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A B S T R A C T   

In recent years, various types of nanomaterials and nanoparticles have been very popular, also in analytical 
chemistry for sensors preparation. Ion-selective electrodes with solid contact were constructed, in which a layer 
of nanoparticles of selected metal oxides (zinc, copper and iron oxides) obtained by pulsed laser liquid ablation 
(PLAL) was placed between the glassy carbon solid electrode material and the ion-selective membrane. The basic 
analytical parameters of the obtained sensors were determined using potentiometric methods. Additionally, the 
electrochemical impedance spectroscopy method (EIS) was also used to investigate the electrical properties of 
the sensors. The obtained results were compared for all types of electrodes, both modified and unmodified, in 
order to investigate the effect of the type of nanoparticles and the thickness of their layer used as solid contact. It 
was found that the addition of metal oxide nanoparticles improved the analytical parameters of the sensors, 
mainly the potential stability and electrical parameters. The best results were obtained for an electrode with an 
intermediate layer of zinc oxide nanoparticles. In this case, a slope of − 56.07 mV/dec, a linearity range of 1 ×
10− 5 – 1 × 10− 1 mol L− 1 and a limit of detection of 3.66 × 10− 6 mol L− 1 were obtained. Particularly noteworthy 
is the significant improvement in the stability of the potential of this electrode and the long life of more than 5 
months.   

1. Introduction 

Potentiometric sensors have been very popular among scientists all 
over the world for many years. ISEs are applicable in many areas of 
human life. They are used in process control, clinical diagnostics [1,2] 
and environmental monitoring [3,4]. They owe their popularity to 
numerous advantages resulting from their use, which include, among 
others, simple operation, quick analysis time, relatively low operating 
costs, low detection limits and very good selectivity [5–7]. Conventional 
ion-selective electrodes (ISEs) between the lead-out electrode and the 
membrane material contain a liquid contact, the presence of which 
causes many difficulties in their handling or storage [8]. The elimination 
of the internal solution led to the formation of coated-wire electrodes 
(CWEs) in 1971 [9], which, however, had poor potential stability and 
short lifetime, mainly due to the lack of a well-defined redox pair [10], 
residual current flow through the membrane and the formation of a 

water layer on membrane-metal interface [11–14]. As a solution, 
therefore, a solid contact with both ionic and electronic conductivity 
was used. In this way, ion-selective electrodes with solid contact (SCI-
SEs) were created [5]. The use of solid contact made it possible to 
modify the shape and significantly reduce the size of the sensors, which, 
apart from taking up much less space, can be used in multi-sensor 
measuring platforms [15–17] for determination of ions in natural sam-
ples. Moreover, the SCISEs created in this way are characterized by high 
mechanical strength, easy storage and transport, and can operate under 
high pressure conditions and in any position [18]. 

Many materials have already been used successfully as solid contact. 
Conducting polymers were used as the first for this purpose [19–22]. 
They are characterized by double conductivity, both ionic and elec-
tronic, and therefore can be successfully used as ion-electrode trans-
ducers in ion-selective electrodes. Such sensors had significantly 
improved membrane conductivity, but were often sensitive to light, O2, 
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CO2 and pH changes [23]. Then, scientists focused mainly on various 
types of nanomaterials, in particular carbon nanomaterials, including 
SWCNTs [5,24–26], MWCNTs [27–30], graphene [31–33], fullerenes 
[34], carbon nanofibers [35] and nanohorns [36], which are mainly 
used for their unique chemical, physical and electrical properties. High 
charge transfer, extraordinary electrical capacitance and good hydro-
phobicity make them perfect as transducer elements in potentiometric 
sensors [5]. Currently, research on various nanoparticles, mainly metal 

and metal oxide nanoparticles, and their possible applications is 
emerging. One of such applications is using them to improve the 
analytical parameters of potentiometric sensors. So far, mainly metal 
nanoparticles have been used for this purpose: silver [37], gold [38–41], 
platinum [42–44], as well as bimetallic AuCu nanoparticles [45]. 

Nowadays, many methods of obtaining nanoparticles have been 
developed. They can be easily divided into physical (physical vapor-
phase deposition, mechanical milling, sputtering, laser ablation), 
chemical (chemical vaporphase deposition, chemical reduction, elec-
trosynthesis) and biological (biological synthesis using bacteria, fungi, 
algae) methods. However, depending on the type of starting material, all 
of them can be assigned to two groups of methods: the bottom-up 
approach (building nanostructures from simple substances of small 
sizes) and top-down approach (obtaining nanoparticles from macro-
scopic material as a result of decomposition mainly by means of me-
chanical methods) [46]. 

One of the main methods of obtaining nanoparticles is laser ablation 
in liquid (LAL), which belongs to the group of physical methods with a 
top-down approach. This method allows for easy and quick preparation 
of high purity nanoparticles [47]. Laser ablation in liquids has been used 
to synthesize nanomaterials for over two decades, but the nature of this 
method is still not fully understood. Therefore, there are many publi-
cations aimed at in-depth knowledge and understanding of the mecha-
nisms occurring during the processes taking place during laser operation 
and optimization of the process conditions in order to reduce the costs 
and control the size of the obtained nanoparticles [48]. They also 
describe the main principles, possibilities and benefits of the laser 
ablation method [47,49–52] and its use for the synthesis of various types 
of nanoparticles, including Au [53,54], Ag [55–57], Cu [58,59], Pt [60] 
and others [61,62]. Despite the significant cost of the equipment (laser 

Fig. 1. Semi-profiles of ablated craters.  

Fig. 2. SEM images of nanoparticles with corresponding size-distributions for ZnO (first row), CuO (second row) and α-Fe2O3 (third row). Black lines represent log- 
normal fit to size-distributions. 
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the most expensive), laser ablation has many advantages. This method 
can be used to obtain nanoparticles, among others noble metals in water 
or organic solvents without the need to use additional substances, unlike 
standard methods involving the chemical reduction of metal salts in the 
presence of stabilizing molecules. The costs of purchasing metal salts 
and other chemical additives that would be necessary to produce 
nanoparticles by traditional chemical methods are eliminated. In addi-
tion, the amount of waste produced is significantly reduced, and 
although the process itself takes some time, depending on the parame-
ters set, the manual operation of the system is also minimal [50]. The 
main advantage of laser ablation in liquids over the standard techniques 
is that it provides nanoparticles of high purity as no chemicals are 
required and no byproducts of the reactions and residues on the nano-
particle surface are present. Summarizing, the laser production of 
nanoparticles, although it is more expensive than the chemical one, is, 
however, chemical-freehigh yield, simpler and more ecological [48]. 

The main objective of the research was to investigate the effect of 
type and thicknesses of the layer of metal oxide nanoparticles (used as 
solid contact) placed as an intermediate layer between the electrode 
material and the ion-selective membrane on the analytical parameters of 

the potassium ion-selective electrodes. For this purpose, nanoparticles of 
zinc oxide, copper oxide and iron oxide obtained by laser ablation were 
used. A number of studies were carried out in the field of potentiometric 
methods as well as impedance spectroscopy. Sensors were obtained that 
are capable of working for a long time, while maintaining a very good 
slope of the calibration curves, still having good potential stability and a 
fast response time. 

2. Materials and methods 

2.1. Reagents 

Ion-selective membrane components, such as potassium ionophore – 
valinomycin and low molecular weight poly(vinylchloride) (PVC) were 
purchased from Aldrich; whereas potassium tetrakis(p-chlorophenyl) 
borate (KTPClPB), bis(2-ethylhexyl) sebacate (DOS) were purchased 
from Fluka. Other substances such as nitrate salts necessary for electrode 
selectivity studies were purchased from Fluka. All aqueous solutions in 
the appropriate concentrations were prepared with salts of the highest 
purity available (pure pro analysis) using freshly deionized water. 

Fig. 3. (a) UV-VIS photoabsorption spectra of ZnO, CuO and α-Fe2O3 colloidal solutions, (b) band gap energies of nanoparticles obtained using Tauc plot.  

Fig. 4. High resolution XPS spectra of (a) Zn 2p, (b) Cu 2p and (c) Fe 2p.  
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2.2. Apparatus 

Measurements of the electromotive force (EMF) of a cell consisting of 
a working electrode (tested ion-selective electrode with a solid contact 
sensitive to potassium ions) and a silver/silver chloride reference elec-
trode with double junction system (Metrohm 6.0750.100)were per-
formed at room temperature in mixed solutions with a magnetic stirrer 
using a potentiometric system consisting of a 16-channel data acquisi-
tion system (Lawson Labs. Inc., USA) connected to a computer with 
appropriate software. 

Electrochemical impedance spectroscopy (EIS) measurements were 
performed in a 1 × 10− 2 mol L− 1 KNO3 solution in a system consisting of 
three electrodes: tested ISE as working electrode, silver/silver chloride 
reference electrode with c(KCl) = 3 mol L− 1 as reference electrolyte 
(Metrohm 6.0733.100) and the auxiliary electrode - a GC rod 2 mm/65 
mm (Metrohm). An AUTOLAB electrochemical analyzer (Eco Chemie, 
Netherlands) controlled by NOVA software was used as the measuring 
device. The impedance spectra were recorded in the frequency range 
0.1–100 kHz at the open circuit potential with an amplitude ±10 mV. 

2.3. Synthesis and characterization of nanoparticles 

Zinc oxide, copper oxide and iron oxide nanoparticles colloidal so-
lutions were synthesized via a process of pulsed laser ablation of pure 
metallic targets (purity >99.99%, GoodFellow) immersed in a glass 
beaker containing 25 mL of deionized water. The experimental set-up is 
the same as we used in an article [61], with Nd:YAG laser (Quantel, 
Brilliant) with following parameters: number of pulses 5000, wave-
length 1064 nm, repetition rate 5 Hz, output pulse energy 300 mJ (120 
mJ delivered to the target) and pulse duration 4 ns. Mass concentration 
of ablated metallic material in as-synthesized colloids (in a form of 
nanoparticles and irregular material) was calculated from ablated 
crater-volume and known metallic density. The crater volume was 
determined using an optical microscope (Leica DM2700 M, Leica 
Microsystems). Characterization of nanoparticles deposited on silicon 
wafers was performed using a JEOL JSM-7800F field emission SEM in-
strument (Jeol Ltd., Tokyo, Japan) by detecting the secondary electrons 
with an electron beam accelerating voltage of 10 kV and 12 kV and a 
working distance (WD) of 10 mm and 3 mm, respectively. Prior to the 
nanoparticles deposition the substrates were ultrasonically cleaned for 

Table 1 
Analytical parameters of studied electrode and their stability in time.  

Electrode Parameter Time [weeks] 

1 2 4 6 8 20 

ISE-ZnO(a) Slope [mV/decade] − 56.18 − 55.44 − 55.63 − 55.47 − 55.02 − 55.25 
Limit of detection [mol 
L− 1] 

5.31 × 10− 6 6.80 × 10− 6 7.43 × 10− 6 7.77 × 10− 6 8.15 × 10− 6 9.48 × 10− 6 

Linearity range [mol L− 1] 1 × 10− 5 – 1 ×
10− 1 

1 × 10− 5 – 1 ×
10− 1 

1 × 10− 5 – 1 ×
10− 1 

1 × 10− 5 – 1 ×
10− 1 

1 × 10− 5 – 1 ×
10− 1 

1 × 10− 5 – 1 ×
10− 1 

Potential E0[mV] 552.45 554.74 560.72 564.35 566.50 579.35 
ISE-ZnO(b) Slope [mV/decade] − 56.07 − 55.69 − 55.38 − 55.60 − 55.47 − 55.62 

Limit of detection [mol 
L− 1] 

3.66 × 10− 6 3.86 × 10− 6 4.41 × 10− 6 4.67 × 10− 6 4.95 × 10− 6 5.47 × 10− 6 

Linearity range [mol L− 1] 1 × 10− 5 – 1 ×
10− 1 

1 × 10− 5 – 1 ×
10− 1 

1 × 10− 5 – 1 ×
10− 1 

1 × 10− 5 – 1 ×
10− 1 

1 × 10− 5 – 1 ×
10− 1 

1 × 10− 5 – 1 ×
10− 1 

Potential E0[mV] 350.18 355.66 361.22 366.44 370.38 383.71 
ISE-CuO(a)  1 2 3 4 6 8 

Slope [mV/decade] − 56.68 − 56.39 − 56.20 − 51.72 − 52.40 − 46.07 
Limit of detection [mol 
L− 1] 

8.21 × 10− 6 9.44 × 10− 6 6.59 × 10− 6 4.23 × 10− 6 3.43 × 10− 6 3.67 × 10− 6 

Linearity range [mol L− 1] 1 × 10− 5 – 1 ×
10− 1 

1 × 10− 5 – 1 ×
10− 1 

1 × 10− 5 – 1 ×
10− 1 

1 × 10− 5 – 5 ×
10− 2 

1 × 10− 5 – 5 ×
10− 2 

1 × 10− 5 – 1 ×
10− 3 

Potential E0[mV] 496.51 509.61 522.69 498.74 500.34 464.27 
ISE-CuO(b) Slope [mV/decade] − 57.52 − 56.68 − 56.65 − 56.51 − 55.77 − 53.74 

Limit of detection [mol 
L− 1] 

3.12 × 10− 6 5.29 × 10− 6 5.56 × 10− 6 5.59 × 10− 6 6.47 × 10− 6 7.69 × 10− 6 

Linearity range [mol L− 1] 1 × 10− 5 – 1 ×
10− 1 

1 × 10− 5 – 1 ×
10− 1 

1 × 10− 5 – 1 ×
10− 1 

1 × 10− 5 – 1 ×
10− 1 

1 × 10− 5 – 1 ×
10− 1 

1 × 10− 5 – 1 ×
10− 1 

Potential E0[mV] 412.44 409.01 397.57 408.63 440.70 442.90 
ISE- 

Fe2O3(a)  
1 2 3 4 6 8 

Slope [mV/decade] − 55.11 − 54.82 − 52.50 − 46.40 − 46.89 − 46.62 
Limit of detection [mol 
L− 1] 

6.60 × 10− 6 4.21 × 10− 6 1.62 × 10− 6 1.76 × 10− 6 3.54 × 10− 6 4.33 × 10− 6 

Linearity range [mol L− 1] 1 × 10− 5 – 1 ×
10− 1 

1 × 10− 5 – 1 ×
10− 1 

1 × 10− 5 – 1 ×
10− 1 

1 × 10− 5 – 1 ×
10− 3 

1 × 10− 5 – 5 ×
10− 3 

1 × 10− 5 – 5 ×
10− 3 

Potential E0[mV] 367.63 399.29 397.96 441.47 489.75 422.85 
ISE- 

Fe2O3(b) 
Slope [mV/decade] − 56.81 − 56.65 − 56.14 − 55.27 55.77 − 55.11 
Limit of detection [mol 
L− 1] 

4.54 × 10− 6 3.37 × 10− 6 6.05 × 10− 6 6.58 × 10− 6 4.26 × 10− 6 6.05 × 10− 6 

Linearity range [mol L− 1] 1 × 10− 5 – 1 ×
10− 1 

1 × 10− 5 – 1 ×
10− 1 

1 × 10− 5 – 1 ×
10− 1 

1 × 10− 5 – 1 ×
10− 1 

1 × 10− 5 – 1 ×
10− 1 

1 × 10− 5 – 1 ×
10− 1 

Potential E0[mV] 463.49 457.73 468.68 455.54 544.81 531.11 
ISE(c)  1 2 3 4 6 8 

Slope [mV/decade] − 55.03 − 55.45 − 55.30 − 55.27 − 55.25 − 54.79 
Limit of detection [mol 
L− 1] 

5.86 × 10− 6 6.79 × 10− 6 7.36 × 10− 6 7.81 × 10− 6 1.14 × 10− 5 1.93 × 10− 5 

Linearity range [mol L− 1] 1 × 10− 5 – 1 ×
10− 1 

1 × 10− 5 – 1 ×
10− 1 

1 × 10− 5 – 1 ×
10− 1 

1 × 10− 5 – 1 ×
10− 1 

5 × 10− 5 – 1 ×
10− 1 

1 × 10− 4 – 1 ×
10− 1 

Potential E0[mV] 370.18 387.21 401.23 408.31 422.77 446.34 

(a) thicker layer of the solid contact – 500 μl and (b) thinner layer of the solid contact – 100 μl of the colloidal solution of nanoparticles; (c) clear electrode – without 
intermediate layer. 
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Fig. 5. Calibration curves of electrodes: with thicker NPs layer - ISE-ZnO(a), thinner NPs layer - ISE-ZnO(b) and without intermediate layer - ISE(c), determined 
in time. 
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10 min in acetone, distilled water and isopropanol and finally dried with 
N2 gas. As-synthesized colloidal solutions were characterized by UV-VIS 
measurements (Lambda 25, PerkinElmer). The chemical composition 
and bonding were characterized by XPS in a SPECS XPS spectrometer 
equipped with a Phoibos MCD 100 electron analyzer and a mono-
chromatized source of Al Kα X-rays of 1486.74 eV. The typical pressure 
in the UHV chamber during analysis was in the 10− 7 Pa range. For the 
electron pass energy of the hemispherical electron energy analyzer of 10 
eV used in the present study, the overall energy resolution was around 
0.8 eV. All spectra were calibrated by the position of C 1s peak, placed at 
the binding energy of 284.5 eV. The XPS spectra were deconvoluted into 
several sets of mixed Gaussian-Lorentzian functions with Shirley back-
ground subtraction. 

2.4. Preparation of the ion-selective membrane 

The ion-selective membrane was prepared by weighing the appro-
priate masses of the membrane components on an analytical balance 
(totally 0.3 g) and adding 3 mL of THF to them. Qualitative and quan-
titative composition of the membrane: 3% valinomycin, 1% KTPClPB, 
32% PVC, 64% DOS. The membrane components and the organic sol-
vent were thoroughly mixed and placed in an ultrasonic bath until the 
mixture was completely homogenized. 

2.5. Preparation of solid contact ion-selective electrodes 

Glassy carbon electrodes (GCE) with a diameter of 0.3 cm were used 
for the research. The surface of the electrodes was prepared by using fine 
grit sandpaper (2500 and 5000), then polished with alumina powder 
sized 0.3 μm, rinsed with distilled water and cleaned using an ultrasonic 
bath. The electrodes were then rinsed again to better remove residual 
abrasives, rinsed with tetrahydrofuran (THF) and allowed to dry. The 
solid contact layer was created by repeatedly dropping small volumes of 
a colloidal aqueous solution of selected nanoparticles (in total volumes 
of 500 μl (a) and 100 μl (b)) onto the surfaces of previously prepared 
GCEs that were allowed to dry. Ion-selective membrane layers were then 
dropped (three times 30 μl) and the THF was allowed to evaporate. For 
comparison, unmodified electrodes were also prepared in which an ion- 
selective membrane was spotted directly on the GCE surface. The elec-
trodes were left to dry for 24 h and then immersed in 1 × 10− 3 mol L− 1 of 
potassium ion conditioning solution (potassium nitrate salt - KNO3). 
Three of the same type of electrodes were made and tested in parallel. 

3. Results and discussion 

3.1. Characteristics of nanoparticles 

The mass concentration of as-synthesized ablated colloidal solutions 
was determined from ablated craters shown in Fig. 1 and according to a 
procedure previously described [63]. Craters were evaluated as 
described in the article [64]. 

The masses of ablated material, calculated from craters and known 
density, are 16.8 μg, 12.6 μg and 8.9 μg for ZnO, CuO and α-Fe2O3 
colloidal solutions, respectively. It yields corresponding mass concen-
trations of produced colloids 0.67 mg/L, 0.50 mg/L and 0.36 mg/L for 
ZnO, CuO and α-Fe2O3 colloidal solutions, respectively. 

A SEM imaging was used to inspect nanoparticles size, shape and 
morphology. From SEM images a size-distribution of nanoparticles were 
obtained using program ImageJ. SEM images together with corre-
sponding size-distributions are shown in Fig. 2. 

From Fig. 2 it can be seen that all nanoparticles are of spherical shape 
while in CuO and especially in α-Fe2O3 irregularly crystallized material 
is also present. ZnO colloid contains mostly pure nanoparticles with no 
irregular material. Size distributions of nanoparticles are relatively 

Fig. 6. Calibration curves of electrodes obtained in the KNO3 solution in the concentration range of 1 × 10− 8 – 1 × 10− 1 mol L− 1 during: a) the first week, b) after 
two months of testing. Standard deviations given on the plots are determined for three electrodes. 

Table 2 
Potential stability and response time obtained for the tested electrodes.  

Parameter ISE- 
ZnO 
(a) 

ISE- 
ZnO 
(b) 

ISE- 
CuO 
(a) 

ISE- 
CuO 
(b) 

ISE- 
Fe2O3(a) 

ISE- 
Fe2O3(b) 

ISE 
(c) 

Short term 
potential 
drift [mV/ 
h] 

0.32 0.16 1.38 0.54 14.36 1.40 5.17 

Long term 
potential 
drift [mV/ 
day] 

0.18 0.22 0.45 0.39 0.70 0.86 1.1 

Response 
time [s] 

4–6 4–6 4–6 4–6 6–8 6–8 6–8  
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broad and follow log-normal distribution which is typical for laser 
synthesis of nanoparticles in liquids as discussed in the article [63]. 
Average size of ZnO nanoparticles is 140 nm, CuO is 50 nm and α-Fe2O3 
is 150 nm. 

In Fig. 3 (a) UV-VIS photoabsorption spectra of ZnO, CuO and 
α-Fe2O3 colloidal solutions are shown. Optical band gap energy is 
determined from UV-VIS spectra using following formula: 

Ahν ∼
(
hν − Eg

)n (1)  

where: A is the absorbance, hν is the photon energy, Eg is the band gap 
energy and n is exponent which depends on the type of transition. 
Namely, its value is ½ for indirect and 2 for direct transitions. Eg is 
determined by extrapolating the linear part of (Ahν)1/nvs. hν to zero (A 
= 0) as is shown in Fig. 3(b). It can be seen that ZnO(Eg = 3.3 eV) and 
CuO(Eg = 2.4 eV) possess direct band gap as expected and with the 
values reported in the literature [65,66]. Note that CuO band gap is 
about 1 eV larger that bulk material but this feature can be attributed to 
the reduced grain size in the case of nanoparticles prepared by pulsed 
laser ablation [67]. Such band gap energies indicate that laser ablated 
Zn and Cu oxidized in water possessing wurtzite and cuprous crystal 
structures of ZnO and CuO, respectively [63,68]. Laser ablation of Fe in 
water results in formation of Fe-oxides. They can, most probably, crys-
tallize in two polymorphic structures α-Fe2O3 and γ-Fe2O3. As α-Fe2O3 
possess both direct and indirect band gap and determined Eg’s are 2.74 
eV and 1.67 eV, respectively, it indicates that nanoparticles are of 
α-Fe2O3 structure [69]. 

The surface property of nanoparticles was studied by XPS analysis. In 
Fig. 4 (a) a high-resolution XPS core level spectrum of Zn 2p is shown. 
The spectrum is fitted with two components at 724.1 eV and 710.0 eV 

(fit is shown with red line). Peaks correspond to Zn2+ states in ZnO 
lattice. In Fig. 4 (b) a high-resolution XPS core level spectrum of Cu 2p is 
shown. The spectrum consists of the main peak 2p3/2 at binding energy 
934.5 eV (red line fit) and satellite band consisting of two peaks at 944.0 
eV and 941.0 eV (green and blue fit, respectively) which are typical 
features of cuprous oxide, CuO [70,71]. In Fig. 4 (c) a high-resolution 
XPS core level spectrum of Fe 2p obtained from α-Fe2O3 nanoparticles 
is shown. The spectrum is fitted with two main peaks at 724.1 eV and 
710.3 eV (red line fit) while both peaks are accompanied with broad 
satellite structures positioned on their high binding energy side (blue 
line fit) at 733.0 eV and 718.5 eV, respectively. The main peaks energies 
are consistent with values obtained for the ferric oxides reported in 
literature [72]. 

3.2. Potentiometric measurements 

3.2.1. Potentiometric response 
This work describes potassium ion-selective electrodes with solid 

contact, in which nanoparticles of selected metal oxides (zinc, copper 
and iron oxide) were used as solid contact. Sensors with two thicknesses 
of solid contact layers (thicker - 500 μl (a) and thinner - 100 μl (b) of 
nanoparticles suspension) were tested. In order to obtain a better com-
parison, an electrode without an intermediate layer (c) was additionally 
prepared. The obtained electrodes have been widely studied. 

Measurements were made to prepare electrode calibration curves, 
which also allowed to determine their linearity ranges, detection limits 
(LOD) and sensor response times. In addition, the stability of the short- 
and long-term potential of the tested electrodes and the reversibility of 
the potential at various concentration levels were also examined. The 

Fig. 7. Short-term potential stability of the tested electrodes, measured in a 1 × 10− 1 mol L− 1 KNO3 solution.  
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electrochemical impedance spectroscopy technique was used to test and 
compare the electrical properties of the sensors. 

The potentiometric response of the electrodes was tested in KNO3 
solutions in the concentration range of 1 × 10− 8 – 1 × 10− 1 mol L− 1 by 
measuring the electromotive force (EMF) of the cell composed of the 
tested electrode and the Ag/AgCl reference electrode. The measure-
ments were made twice a week. On the basis of the obtained calibration 
curves, analytical parameters of the electrodes such as detection limit, 
characteristic slope, linear range and potential E0 were determined. The 
E0 potential values were determined from the calibration curves by 
extrapolation of the linear section of the response function to the paK+ =

0. Change of analytical parameters in time of different electrodes are 
presented in Table 1. Time course of the calibration curves for ZnONPs- 
based electrodes and unmodified electrodes is shown on Fig. 5. 

In the initial period of time, the slopes of the electrode characteristics 
curves and the determined detection limits were comparable for all 
sensors. However, over time, the differences between the sensors varied 
more. As time passed, the slope of the electrode characteristics 
decreased and the detection limit increased. However, this process was 
much faster for electrodes without nanoparticles. Moreover, calibration 
curves lost their linear course at higher concentrations and the linear 
range shortened for electrodes with a thicker layer of nanoparticles 
when copper oxide and iron oxide nanoparticles were used. All elec-
trodes with thinner layer of nanoparticles exhibited better stability in 
time compared to electrode without nanoparticles modification. In the 
case of zinc oxide nanoparticles, both types of electrodes worked 
properly for several months. Even five-month-old electrodes showed the 
same linear range and 98.3 and 95.0% of initial slope for thicker and 
thinner layer of nanoparticles, respectively (Fig. 5). 

The improvement of electrode stability in result of introduction of 
metal oxide nanoparticles intermediate layer is not surprising. Transi-
tion metals nanoparticles including ZnONps, CuONPs and Fe2O3NPs 
belong to nanostructures which show excellent physical and electro-
chemical performance as compared to their bulk counterparts. They are 
characterized by high surface-to-volume ratio and exhibit semi-
conducting properties. Due to presence of NPs layer the electroactive 
surface area is enlarged and electron transfer between ion sensitive 
membrane and inner electrode is enhanced. 

Electrodes with a thinner layer of nanoparticles showed a much 
longer lifetime compared to electrodes with a thicker layer of nano-
particles when copper oxide and iron oxide nanoparticles were used. In 
the case of zinc oxide nanoparticles, both types of electrodes worked 
properly for several months. 

The graphs (Fig. 6) show the calibration curves for all types of 
electrodes obtained at the beginning of the tests and after 2 months. 
There is a noticeable advantage in the durability of electrodes with a 
thinner intermediate layer in the case of copper and iron oxide 
nanoparticles. 

The more favorable properties of the electrodes based on ZnONPs are 
probably the result of greater homogenity of ZnONPs. As can be seen on 
SEM images (Fig. 2) ZnONPs, contrary to Fe2O3NPs and CuONPs, did not 
contain irregularly crystallized material. Homogenous structure of 
ZnONPs allows to obtain an evenly distributed layer of nanoparticles on 
the surface of the inner electrode and is not conducive to the formation 
of the water layer on membrane-inner electrode interface. In the case of 
CuONPs and Fe2O3NPs presence of irregularly crystallized forms can 
cause poorer adhesion of the membrane to the inner layer of nano-
particles and the surface of the inner electrode. This effect was more 
evident in the case of electrodes with thicker layer of NPs. 

3.2.2. Long term potential stability 
The research on the long-term stability of the electrode potential 

consisted in systematic (twice a week) calibration of the electrodes in 
freshly prepared KNO3 solutions and estimating the E0 value each time 
from the linear segment of the calibration curve. The stability was 
calculated from the difference between the E0 values obtained for the 
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Fig. 8. Reversibility of the potential response measured in KNO3 solutions with 
concentrations: 1 × 10− 5, 1 × 10− 4 and 1 × 10− 3 mol L− 1 for the tested elec-
trodes: unmodified electrode and electrodes containing thicker and thinner 
interlayer of a) ZnO, b) CuO and c) Fe2O3 nanoparticles as a solid contact. 
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last and first calibrations, which was then divided by the number of days 
in between them. As it can be seen on Fig. 5 electrodes based on ZnO 
nanoparticles were characterized by good long term potential stability. 
Calibration curves determined over five months were very repeatable for 
these electrodes. Similar results were obtained for ISE-CuO(b) and ISE- 
Fe2O3(b). Change of potential E0 in time for all tested electrodes is 
shown in Table 1 and long term potential stability expressed as ΔE0/Δt is 
given in Table 2 where it can be seen that all electrodes based on 
nanoparticles exhibited improved long term potential stability 
compared to simple coated disc electrode. 

3.2.3. Short-term stability of the potential 
Short-term potential stability was determined in a KNO3 solution 

with a concentration of 1 × 10− 1 mol L− 1 for 3 h. The EMF dependence 
on time for modified and unmodified electrodes is shown in Fig. 7. 
Except for the ion-selective electrode with a thicker layer of iron oxide 
nanoparticles, all electrodes showed better potential stability compared 
to the unmodified electrode. The best potential stability exhibited 
electrodes based on ZnO nanoparticles. The determined potential drift 
(ΔE/Δt) was over sixteen times smaller and over thirty-two times 
smaller for electrodes with a thicker and thinner layer of ZnO nano-
particles, respectively, compared to unmodified electrodes (Table 2). It 
is worth to note that in the case of all modified electrodes short-term 
stability was better for electrodes with thinner layer of metal oxide 
nanoparticles. Probably it was connected with diffusion processes 
within this layer which is faster in thinner layer and results in more 
effective charge transport between membrane and inner electrode. 

3.2.4. Reversibility of the electrode potential 
The reversibility of the potential was measured with KNO3 solutions 

in1 × 10− 5, 1 × 10− 4 and 1 × 10− 3 mol L− 1 concentrations. Time- 

dependent potential traces during reversibility measurements are pre-
sented in Fig. 8 whereas mean potential values obtained from mea-
surement in particular concentrations and standard deviation are given 
in Table 3 where it can be seen that electrodes with metal oxides 
nanoparticles were characterized by better potential reversibility than 
unmodified electrode ISE(c). This is evidenced by the lower value of the 
standard deviation. Only the electrodes with a thicker layer of iron 
nanoparticles showed worse potential reversibility. Most likely, it was 
caused by the membrane detaching from the substrate. This hypothesis 
is also confirmed by the water layer test described below. 

3.2.5. Selectivity 
Selectivity coefficients for selected interfering ions were determined 

using the separate solution method (SSM) [73]. The logarithms of 
selectivity coefficients obtained for the tested electrodes were presented 
in Table 4. In addition, the table also includes data on other ion-selective 
electrodes sensitive to potassium ions, which are available in the liter-
ature. Placement of an intermediate layer of nanoparticles between the 
electrode material and the ion-selective membrane did not change the 
selectivity significantly. The selectivity for the chosen interfering ions is 
comparable for all tested sensors, and also for the given examples. The 
reason can be that the best known and most commonly used ionophore 
for this type of electrodes is valinomycin. The selectivity of sensors 
containing the same active substance as a component of the ion-selective 
membrane will not differ significantly. Additions of other substances or 
different types of materials used as solid contact may have a slight dif-
ference in selectivity. 

3.2.6. Water layer test 
The water layer test was performed to check whether there was a thin 

layer of water phase between the material of the inner electrode and the 

Table 3 
Results of potential reversibility measurements, mean potential values and standard deviation.  

CK+ [mol L− 1] Parameter ISE-ZnO(a) ISE-ZnO(b) ISE-CuO(a) ISE-CuO(b) ISE- Fe2O3(a) ISE- Fe2O3(b) ISE(c) 

1 × 10− 5 MeanV mV] 295.25 97.61 209.57 150.71 146.09 209.93 123.44 
SD [mV] 5.08 5.79 4.97 4.32 17.63 2.98 6.36 

1 × 10− 4 MeanV mV] 342.02 144.94 254.25 196.17 182.87 255.62 166.71 
SD [mV] 1.17 1.51 1.23 0.91 8.36 1.06 2.68 

1 × 10− 3 MeanV mV] 400.51 203.25 312.25 253.55 252.32 314.43 223.66 
SD [mV] 0.66 0.53 1.04 0.26 15.56 0.39 1.76 

MeanV – mean value of SEM, SD – standard deviation. 

Table 4 
Comparison of logarithms of selectivity coefficients obtained by the method of separated solutions (SSM) for tested electrodes and selected electrodes available in the 
literature.  

Ion logKpot
K, M 

ISE-ZnO(b) ISE-CuO(b) ISE- Fe2O3(b) ISE [74] [75] [76] [77] 

Na+ − 4.8 ± 0.1 − 4.9 ± 0.2 − 4.8 ± 0.2 − 4.8 ± 0.1 − 4.5 ± 0.2 − 4.6 ± 0.1 − 4.3 ± 0.2 − 3.5 ± 0.1 
Ca2+ − 4.7 ± 0.1 − 4.6 ± 0.2 − 4.4 ± 0.3 − 4.8 ± 0.2 − 3.1 ± 0.2 − 5.0 ± 0.2 − 4.2 ± 0.2 − 3.6 ± 0.4 
Mg2+ − 5.4 ± 0.2 − 5.3 ± 0.3 − 5.3 ± 0.3 − 4.8 ± 0.3 − 4.5 ± 0.3 − 5.5 ± 0.1 − 4.5 ± 0.3 − 3.7 ± 0.4 
Co2+ − 3.7 ± 0.1 − 4.0 ± 0.3 − 3.7 ± 0.1 − 3.8 ± 0.4 – – – – 
Ni2+ − 2.5 ± 0.3 − 2.7 ± 0.3 − 2.5 ± 0.4 − 2.5 ± 0.3 – – – – 
Zn2+ − 5.1 ± 0.2 − 5.1 ± 0.1 − 5.0 ± 0.2 − 5.0 ± 0.2 – – – – 
Cu2+ − 5.1 ± 0.1 − 5.1 ± 0.3 − 5.0 ± 0.1 − 5.1 ± 0.3 – – – – 
Cd2+ − 4.9 ± 0.2 − 5.0 ± 0.2 − 4.9 ± 0.3 − 5.0 ± 0.4 – – – – 
Pb2+ − 5.3 ± 0.3 − 5.3 ± 0.4 − 5.2 ± 0.4 − 5.1 ± 0.4 – – – –  
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ion-selective membrane causing the deterioration of the electrode po-
tential stability. The procedure was based on the description in the 
article [13]. The water layer test was carried out for each type of elec-
trode after soaking the electrodes in 1 × 10− 1 mol L− 1 KNO3 solution for 
24 h. Then the signal was measured for about an hour in the main ion 
solution, then the solution was changed to 1 × 10− 1 mol L− 1 NaNO3 
(interfering ion) and the signal was measured for about 3 h. Then the 
electrodes were placed back in the main ion solution and the change in 
electrode potentials was measured again for about 20 h. 

As it can be seen on Fig. 9, ISE without nanoparticles layer exhibited 
noticeable potential drift after replacement of primary ions by inter-
fering ions which indicates the formation of a water layer between the 
membrane and inner electrode. In the case of electrodes with an addi-
tional layer of zinc oxide nanoparticles as a solid contact, a more stable 
potential was observed. In the case of copper oxide nanoparticles-based 

electrodes lack of potential drift was observed only for electrode with 
thinner interlayer of CuONPs. The electrode with thicker interlayer of 
CuONPs exhibited similar potential readings to those observed for un-
modified ISE(c). Similar results were obtained for ISEs based on iron 
oxide nanoparticles. 

3.2.7. Effects of O2, CO2 and light on the electrode potential stability 
In the case of potentiometric sensors, it is very important that they 

are able to work in changing conditions, especially due to their possible 
application in the study of natural samples and environmental moni-
toring, also directly without the need to take the samples to the labo-
ratory. In order to test the resistance of the electrodes to changing 
measurement conditions, tests were carried out on the influence of the 
presence of gases and light on the change of the potential of the tested 
electrodes. For this purpose, a fresh KNO3 solution with a concentration 
of 10− 3 mol L− 1 was prepared and the tested electrodes were immersed 
in it. In order to check the effect of the presence of gases, the electrode 
potential was measured alternately, each time for 10 min, in two solu-
tions: the starting solution, which was left in the air at room temperature 
in order to be saturated with oxygen and carbon dioxide from the air, 
and the solution, which had previously been deoxidized by hour in ni-
trogen flow. In the case of examining the effect of the presence of light 
on the potential of the electrodes, they were also immersed in a KNO3 
solution with a concentration of 10− 3 mol L− 1, and then the light was 
turned off and the light was turned on, also 10 min apart. Fig. 10 shows 
the dependence of the potential on time under varying conditions for 
electrodes with an intermediate layer of ZnO nanoparticles. Both in the 
case of this type of electrode, as well as the others, no significant in-
fluence of both the presence of gases and the change of lighting in the 
laboratory was noticed. The electrodes worked properly, the potential 
did not change much, which could result from the change of measure-
ment conditions, and their work was not disturbed in any way. 

3.3. Electrochemical impedance spectroscopy 

In order to investigate the influence of the kind of metal oxide 
nanoparticles on electrochemical performance ISE-ZnO(a), ISE-CuO(a), 
ISE-Fe2O3(a) and unmodified ISE(c) were compared by electrochemical 
impedance spectroscopy. EIS spectra were recorded at open circuit po-
tential, with an amplitude of ±10 mV and within the frequency range 
from 0.1 Hz to 100 kHz. Fig. 11 shows impedance spectra obtained for 
the studied electrodes. As it can be seen in Fig. 11, all impedance spectra 
had the same shape semicircle in the high frequency region together 
with a part of semicircle in the low frequency region. The high- 
frequency semicircle can be attributed to the bulk resistance (Rb) and 
geometric capacitance (Cg) of the ISM, and the low-frequency part of 
semicircle can be connected to the charge-transfer resistance (Rct) in 
parallel with a double layer capacitance (Cdl) at the interface between 
the polymeric membrane and inner GC electrode [78,79]. The obtained 
impedance spectra were fitted to the equivalent circuit presented in 
Fig. 12 where it can be seen that apart resistance (R) and capacitance 
(C), there is the constant phase element (CPE). CPE is connected with 
diffusion and surface imperfection and depending on the value of 
parameter n, it can represent ideal capacitance if n = 1, or Warburg 
impedance when n = 0.5. Electrical parameters of studied electrodes 
determined using equivalent circuit are listed in Table 5. As can be seen 
in result of introduction of metal oxide nanoparticles intermediate layer, 
the electrical parameters of studied electrodes were significantly 
improved. Bulk membrane resistance Rb decreased from 882 kΩ for 
unmodified ISE(c) to 78.1, 391 and 479 kΩ for ISE-CuO(a), ISE--
Fe2O3(a), ISE-ZnO(a), respectively. Similar change was observed for the 
charge transfer resistance Rct which decreased from 180 kΩ for un-
modified ISE(c) to 9.34, 70.0 and 22.0 kΩ for ISE-CuO(a), ISE-Fe2O3(a), 
ISE-ZnO(a), respectively. At the same time, the double layer capacitance 
(Cdl) capacity increased significantly. It was equal 0.116 nF for un-
modified ISE(c) and was much smaller than this obtained for 

Fig. 9. Water layer test for the SCISEs with zinc oxide (a) and copper oxide (b) 
nanoparticles. The measurements were recorded in 1 × 10− 1 mol L− 1 KNO3 and 
in 1 × 10− 1 mol L− 1 NaNO3. 
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nanoparticles based electrodes whose Cdl was 104, 10.3 and 27.7 nF for 
ISE-CuO(a), ISE-Fe2O3(a), ISE-ZnO(a), respectively. These results indi-
cate that the applying of metal oxide NPs as a transducing layer signif-
icantly facilitates the diffusion processes and charge transport at the 
interface which results in improvement the potential stability. 

4. Conclusions 

Potassium-sensitive ion-selective electrodes with solid contact were 
constructed, in which various metal oxide nanoparticles were used as 

solid contact. A slightly higher slopes of the calibration curves were 
obtained for the modified electrodes compared to the unmodified elec-
trode. Moreover, electrodes with nanoparticles showed better stability 
and potential reversibility. The prepared ion-selective electrodes were 
characterized by a very fast response time (4–8 s). The electrodes with 
ZnO nanoparticles also showed a very long life, as they were still 
working properly after 5 months and kept a very good slope. In the case 
of CuO and Fe2O3 nanoparticles their usage as solid contact of ion- 
selective electrodes requires optimization of inner layer thickness. 

Metal oxide nanoparticles offer a new alternative to obtain all solid 
state ion-selective electrodes. They are relatively cheap and readily 
available material. Nanoparticles obtained by laser ablation, compared 
to other materials used as solid contact, e.g. carbon nanomaterials, are 
characterized by high purity. This is due to the fact that the laser abla-
tion process as a method of obtaining various types of metal and metal 
oxides nanoparticles is characterized by high speed, minimal manual 
operation of the equipment and cleanliness, because it is not necessary 
to use any organic compounds or other additives (such as metal salts) 
and it does not produce any products by-contaminants of the obtained 
end product. 
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Writing – review & editing. Damjan Blažeka: Investigation, Julio Car: 
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