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Abstract: As an essential electrolyte for the human body, the potassium ion (K+) plays many physio-
logical roles in living cells, so the rapid and accurate determination of serum K+ is of great significance.
In this work, we developed a solid-contact ion-selective electrode (SC-ISE) using MoS2/Fe3O4 com-
posites as the ion-to-electron transducer to determine serum K+. The potential response measurement
of MoS2/Fe3O4/K+-ISE shows a Nernst response by a slope of 55.2 ± 0.1 mV/decade and a low
detection limit of 6.3 × 10−6 M. The proposed electrode exhibits outstanding resistance to the inter-
ference of O2, CO2, light, and water layer formation. Remarkably, it also presents a high performance
in potential reproducibility and long-term stability.

Keywords: ion-selective electrode; solid contact layer; MoS2/Fe3O4 composites; serum potassium

1. Introduction

Potassium (K+) is an essential element in the human body. The normal range for
potassium level in the blood is 3.5 to 5.5 mM. K+ takes part in the metabolism and many
physiological activities in the human body, such as maintaining acid-base balance, the
normal functions of nerves and muscles, and even cardiac pacing [1]. Abnormal K+ concen-
tration is a symptom of several diseases, including kidney diseases, alcoholism, anorexia,
heart disease, diabetes, Addison’s disease [2,3]. In the modern medical community, potas-
sium level is considered one of the most vital indicators for electrolyte detection, especially
for the rescue of critically ill patients [4]. The standard methods for detection of K+ con-
centration include gravimetry, ion chromatography, flame photometry, atomic absorption
spectrometry, and the ion-selective electrode method [5,6]. A blood gas analyzer based on
the liquid-contact ion-selective electrode (LC-ISE) is applied to determine the serum K+ in
clinical testing. However, LC-ISE has inner filling solutions, which leads to unfavourable
storage and miniaturization [7,8].

The all-solid-state ion-selective electrode using solid-contact layer, termed solid-
contact ISE (SC-ISE), does not require inner filling solutions and shows an excellent po-
tential for portable serum K+ detection [9–11]. Cattrall et al. [12] developed the original
solid-state ion-selective electrode, in which the ion-selective membrane (ISM) coats onto
a metallic conductor directly. However, the primary reason hindering the widespread
application and conventional analysis of ISE is the unstable response to the electrode
potential. This limitation is mainly due to the effective ion-to-electron conversion be-
tween the ISM (ion conduction) and the substrate electrode (electronic conduction) [13,14].
Therefore, to overcome this limitation, an intermediate layer is designed and proposed to
facilitate the ion-to-electron transduction, thus contributing to the further development
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of the SC-ISEs [15,16]. During the past decades, various SC functional materials have
been incorporated into SC-ISEs as ion-to-electron transducers, particularly conductive
polymers [9,17]. However, some SC-ISEs with conductive polymers as the SC layer are
affected by the water layers and the interference of light, O2, and CO2 [18,19]. In contrast,
nanostructured materials, such as noble metal nanomaterials, carbon nanotubes, graphene,
and hybrid composites, exhibit excellent physicochemical properties [20–23]. According
to two theories of the ion–electron transfer between the SC and ISM, the SC layer plays a
vital role in stabilizing the interfacial potential. Meanwhile, its presence not only enlarges
double-layer capacitance but also activates redox activity [24]. Therefore, it requires a high
specific surface area and outstanding redox activity of composites as SC to achieve a stable
electrode potential [16,17,24].

Dichalcogenides have two-dimensional (2D) structures similar to graphene. These
graphene-like materials are characterized by a large effective surface area, as well as
excellent mechanical and electronic properties [25]. These properties are consistent with
the transducing layer materials we require. MoS2 is a typical layered transition metal
dichalcogenide widely used in supercapacitors, transistors, catalysts, and other fields [26].
Qin et al. [19] fabricated a K+-ISE with 3D MoS2 nanoflowers as an SC layer, which shows
a good performance in electrochemical measurements. Although the MoS2 nanoflowers
as an SC layer present excellent properties, it cannot be ignored that there is ample space
between the petals of the MoS2 nanoflowers, making their structure relatively fragile.
However, the spaces can be effectively supported by filling with ultrafine nanoparticles to
prevent the spatial structure of the MoS2 nanoflowers from collapsing.

Meanwhile, we aim to further increase the redox capacitance of the SC layer by
loading redox active nanomaterials. Magnetite (Fe3O4) is considered as a promising
candidate. Some studies have shown that the specific capacitance of Fe3O4 nanoparticles
hybridized with reduced graphene oxide (rGO) is much higher than those of pure Fe3O4
and Fe3O4/CNTs composites [27,28]. Moreover, the large specific surface area provided
by ultrafine particles leads to higher ion fluxes, and the transport distance in the ultrafine
particles is shorter, which can significantly improve the ion–electron conversion [29,30].
Therefore, filling MoS2 nanoflowers with Fe3O4 nanoparticles may support the resulting
structure and avoid its collapse. Meanwhile, it is also effective in improving the capacitance
of the SC layer. In addition, MoS2 nanoflowers are built with a layered structure to disperse
Fe3O4 nanoparticles, thus improving their electrochemical properties effectively.

In this work, a stable K+-ISE was facilely manufactured with MoS2/Fe3O4 nanocom-
posites as ion-to-electron transducers. Subsequently, the electrochemical measurements of
the self-made electrode were investigated to evaluate their potential reproducibility, stabil-
ity, water layer, and anti-interference performance. Finally, the electrode was successfully
applied to detect the actual serum K+ in real samples.

2. Materials and Methods
2.1. Synthesis of the MoS2/Fe3O4 Composites

The MoS2 nanoflowers were synthesized through the hydrothermal method [26]. Typ-
ically, 1.06 g ammonium molybdate ((NH4)6Mo7O24·4H2O) and 1.96 g thiourea (CH4N2S)
were added in 30 mL ultrapure water, and they are mixed. After stirring for 30 min, the
mixture turned into a uniform and stable blue solution. Subsequently, the solution was
poured into the reactor, and the reactor was placed in an oven at 180 ◦C for 24 h. After
the reactor was completely cooled, the precipitated products were obtained by filtration,
and the products were washed with ultrapure water and dried under reduced pressure
conditions for 12 h. In the end, white MoS2 nanoflowers were obtained.

The MoS2/Fe3O4 composite was synthesized through the solvothermal method [31].
A combination of 0.10 g of the MoS2 nanoflowers, 0.25 g FeCl3·6H2O, 30 mL ethanol, and
5 mL ultrapure water was mixed by ultrasonic treatment for 2 h. Then, 0.75 g NaOAc
was added to the solution. After stirring for 1 h, the mixture was poured into the reactor
at 200 ◦C for 24 h. After the process, the black product (MoS2/Fe3O4) was separated by
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magnetic force and washed with ultrapure water. Finally, the MoS2/Fe3O4 composites
were obtained after being dried in the vacuum oven for 12 h.

2.2. Fabrication of All-Solid-State Potassium Selective Electrodes

The glass-carbon disk electrode (GC, i.d. 3 mm) was polished with alumina powder
(1.0, 0.3, and 0.05 µm) and then rinsed with ethanol and ultrapure water. To prepare the
SC layer, the MoS2/Fe3O4 composites were dissolved in water, then mixed evenly under
ultrasonic treatment. Additionally, 5-µL MoS2/Fe3O4 suspensions were then coated onto
the GC electrode and dried in air. The above steps were repeated four times.

The composition of the membrane solution was 131.2 mg o–NPOE, 2.0 mg valinomycin,
1.2 mg NaTFPB, and 65.6 mg PVC, which was dissolved in 1.6 mL THF [32]. For the K+-ISE
fabrication, 20 µL of the membrane solution was dripped onto the top of the GC electrode
modified by the MoS2/Fe3O4 transducer and left to dry naturally. This procedure was
repeated 5 times. The prepared K+-ISE was conditioned in 1 mM KCl for more than 24 h
before being used [19].

2.3. Electrochemical Measurements

The open-circuit potential measurement was performed with a CHI660B Electro-
Chemical workstation (Shanghai Chenhua Apparatus Corporation, Shanghai, China) with
two-electrode systems. Double liquid junction Hg/Hg2Cl2 was used as the reference
electrode, and 1 M LiOAc was used as a salt bridge electrolyte. With 10 mL ultrapure
water as the base solution, 50 µL of standard potassium ion solution with different con-
centrations was added per 100 s. Both electrochemical impedance spectroscopy (EIS) and
chronopotentiometry tests were performed with a three-electrode system in 0.1 M KCl. The
working electrode was the modified electrode, the auxiliary electrode was a platinum wire,
and Ag/AgCl (3 M KCl) was used as the reference electrode. The EIS measurements were
performed in the frequency range from 105 Hz to 10−2 Hz with an excitation amplitude of
20 mV with a Zahner electrochemical workstation in the case of open-circuit voltage. A
chronopotentiometry test was recorded using a CHI660B electrochemical workstation. A
constant current of +1 nA was applied on the working electrode for 60 s, followed by a
current of −1 nA for 60 s.

3. Results and Discussion
3.1. Characterization of the Synthesized MoS2/Fe3O4 Composites

To determine the morphology and composition evolution, scanning electron mi-
croscope (SEM; S-4800, Hitachi, Tokyo, Japan), transmission electron microscopy (TEM;
G2 F30 S-Twin, Hillsboro, USA), and X-ray diffraction (XRD; Rigaku smartlab 9, Tokyo,
Japan) were employed. As shown in Figure 1a, MoS2 presents as 3D nanoflowers, which are
aggregated by many nanoflakes. Such construction implies increasing the surface area, fa-
cilitating effective interfacial contact between the ISM and GC electrode. In Figure 1b, it can
be noted that the petals of the MoS2 nanoflowers are decorated with many nanoparticles.
Another TEM image shows that the Fe3O4 nanoparticles are selectively generated along
the edge of the MoS2 nanoflakes, as shown in Figure 1c. The MoS2 and MoS2/Fe3O4 were
characterized by XRD, as shown in Figure 1d. Compared with pure MoS2 whose character-
istic diffraction peaks appear at 13◦, 32.9◦, and 58◦, we also observed a series of diffraction
peaks at 31.2◦, 35.6◦, 43◦, and 57.7◦ in the spectrum of the MoS2/Fe3O4 composites, which
demonstrated the successful deposition of Fe3O4 on MoS2 [29]. Thus, the composites
with a high specific surface area decorated with the redox activity of nanoparticles were
successfully synthesized.
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Figure 1. (a) SEM image of MoS2; (b) SEM, (c) TEM, and (d) XRD images of MoS2/Fe3O4 composites. 
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With the MoS2/Fe3O4 composites as the SC layer, the potentiometric electromotive 

force (EMF) was applied to measure the potential response of GC/MoS2/Fe3O4/K+-ISE. The 
dynamic potential response of the electrode at different K+ concentrations and the corre-
sponding calibration curve are shown in Figure 2. The fabricated electrode shows a Nernst 
response with a slope of 55.2 ± 0.1 mV/decade with an activity range from 10−5 M to 10−2 
M and a detection limit of 6.3 × 10−6 M. Activity coefficients were calculated according to 
a two-parameter Debye–Hückel approximation. 
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Figure 2. (a) Open-circuit potential responses of different K+ concentrations; (b) calibration curve of GC/MoS2/Fe3O4/K+-
ISE. 

3.3. Electrochemical Impedance and Chronopotentiometry Test 

Figure 1. (a) SEM image of MoS2; (b) SEM, (c) TEM, and (d) XRD images of MoS2/Fe3O4 composites.

3.2. Potassium Response Test

With the MoS2/Fe3O4 composites as the SC layer, the potentiometric electromotive
force (EMF) was applied to measure the potential response of GC/MoS2/Fe3O4/K+-ISE.
The dynamic potential response of the electrode at different K+ concentrations and the
corresponding calibration curve are shown in Figure 2. The fabricated electrode shows
a Nernst response with a slope of 55.2 ± 0.1 mV/decade with an activity range from
10−5 M to 10−2 M and a detection limit of 6.3 × 10−6 M. Activity coefficients were calculated
according to a two-parameter Debye–Hückel approximation.
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3.3. Electrochemical Impedance and Chronopotentiometry Test

Electrochemical impedance spectroscopy was performed to verify the electrical char-
acterization of the GC/MoS2/Fe3O4/K+-ISE. As shown in Figure 3a, the high-frequency
semicircle represents the bulk resistance of ISM and the contact resistance between the ISM
and the underlying conductor.
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The resistance of GC/MoS2/Fe3O4/K+-ISE was about 0.36 MΩ, which is smaller than
that of GC/MoS2/K+-ISE (0.47 MΩ) and GC/K+-ISE (0.52 MΩ). These can be explained by
the fact that the MoS2/Fe3O4 layer may reduce the charge transition resistance across the
interference [33]. In addition, the GC/MoS2/Fe3O4/K+-ISE exhibited a smaller semicircle
in the low-frequency region, which indicates that the electrode has a smaller transfer
impedance and a larger capacitance at the “blocked” interface [16].

Chronopotentiometry was performed to monitor the potential stability of the modified
electrode. As shown in Figure 3b, when the current is reversed, the potential jump occurs
because of the membrane resistance [24]. The resistance of GC/MoS2/Fe3O4/K+-ISE was
calculated as 0.40 MΩ, which is consistent with the electrochemical impedance spectroscopy
studies. In addition, potential drift can be applied for evaluating the material suitability
for the SC layer [33]. The potential drifts of the GC/MoS2/Fe3O4/K+-ISE, GC/MoS2/K+-
ISE, and GC/K+-ISE were 2.9, 60.0, and 457.1 µV/s, respectively. Notably, the potential
drift rate for GC/MoS2/Fe3O4/K+-ISE was much smaller than other electrodes, thus
showing the excellent potential stability of the GC/MoS2/Fe3O4/K+-ISE. According to the
equation of ∆E/∆t = I/C, the corresponding capacitance values were 350.0, 16.7, and 2.2
µF, respectively. MoS2/Fe3O4 composites have the feature of high capacitance, which can
significantly accelerate the ion–electron transition, thus enhancing the potential stability
of the sensor [33]. Moreover, it is comparable to other earlier presented SC layers, such as
conducting polymers [34], carbon-based materials [35], Ag@AgCl/TMMCl [36], and MoS2
nanoflowers [19].

3.4. Anti-Interference and Water Layer Test

Light, O2, and CO2 will cause potential drifts, undesirable for the SC-ISE. There-
fore, some experiments were performed to investigate the influence of these factors on
GC/MoS2/Fe3O4/K+-ISE. As shown in Figure 4a, the self-made electrode merely shows
a slightly positive potential drift. The results show that the SC layer of MoS2/Fe3O4
composites can effectively prevent the interference of light, O2, and CO2.
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Since the fabricated electrode must soak in the aqueous solution before being used
and during detection, this may contribute to forming a water layer between the ISM and
the SC layer. The water layer interference test was conducted concerning the work of
Pretsch et al. [37]. As shown in Figure 4b, by switching the electrode with the transduction
layer from the KCl solution to the NaCl solution, no significant change of potential was
observed. In contrast, the electrode without the transduction layer has a significant positive
shift. Furthermore, when they are put into the solution containing K+ again, only GC/K+-
ISE shows an apparent negative potential drift. The above results indicate the absence of a
water layer in the electrodes with the transduction layer. Consequently, the electrode with
MoS2/Fe3O4 composites as the SC layer can be successfully used in an aqueous solution.

3.5. Potential Reproducibility and Stability Test

The potential reproducibility and long-term stability are important indexes to eval-
uate the characteristics of the SC layer [33]. Therefore, a K+ response test was repeated
six times under different K+ concentrations to investigate the potential reproducibility
of GC/MoS2/Fe3O4/K+-ISE. As shown in Figure 5a, the relative standard deviation
of the potential value for each solution is within 2.8% in the range from 1.0 × 10−5 to
1.0 × 10−2 M, implying excellent reproducibility of this SC-ISE. Additionally, the long-term
stability of the GC/MoS2/Fe3O4/K+-ISE was performed by measuring the EMF on differ-
ent dates and with the same SC-ISE (Figure 5b). The Nernst slope of the electrode response
and detection limit has no apparent changes for 15 days, indicating that the self-made
GC/MoS2/Fe3O4/K+-ISE has good long-term potential stability.
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3.6. Analytical Applications

To verify the practical potential of our method in a clinical measurement, the electrode
is used to detect the concentration of K+ in a 5-mL serum sample. It is observed that
the electrode presents a response of 511.9 ± 1.0 mV with a calculated concentration of
6.14 ± 0.24 mM (n = 6), which is highly accordant with the results obtained from the
standard atomic absorption spectrometry 6.41 ± 0.18 mM with an RSD of 2.8% (n = 6).
The relative deviation between these two methods is 4.2%, indicating that the proposed
GC/MoS2/Fe3O4/K+-ISE is a promising tool for detecting serum K+ concentrations. How-
ever, it should be pointed out that because of the large size of the electrode, the required
serum for this method is still large. In our future research, we will focus on the miniatur-
ization of the size of the electrode to speed up the practical popularization progress.

4. Conclusions

In this paper, MoS2/Fe3O4 composites were introduced as an ion-to-electron trans-
ducer material in SC-ISE. The fabricated GC/MoS2/Fe3O4/K+-ISE shows a good Nernst
response with a slope of 55.2 mV/decade within the activity range from 1.0 × 10−5 to
1.0 × 10−2 M. The potential drift of the GC/MoS2/Fe3O4/K+-ISE was only 2.9 µV/s, and
the capacitance value was 350.0 µF, which contributes to the potential stability of this SC-
ISE. Notably, the electrode exhibited excellent resistance to interference from O2, CO2, light,
and water layer formation. It also presented a high performance in potential reproducibility
with the RSD within 2.8% (n = 6) and long-term stability for 15 days. Furthermore, in
contrast with the atomic absorption method, the electrode allows for the accurate and
quick detection of K+ in serum with an RSD of 4.8%. Finally, we can conclude that the
proposed SC-ISE based on MoS2/Fe3O4 composites as an ion–electron transduction layer
would have a good application prospect in the clinical determination of serum K+. In
the future, we will further realize the miniaturization of SC-ISEs through screen-printed
electrode technology.
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