dimethylformamide/water at a ratio of 1:1 (v/v) to
a final concentration of 1 mg/mL. Specifically, 10 mg of PMCB
was first immersed in 5 mL of dimethylformamide and then 5
mL of water was added, and the dispersion was sonicated at 60
kHz for 60 min. A 10 μL aliquot of PMCB was drop-cast onto
the surface of the SPCE, resulting in the prepared electrode
denoted as PMCB/SPCE, which was left to dry in the
laboratory atmosphere.
2.3. Preparation of Multichannel Selective Electrode.

By modifying the procedure reported in literature,41,42 the
composition (w/w) of the Na+-selective membrane (Na+-ISM)
mixture was approximately 0.55% NaTFPB, 1% 4-tert-
butylcalix[4]arene, 33% PVC, and 65.45% DOS. A total of
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100 mg of the mixture was dissolved in 660 μL of THF. The
composition (w/w) of the K+-selective membrane (K+-ISM)
mixture was approximately 0.5% NaTFPB, 2% valinomycin,
32.7% PVC, and 64.7% DOS. A total of 100 mg of the mixture
was dissolved in 1 mL of THF. The composition (w/w) of the
Ca2+-selective membrane (Ca2+-ISM) mixture was approx-
imately 0.5% NaTFPB, 1% ETH-129, 33% PVC, and 65.5%
DOS. A total of 100 mg of the mixture was dissolved in 1 mL
of THF. The composition (w/w) of the NO2

−-selective
membrane NO2

−-ISM) mixture was approximately 0.5%
NaTFPB, 5.5% nitrite ionophore, 30.5% PVC, and 63.5%
DOS. A total of 100 mg of the mixture was dissolved in 1 mL
of THF.43

Subsequently, 10 μL each of the Na+-ISM, K+-ISM, Ca2+-
ISM, and NO2

−-ISM mixtures was dropwise cast on the four
working electrodes of POTF−PMCB/SPCE. The prepared
multichannel screen-printed electrodes were represented as
POTF−PMCB/M-SPCE. For convenience of expression, the
four working electrodes are represented as POTF−PMCB/
Na+-SPCE, POTF−PMCB/K+-SPCE, POTF−PMCB/Ca2+-
SPCE, and POTF−PMCB/NO2

−-SPCE. For comparison, the
Na+-ISM mixture was dropwise cast on PMCB/SPCE and bare
SPCE and the prepared electrodes are represented as PMCB/
Na+-SPCE and Na+-SPCE, respectively. All electrodes were
dried at room temperature (25 ± 2 °C). Before the test,
POTF−PMCB/M-SPCE was respectively placed in 1 mM
NaCl, 1 mM KCl, 1 mM CaCl2, and 1 mM NaNO2 for 24 h,
which was the key step for the selective membrane to reach the

optimal target ion concentration and ensure the stability of the
measurement potential. PMCB/Na+-SPCE and Na+-SPCE
underwent similar operations. The adjustment step was
repeated before each measurement, and all electrodes were
adjusted and stored separately.
2.4. Morphological Characterization. Scanning electron

microscope (SEM) images of the POTF−PMCB and PMCB
solid-state contact layers were obtained using a Regulus8230
high-resolution SEM (Hitachi), and the acceleration voltage
was 5 kV. The specific surface area and pore structure of the
solid-state contact layer were determined using an ASAP 2460
specific surface and porosity meter. The static contact angle of
water was measured using a DSA25 Drop Shape Analyzer
(KRÜSS).
2.5. Electrochemical Measurement. The CHI760E

electrochemical workstation was used for potential measure-
ment at room temperature (25 °C ± 2 °C). For electro-
chemical impedance spectroscopy (EIS) measurements, the
following parameters were used: high frequency 100 kHz, low
frequency 0.01 Hz, and amplitude 10 mV. The chronopo-
tentiometric measurement was carried out in a 10−3 M
aqueous solution. The method involved continuously applying
a constant current of +1 nA for 60 s and then applying a
current of −1 nA for 60 s.

3. RESULTS AND DISCUSSION
3.1. Morphological Characterization of the Solid-

State Contact Layer. Figure 1 demonstrates that the PMCB

Figure 1. Image of the PMCB-ISM solid-state contact layer; right: 1 μM enlarged image.

Figure 2. Image of the POTF−PMCB-ISM solid-state contact layer; right: 1 μM enlarged image.
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solid-state contact layer possessed a uniform morphology, flake
structure, and large specific surface area, which could
effectively enhance the ion adsorption capacity and increase
the stability of the electrode potential. However, the particles
in the solid-state contact layer were too large to completely
cover the electrode surface. Figure 2 shows that POTF in THF
dispersed PMCB, resulting in a stable suspension. Thus, the
solid-state contact layer of POTF−PMCB exhibited more
particles than that of PMCB, the particle size was smaller, the
size distribution was more uniform, and the surface roughness
was increased.

Based on the preliminary analysis of the morphology, the
pore parameters of the two selected composite materials were
further explored. Table 1 lists the detailed parameters of the
pore structures of the two porous carbon materials. The total
specific surface area (SBET), micropore area (Smic), and
micropore volume (Vmic) of POTF−PMCB-ISM were greater
than those of PMCB-ISM, indicating that the pore structure of
POTF−PMCB-ISM was more complex. This was attributed to
the aggregation of POTF and PMCB, which produced a large
number of pores, making the surface rougher and strengthen-
ing the adsorption force.

The hydrophobicity of the solid-state contact layer films was
evaluated using contact angle measurements. A 5 μL droplet of
deionized water was deposited onto the electrode surface, and
the resulting static contact angle was measured. The static
contact angle of PMCB-ISM was 110.3°, which was notably
increased upon blending POTF as a dispersant with PMCB to
form a nanocomposite material. As shown in Figure 3, the

Table 1. Pore Structure Parameters of Two Carbon
Materials

carbon material SBET(m2/g) Smic(m2/g) Vmic(cm3/g)

PMCB-ISM 542.4457 77.4682 0.019873
POTF−PMCB-ISM 1414.0951 313.1374 0.111749

Figure 3. Static contact angle images of four working electrodes for the PMCB/SPCE and POTF−PMCB/M-SPCE.
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water contact angles of the four working electrodes of POTF−
PMCB/M-SPCE were >140° and they maintained staticity for
>30 min. This finding indicated that POTF−PMCB-ISM
exhibited excellent hydrophobicity, making it a feasible ion-to-
electron transducer for solid-state ISEs. This was primarily
attributed to the intrinsic superhydrophobicity of POTF itself,
along with its propensity to readily deposit onto the electrode
surface. Upon fluorination, it formed a three-dimensional
interconnected porous structure when combined with PMCB,
leading to increased porosity and enhanced structural integrity.
3.2. Electrochemical Impedance Testing of the Solid-

State Contact Layer. The electrochemical properties of
POTF−PMCB/Na+-SPCE, PMCB/Na+-SPCE, and Na+-
SPCE were explored via EIS, which was conducted in a 0.1
M NaCl solution. The impedance spectra exhibited high-
frequency semicircles, which was related to the volume
resistance (Rbulk) of the ISE films.44,45 The semicircular
part of the higher-frequency region indicated restricted
electron transfer, wherein the electron transfer resistance was
equal to the diameter of the semicircle. As shown in Figure 4,
the Rbulk of Na+-SPCE was estimated to be 0.238 MΩ while
that of PMCB/Na+-SPCE decreased to 0.136 MΩ, indicating
that the introduction of PMCB-ISM played a vital role in
increasing the electroactive surface area. However, the Rbulk of
POTF−PMCB/Na+-SPCE decreased to 0.075 MΩ, indicating
that POTF−PMCB, as a solid-state contact layer, could
effectively enhance the charge transfer ability from ions to
electrons.
3.3. Reverse Chronopotentiometric Measurement of

the Solid-State Contact Layer. Chronopotentiometry was
used to evaluate the effect of the applied current on the
electrode. When the applied current is constant, the slope of
the E−t curve (ΔE/Δt), that is, potential drift (Upd), can be
expressed as follows:

= =U
E
t

i
Cpd

L (1)

where i is the applied current, t is the measurement time, and
CL is the low-frequency capacitance of the electrode. The
potential stability can be determined by the slope of the E−t
curve (ΔE/Δt) over a long time. The potential value of the
electrode was recorded when a continuous current of 1 nA was
applied. Figure 5 shows the typical chronopotentiometric
curves of POTF−PMCB/Na+-SPCE, PMCB/Na+-SPCE, and
Na+-SPCE. The potential drift of POTF−PMCB/Na+-SPCE
was approximately 42.9 ± 1.9 μV/s, far lower than that of
PMCB/Na+-SPCE (144.3 ± 2.5 μV/s) and Na+-SPCE (714.3
± 25.4 μV/s). According to eq 1, the estimated capacitance
value of POTF−PMCB/Na+-SPCE was 23.3 μF, far greater
than those of PMCB/Na+-SPCE (6.93 μF) and Na+-SPCE
(1.39 μF). The size of the capacitance value can affect the
potential stability of the electrode. The larger the capacitance
value, the better its potential stability. Therefore, the prepared
POTF−PMCB/Na+-SPCE had better potential stability than
the compared electrodes, providing a reference for the
development of ISEs.
3.4. Water Layer Test of the Solid-State Contact

Layer. The open-circuit potential method was used to
measure the water layer performance of the electrode’s solid-
state contact layer. The test results are shown in Figure 6.
POTF−PMCB/Na+-ISE was continuously tested for open-
circuit potential in a 0.1 M NaCl solution. After 2 h, the
electrode was transferred to 0.1 M KCl solution for 2 h and

Figure 4. Electrochemical impedance spectra of POTF−PMCB/Na+-
SPCE, PMCB/Na+-SPCE, and Na+-GCE. The inset presents an
enlarged view of the high-frequency region.

Figure 5. Reverse chronopotentiometric curves of POTF−PMCB/
Na+-SPCE, PMCB/Na+-SPCE, and Na+-SPCE.

Figure 6. Water layer test diagram.
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then returned to 0.1 M NaCl solution for 8 h. As shown in
Figure 6, after being transferred to a KCl solution, the potential
of POTF−PMCB/Na+-ISE decreased sharply but the potential
remained very stable. After being tested in NaCl solution, the
potential of POTF−PMCB/Na+-ISE maintained its initial
value and no substantial drift was observed relative to PMCB/
Na+-ISE and Na+-ISE, confirming that the potential was stable.
This indicated that the super hydrophobicity of the solid-state
contact layer with POTF−PMCB could effectively avoid the
appearance of an interfacial water layer, thus ensuring the
excellent potential stability of the electrode.
3.5. Potential Response Measurement of the Multi-

channel Selective Electrode. To evaluate the sensitivity and
potential response range of the prepared POTF−PMCB/M-
SPCE, the EMF was measured in 10−8−10−1 M NaCl, KCl,
CaCl2, and NaNO2 solutions, respectively. The potential time
and calibration curves of POTF−PMCB/Na+-SPCE, POTF−
PMCB/K+-SPCE, POTF−PMCB/Ca2+-SPCE, and POTF−
PMCB/NO2

−-SPCE are presented in Figure 7a−d. Over the
entire measurement process, the EMF increased with an
increasing salt concentration. The slope of POTF−PMCB/
Na+-SPCE was 57.2 ± 0.08 mV/decade (R2 = 0.9985), which
aligned with the Nernst response characteristics, and the lower
limit of detection (LOD) for Na+ was 10−6.5 M (Figure 7a).
The slope of POTF−PMCB/K+-SPCE was 58.9 ± 0.13 mV/

decade (R2 = 0.9961), and the lower LOD for K+ was 10−6.4 M
(Figure 7b). The slope of POTF−PMCB/Ca2+-SPCE was 29.7
± 0.07 mV/decade (R2 = 0.9949), and the lower LOD for Ca2+
was 10−6.7 M (Figure 7c). The slope of POTF−PMCB/NO2

−-
SPCE was 59.1 ± 0.21 mV/decade (R2 = 0.9974), and the
lower LOD for NO2

− was 10−6.3 M (Figure 7d). The linear
response range of the four working electrodes was 10−6−10−1

M (Figure 8).
Compared with other electrodes previously reported (Tables

2, 3, 4, and 5), the POTF−PMCB/SPCE exhibited a superior
Nernst response and ion detection limit.
3.6. Selectivity. The selectivity coefficient, which can

characterize the electrode’s selective recognition ability for
target ions and anti-interference ability for other ions, is an
important performance parameter of ISEs. To test the anti-
interference performance of POTF−PMCB/Na+-SPCE against
other ions, 50 μg/L Na+ buffer was measured with interference
ions K+, Mg2+, Fe3+, NO3

−, and SO4
2− at the same

concentration, respectively. Is and I0 are the oxidation peak
currents of Na+ in the presence and absence of interfering ions,
respectively. After the K+, Mg2+, Fe3+, NO3

−, and SO4
2−

interference ions were added, the values of Is/I0 were 0.964,
0.973, 0.952, 0.971, and 0.976, respectively. The relative error
was <4%, and the relative standard deviation (RSD) was <2.2%
(n = 3), demonstrating that POTF−PMCB/Na+-SPCE had

Figure 7. Potential response curves of SPCEs with the insets presenting the corresponding potential calibration diagrams: (a) POTF−PMCB/Na+-
SPCE in NaCl solution; (b) POTF−PMCB/K+-SPCE in KCl solution; (c) POTF−PMCB/Ca2+-SPCE in CaCl2 solution; (d) POTF−PMCB/
NO2

−-SPCE in NaNO2 solution.
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good selectivity for Na+ (Figure S1, Supporting Information).
The sensor exhibited excellent selectivity toward Na+, which
was attributed to the fabricated solid-state contact layer.
Additionally, we employed NaTFPB, which is commonly
utilized as an ion exchanger, to construct a Na+-selective
membrane. The performance of NaTFPB surpasses that of
potassium tetrakis(4-chlorophenyl)borate (KTpClPB).71 The
response mechanism of the sensor toward Na+ is depicted in
Figure S2 (Supporting Information), and the ion−electron
response process can be described by eq 2:17

+ +
+ +

+ +

+

POT R (SC) Na (aq) e (GC)

POT(SC) R (ISM) Na (ISM)F (2)

where Na+(aq.) and Na+(ISM) represent the concentrations in
the test solution and inner solution of the ISM, respectively.
The transfer of Na+ occurred due to gradual oxidation of the
POTF membrane to POTF+.72 Essentially, the formed POTF+

paired with the anionic portion of the cation exchanger
(TFPB−), maintaining the system’s electroneutrality, leading to
the release of Na+ from the ISM into the solution and the
ingress of Na+ from the sample into the ISM, thereby
generating a response current. Meanwhile, in the solid-state
contact layer, we introduced a Na+ carrier that was sensitive to
Na+ while being insensitive to other ions, thus resulting in the
preparation of a sensor with excellent selectivity.
3.7. Repeatability, Reproducibility, and Stability.

Figures S3−S7 depict the performance of the prepared
electrodes. To evaluate the practicability of the sensor, the
repeatability, reproducibility, and long-term stability of the
POTF−PMCB/Na+-SPCE were also explored. Ten consec-
utive tests performed on the same POTF−PMCB/Na+-SPCE
yielded an RSD of 1.86%, indicating excellent repeatability
(Figure S3). Moreover, the RSD of parallel measurement using
five independent POTF−PMCB/Na+-SPCE was 2.62%
(Figure S4), indicating that the sensor was manufactured
with high reproducibility. In addition, after a 3-week

Figure 8. Histogram of response slopes of four electrodes (n = 3).

Table 2. Comparison with Reported Electrochemical Na+
Sensors

electrode
intermediate

layer/ionophore
LOD

(10−n M)
linear range

(M) ref

v-AuNW v-AuNW 10−3−10−1 46
Au chip AuNDs 6 10−6−10−1 47
paper-based graphene 10−6−10−1 48
SPE CS/PB 10−4−1 49
textile screen-
printed

CNT 4.9 10−4−10−1 50

SPE CB 6.3 10−4−1 51
flexible temporary
tattoo paper

CNT 3.16 10−7−1 52

SPCE POTF−PMCB 6.5 10−6−10−1 this
Work

Table 3. Comparison with Reported Electrochemical K+

Sensors

electrode
intermediate layer/

ionophore
LOD

(10−n M)
linear range

(M) ref

Cu graphite−epoxy−
hardener/valinomycin

4.4 10−4.3−10−1 53

Ag N/A/PBE 4.7 10−4−10−1 54
GCE hexanethiolate

monolayer−protected
gold cluster/
valinomycin

6.1 10−5−10−1 55

Pt Ppy and zeolite/
valinomycin

5.1 10−5−10−2 56

GCE MoO2/valinomycin 5.5 10−5−10−3 57
carbon
SPE

PANI/valinomycin 5.8 10−5−1 58

SPCE POTF−PMCB 6.4 10−6−10−1 this
Work

Table 4. Comparison with Reported Electrochemical Ca2+
Sensors

electrode
intermediate layer/

ionophore
LOD

(10−n M)
linear range

(M) ref

SPCE rGO 5.8 10−5.6−10−1.6 59
GCE rGO films 6.2 10−5−10−2.5 60
GCE rGO-coated BP 5.1 10−6−10−1 61
Au oAuCuNP MWCNTs 6.2 10−6−10−1 62

Si/SiO2/Si3N4 5.3 10−5−10−1 63
SPCE PEDOT (PSS) 10−4−10−3 64
SPCE POTF−PMCB 6.7 10−6−10−1 this

Work

Table 5. Comparison with Reported Electrochemical NO2
−

Sensors

electrode
intermediate layer/

ionophore
LOD

(10−n M)
linear range

(M) ref

GCE Ag−HNT−MoS2 6.2 10−4−1 65
GCE Fe2O3−MoS2 6 10−6−10−3 66
GCE nHAP−PEDOT 4.1 10−7−10−3 67
CPE poly(4-AB/OT) 5.5 10−6−10−4 68
GCE PANI−MoS2 5.8 10−6−10−3 69
GCE TOSC−MoS2 5.7 10−6−10−3 70
SPCE POTF−PMCB 6.3 10−6−10−1 this

Work
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measurement period (Figure S5), the response peak current of
POTF−PMCB/Na+-SPCE retained 91.2% of its initial value,
with an RSD of 3.24%, demonstrating extraordinary long-term
stability.
Figure S6 presents the results of the gas anti-interference test

with POTF−PMCB/Na+-SPCE, employing O2, N2, O2, N2,
CO2, and N2, each for 1 h. Only a small amount of potential
drift was observed during the conversion of the O2 and N2, and
the potential was stable for the other gases.
Figure S7 presents the results of the light anti-interference

test with POTF−PMCB/Na+-SPCE, in which indoor light was
switched to ultraviolet light once every 30 min. During the
switching process, the potential remained stable, demonstrat-
ing the strong anti-interference ability of POTF−PMCB/Na+-
SPCE.

4. RESULTS WITH REAL SAMPLES
We employed the proposed electrode to detect Na+, K+, Ca2+,
and NO2

− in real samples. The standard addition method was

used to determine the ion concentrations in river water
samples under the condition of open-circuit voltage. Five river
water samples were obtained from the Zhengzhou Henan
University of Technology, China. A 10 mL aliquot of sample
was added to 100 mL of pure water, and the EMF was
measured by POTF−PMCB/Na+-SPCE after the potential
stabilized, recorded as E1. Then, 10 mL of a 1 mmol/L Na+
solution was added and the measured EMF was recorded as E2.
The Na+ concentration in the river water sample was
calculated according to eq 3:

=C
C V
V

(10 1)x
x

E E ss s ( )/ 12 1

(3)

where Cx is the Na+ concentration in river water, Vx is the
volume of river water, Cs is the concentration of standard Na+
solution, Vs is the volume of standard Na+ solution, and S is the
response slope of the electrode. K+, Ca2+, and NO2

−

concentrations were simultaneously measured using the same
method. To compare the accuracy of the detection results,
atomic absorption spectroscopy (AAS) was utilized to measure
the ion concentrations, and the experimental results are
presented in Table 2. Using the AAS results as the standard,
the accuracy of the test results was >91%, indicating that use of
POTF−PMCB/M-SPCE was feasible for the simultaneous
determination of complex ions in real samples (Table 6).

5. CONCLUSIONS
Herein, we present a novel multichannel solid-state ISE,
utilizing POTF and PMCB modification on a SPCE. PMCB
offers relevant electrochemical properties, coupled with the
advantages of low cost and ease of preparation of stable
dispersions. POTF, known for its excellent hydrophobicity,
enhances the hydrophobic nature of the solid-state contact
layer by serving as a dispersant for PMCB, eliminating the need
for surfactants, and preventing the formation of a water layer.
Multiple channels were designed, enabling simultaneous
detection of Na+, K+, Ca2+, and NO2

−, with these ions
captured by the SPCE and determined via open-circuit voltage
techniques. The electrode demonstrates excellent potential
stability, low LODs, and a wide linear range as well as
outstanding selectivity, repeatability, and reproducibility.
Moreover, the electrode’s satisfactory accuracy and precision
indicate the great potential of the sensor in the development of
portable multi-ion field detection devices.
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Table 6. Comparison of POTF−PMCB/M-SPCE Test
Results with AAS Test Results (Mean ± Standard
Deviation, n = 3)

iron sample SPCE (mmol/L) AAS (mmol/L) accuracy

Na+ 1 2.283 ± 0.03 2.335 ± 0.02 97.8%
2 2.165 ± 0.02 2.241 ± 0.01 96.6%
3 2.371 ± 0.02 2.415 ± 0.01 98.2%
4 2.247 ± 0.01 2.346 ± 0.02 95.8%
5 2.195 ± 0.03 2.327 ± 0.02 94.3%

K+ 1 0.114 ± 0.02 0.123 ± 0.01 92.7%
2 0.121 ± 0.02 0.127 ± 0.01 95.3%
3 0.127 ± 0.01 0.133 ± 0.02 95.5%
4 0.133 ± 0.03 0.144 ± 0.02 92.4%
5 0.111 ± 0.02 0.121 ± 0.02 91.7%

Ca2+ 1 0.913 ± 0.03 1.001 ± 0.02 91.2%
2 0.845 ± 0.02 0.928 ± 0.02 91.1%
3 0.885 ± 0.02 0.968 ± 0.01 91.4%
4 0.987 ± 0.03 1.067 ± 0.02 92.5%
5 0.758 ± 0.02 0.819 ± 0.02 92.6%

NO2
− 1 0.157 ± 0.02 0.167 ± 0.02 94.0%

2 0.192 ± 0.04 0.203 ± 0.03 94.6%
3 0.122 ± 0.03 0.133 ± 0.02 91.7%
4 0.149 ± 0.02 0.158 ± 0.04 94.3%
5 0.175 ± 0.03 0.187 ± 0.02 93.6%
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