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Abstract
The development and analytical applications of electrochemical sensors based on antimony tin oxide (ATO)–Prussian 
blue (PB) screen-printed electrode (SPE) and PEDOT-PB modified glassy carbon electrode are presented. The ATO-PB 
electrode was successfully applied in the electrochemical detection of  K+ ions. The detection and quantification limits 
value of 1.1 mM and of 3.7 mM, respectively, have been obtained. A high sensitivity of 0.035 A  M−1  cm−2 has been also 
obtained. In addition, a sensing material based on poly(3,4-ethylenedioxythiophene) (PEDOT) and PB has been developed 
by a sinusoidal voltage electrochemical procedure and tested toward the potassium ion detection. The PEDOT-PB sensing 
material displayed the characteristic redox wave of the PB component and good analytical performance toward potassium 
ion detection. These results demonstrate the utility of the novel electrode materials in the development of electrochemical 
sensors for electroinactive analytes.

Keywords Antimony tin oxide · Prussian blue · Potassium ion · Screen-printed electrodes · Sinusoidal voltage · 
Electrochemical sensor

Introduction

Screen-printed electrodes (SPEs) have emerged in the last 
decades as outstanding enablers of various commercial 
electrochemical sensors and biosensors. SPEs display sev-
eral unique properties like reproducibility, mass produc-
tion, reliability, potential of miniaturization, and low cost, 
which ensured their successful use in various electrochemi-
cal (bio)sensors applications [1]. In addition, their versatile 

modification with various inorganic and organic materials, 
synthetic and biologic recognition elements, open the way 
to new applications in biomedical, food, and environmen-
tal fields [2–4]. The use of carbonaceous materials such as 
carbon nanotubes and graphene, metallic nanoparticles, and 
inorganic mediators like Prussian Blue (PB) in the SPEs 
modification has been successfully demonstrated in many 
applications [5–7]. The combination of various modifiers 
could provide synergistic effects that improve the selectivity 
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and the sensitivity, expanding in this way the potential use 
of modified SPEs. Conducting antimony tin oxide (ATO) 
microparticles present a light gray color that makes them 
suitable candidates for spectroelectrochemical applications 
[8]. The spectroelectrochemical measurements provide addi-
tional structural information upon the controlled changed of 
the electrode potential. The grafting of molecular species 
on transparent electrodes reveals potential applications in 
electrocatalysis, optoelectronic devices, and provided use-
ful information related to the stability and structure of the 
resulting interface. The incorporation of ATO microparticles 
in screen-printable inks ensures the development of flexible 
electrochromic devices [9–11]. The integration of Prussian 
blue modified SPEs into spectroelectrochemical applica-
tions further expanded their use in biosensors technology 
[12]. Prussian blue is a mixed valence transition metal 
hexacyanoferrate, namely ferric ferrocyanide, with formula 
 Fe4

III[FeII(CN)6]3 and characterized by a cubic lattice. The 
PB electrochemical behavior consists in two redox waves, 
namely the reduction of PB to the colorless reduced form 
Everitt’s salt (ES),  K4Fe4

II[FeII(CN)6]3, and the oxidation of 
PB to the yellowish oxidized form Berlin Green (BG), with 
formula  FeIII[FeIII(CN)6] [13]. PB has been extensively pre-
pared as thin films onto solid electrode substrates like noble 
metals or semiconductors by chemical and electrochemical 
methods for applications in (bio)sensors and energy storage 
applications [14–22]. Recently, the development of printing 
inks and materials and their integration into screen-printed 
electrodes have expanded the use of PB mainly in form of 
nanoparticles for various sensing strategies [23–25]. PB 
displays excellent electrochromic properties that have been 
already exploited in biosensing [26, 27]. In addition, the 
electrocatalytic properties of PB could also be exploited in 
the detection of electroactive analytes, for instance hydrogen 
peroxide, and the synergism between the electrochromic and 
electrocatalytic properties opens new potential applications. 
In this sense, the ATO nanoparticles have been coated with 
a nanometric layer of PB developing a new ink material for 
the design of novel screen-printed electrodes [12]. The ATO-
PB-SPE devices displayed good electron transfer properties 
that make them suitable for electroanalytical applications.

In this work, the ATO-PB-SPE devices have been charac-
terized by cyclic voltammetry and electrochemical imped-
ance spectroscopy in  K+ containing aqueous solutions aim-
ing to investigate the electron transfer capability and ionic 
conductivity. The influence of  K+ ions concentrations onto 
the reversible behavior of the PB/ES redox system has been 
studied. The dependence of the peak’s potentials and cur-
rents of the PB/ES redox wave on  K+ ions concentration has 
been established. The possibility of the detection of electro-
inactive analytes like  K+ ions has been demonstrated. The 
comparison of the analytical performance of the ATO-PB 
sensing material with another sensing element composed 

of poly(3,4-ethylenedioxythiophene) (PEDOT) and PB 
has been performed. The PEDOT-PB composite material 
is prepared by a novel procedure based on the use of sinu-
soidal voltage superimposed on a constant potential. The 
PEDOT-PB composite material displayed the characteristic 
redox wave of the PB component. The combination of ATO 
nanoparticles and PB provided interesting results regarding 
the development of a novel electrode material with applica-
tions in the sensing of electro-inactive analytes with good 
analytical performance.

Experimental section

Reagents

Potassium chloride (Sigma-Aldrich), potassium nitrate (Sigma-
Aldrich), sodium acetate (Sigma-Aldrich), glacial acetic acid 
(Sigma-Aldrich), monobasic potassium phosphate (Sigma-
Aldrich), and dibasic potassium phosphate (Sigma-Aldrich) 
were of analytical grade. 3,4-ethylenedioxythiophene, iron 
(III) chloride, and potassium ferricyanide were purchased from 
Sigma-Aldrich. The aqueous solutions were prepared using 
double distilled water.

Electrochemical measurements

The production of the Prussian Blue on ATO pastes and 
electrodes has been reported elsewhere [12, 28] but a sum-
mary will be given next for convenience. 20 g of ATO 
coated silica microparticles (1610-S, Milliken, BE) were 
suspended under vigorous magnetic stirring in 200 mL of 
a 25 mM Iron (II) sulfate solution. Next, 30 mL of 60 mM 
potassium hexacyanoferrate (III) were added slowly to the 
stirred solution. Prussian Blue was formed instantly on the 
surface of the  ATOSiO2 particles which, after reaction, were 
separated by decantation, washed with warm dilute HCl, 
and dried overnight in at 100 °C in an oven. The dried cake 
was ground to a fine powder using a mortar and pestle. The 
paste was subsequently produced by combination of this 
powder with a nitrocellulose binder solution. The nitrocel-
lulose binder solution consisted nitrocellulose (Walsroder™ 
Nitrocellulose A400 ISO 30%, DuPont, DE) at 20% by 
weight in 2-butoxyethylethanol (ACROS, ES). The opti-
mum relation of particles to nitrocellulose in the final paste 
was 2.5:1. The paste was homogenized using a three-roll 
mill to break up any lumps and ensure a particle size no 
larger than 10 microns in the final paste. Electrodes were 
screen printed using a manual press through 90 thread  cm−1 
mesh screens as described before. The graphite electrodes 
were screen printed using C2030519P4 Graphite paste from  
Sun Chemical, ES.
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The electrochemical experiments were carried out using 
the ATO-PB-SPE working electrode (geometric area of 
0.071   cm−2) connected via a Dropsens connector to an 
Autolab potentiostat/galvanostat 302 N (Ecochemie, The 
Netherlands). The potentiostat contains the FRA2 module 
and was connected to a PC and controlled by the GPES soft-
ware, version 4.9 (Autolab, Ecochemie). The ATO-PB-SPE 
device contained also a pseudo-reference electrode Ag/Ag+ 
and a graphite auxiliary electrode. All the potential values 
are expressed versus the Ag/Ag+ pseudo-reference electrode. 
The ATO-PB-SPE electrodes were conditioned in 0.1 M KCl 
solution by means of cyclic voltammetric measurements 
in the potential range from 0.0 to 1.0 V vs. Ag/Ag+ at a 
50 mV  s−1 potential scan rate for 5 cycles in order to ensure 
the equilibration of the PB crystal structure with  K+ ions 
from the supporting electrolyte solution. Electrochemical 
impedance measurements were performed using the FRA2 
module of the potentiostat at applied potential values of 
0.14 V vs. Ag/Ag+ and 0.82 V vs. Ag/Ag+, using an excita-
tion sin wave of 5 mV (rms) amplitude over the frequency 
range from 100 kHz to 0.01 Hz, in 0.1 M KCl aqueous solu-
tion. The electrochemical characterization and the analytical 
applications were performed by dropping a volume of 100 
μL of the test solution onto the ATO-PB-SPE devices and 
carefully checking the full coverage of the entire active area 
of the electrodes.

The electrochemical behavior of ATO-PB-SPE device 
was compared to that of a glassy carbon electrode modified 
with a composite material consisting of poly(3,4-ethylene-
dioxythiophene) (PEDOT) organic conducting polymer and 
PB. The PEDOT-PB coating was prepared onto a glassy 
carbon disk electrode (GCE), with a diameter of 3 mm, in 
two steps using a sinusoidal voltage (SV) preparation proce-
dure: i) the electropolymerization of the 3,4-ethylenedioxy-
tiophene (EDOT) monomer was carried out from an aqueous 
solution of 10 mM EDOT and 25 mM  K3Fe(CN)6 by apply-
ing a constant potential of 0.60 V vs. Ag/AgCl/KCl (3 M) 
reference electrode for a electrodeposition time of 1200 s. A 
sinusoidal voltage with amplitude of 0.35 V and frequency 
of 50 mHz was superimposed onto the constant potential of 
0.60 V vs. Ag/AgCl/KCl (3 M). The coating was denoted as 
PEDOT-FeCN. ii) the GCE modified by PEDOT-FeCN coat-
ing was immersed in an aqueous solution containing 50 mM 
 FeCl3, and 0.1 M KCl, and a constant potential of 0.60 V vs. 
Ag/AgCl/KCl (3 M) reference electrode was applied for an 
electrodeposition time of 1200 s. A sinusoidal voltage with 
amplitude of 0.35 V and 50 mHz frequency was applied over 
the constant potential. The in-situ formation of PB takes 
place during the second preparation step. The modified elec-
trode was denoted as PEDOT-PB-GCE.

The surface morphology of the working electrodes was 
assessed by scanning electron microscopy (FEG-SEM 
Hitachi S-4800) at 15 kV.

Analytical measurements

The determination of potassium ions has been done by 
using the calibration plot protocol. In this sense, a series of 
potassium standard solutions with concentrations ranging 
from 0.1 to 10 mM were prepared. Then, a volume of 100 
μL from each standard solution was dropped onto the SPE 
device surface ensuring the full coverage of the electrodes. 
Afterwards, the cyclic voltammetric signal was recorded at 
various potential scan rates. The PEDOT-PB-GCE device 
was used in the electrochemical and analytical measure-
ments in connection with a Ag/AgCl/KCl (3 M) reference 
electrode and a glassy carbon rod as counter electrode, 
respectively.

Results and discussion

Electrochemical characterization of ATO‑PB‑SPE

The electrochemical properties and performance of ATO-
PB-SPE devices have been investigated by using cyclic 
voltammetry (CV) in 0.1 M KCl aqueous supporting elec-
trolyte solution. The presence of  K+ ions in solution is 
of paramount importance for the proper functioning of 
PB. The electrochemical reduction of PB to ES can be 
described by the following scheme reaction:

The reduction process of PB is accompanied by the 
insertion of  K+ ions into the PB lattice, while the oxida-
tion of ES back to PB is characterized by the rejection of 
 K+ ions. Consequently, the presence of  K+ ions into the 
electrolyte solution is required for the proper functioning 
of PB and this is the basic principle ensuring the develop-
ment of an electrochemical sensor for  K+ ions. Figure 1A 
shows typical CVs recorded at ATO-PB-SPE in 0.1 M KCl 
solution at various potential scan rates ranging from 10 
to 500 mV/s. The well-defined redox waves ascribed to 
PB/ES and PB/BG reversible transitions are visible at ca. 
0.11 V vs. Ag/Ag+ and 0.85 V vs. Ag/Ag+, respectively.

There is an increase of both anodic and cathodic peak 
currents with the square root of the potential scan rate for 
the two redox waves, PB/ES and PB/BG, respectively, as 
can be seen in Fig. 1B. The reduction of PB to ES requires 
the ingress of  K+ ions from the electrolyte solution into 
the PB lattice, while the oxidation of ES form back to PB 
involves the expulsion of the  K+ ions. At the time scale 
of the CV experiments, the redox reaction of the PB/ES 
couple is a process controlled by the diffusion of  K+ ions. 
Further confirmation to a diffusion-controlled process is 
provided by the slope value of the log (Ip) versus log (v) 

(1)PB + K
+
+ e

−
⇔ ES
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plot, when a value of 0.60 was obtained (see Fig. 1C). 
There is a strong correlation as shown by the high correla-
tion coefficient value of 0.9997 that has been obtained. A 
similar value of the slope for the anodic peak current was 
obtained. These results demonstrate the fast transfer of 
electrons within the ATO-PB electrode material at the time 
scale of the experiment and the diffusion limited feature of 
the redox process. This behavior is fostering the develop-
ment of an electrochemical sensor for the target analyte, 
i.e.,  K+ ions. In addition, the surface coverage, Γ, of PB 
was estimated from the electrical charge (see Fig. 1D) con-
sumed in the reduction of PB to ES (3.27 mC  cm−2) and 
a value of 3.4 ×  10–8 mol  cm−2 has been obtained. This 

surface coverage value points out to the high amount of 
immobilized PB onto  SiO2-ATO nanoparticles, which is 
favorable from the point of view of analytical applica-
tions where the loading of electroactive materials strongly 
influences the performance of the developed sensors. An 
estimation of the PB thickness (l) could be made on the 
assumption that the obtained PB surface coverage refers 
to a PB layer deposited over a flat disk electrode. In this 
case, the thickness of the PB layer could be calculated by 
using the formula [29]:

(2)l =
Γ a3N

A

4

Fig. 1  A CVs recorded at ATO-PB-SPE in 0.1 M KCl aqueous solu-
tion at different potential scan rates ranging from 10 to 500  mV/s. 
B  The dependence of the anodic and cathodic peak current densi-
ties on the potential scan rate for PB/ES redox system. C Plot of the 
logarithm of the cathodic peak current density versus the logarithm 

of the potential scan rate for the PB/ES redox system. D Double step 
chronoamperogram recorded at ATO-PB-SPE in 0.1 M KCl. Applied 
potentials:  E1 =  + 0.3  V vs. Ag/Ag+,  t1 = 5  s;  E2 = (-0.3) V vs. Ag/
Ag+,  t2 = 25 s.
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where a is the unit cell of PB lattice (1.01 nm [29]), and NA 
is the Avogadro’s number. A value of 55.8 (± 4.7) nm for the 
PB thickness layer could be obtained. This value suggests 
that the equivalent PB thickness is almost fifty times that for 
a monolayer, which supports the fast kinetic observed in the 
cyclic voltammetric experiments where the  K+ ions diffusion 
into the PB layer is the limiting factor. On the other hand, it 
could be asserted that the conversion of PB to ES and back 
to PB takes place fast in a reversible manner ensuring the 
full conversion of the PB material into its redox forms. If 
a thicker layer of PB was present, then a limitation of the 
charge transfer process could be expected for the diffusion 
of  K+ ions into the PB lattice to ensure the full conversion 
between the two redox forms of PB/ES system.

These findings are also supported by scanning electron 
microscopy (SEM) measurements. Figure 2 displays the 
SEM images recorded for ATO-PB materials at various 
magnifications. Small grain PB particles can be observed 
on the surface of ATO microparticles.

The electrochemical properties of ATO-PB electrode 
material were also investigated by means of electrochemi-
cal impedance spectroscopy (EIS). The EIS measurements 
were performed in 0.1 M KCl solution at applied potentials 
of 0.14 V vs. Ag/Ag+ and 0.82 V vs. Ag/Ag+, respectively. 
These potential values correspond to the formal potentials 
values of the PB/ES and PB/BG redox systems estimated 
as follows: E0’ = (Epa + Epc)/2. The aim is to investigate the 
electron transfer capability of the ATO-PB electrode mate-
rial at applied potential close to the formal potential of the 
corresponding redox systems. Figure 3 displays the imped-
ance spectra recorded at ATO-PB-SPE device at 0.14 V vs. 
Ag/Ag+ and 0.82 V vs. Ag/Ag+, respectively.

The EIS spectra were fitted by using an equivalent electri-
cal circuit (inset of Fig. 3) composed of the solution resist-
ance, (Rs), the charge transfer resistance (Rct) in parallel 
with the constant phase element (CPE, Q1), and a second 
constant phase element in serie (CPE, Q2). The fitted values 
are displayed in Table 1.

There is a difference between the charge transfer resist-
ance values ascribed to PB/ES (at 0.14 V vs. Ag/Ag+) and 
PB/BG (at 0.82 V vs. Ag/Ag+) redox systems. There is a 1.5 
times increase of the charge transfer resistance for the spec-
trum at 0.82 V vs. Ag/Ag+, which suggests a slower electron 
transfer capability compared to the value obtained at the 

Fig. 2  SEM images of ATO-PB materials at various magnifications: A 20 k and B 80 k

Fig. 3  EIS spectra recorded at ATO-PB-SPE in 0.1 M KCl aqueous 
solution at different applied potential values for PB/ES (left Y axis) 
and PB/BG (right Y axis) redox systems. The continuous lines rep-
resent the fitted spectra. Inset: the equivalent electrical circuit used in 
the fitting of the electrochemical impedance spectra
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0.14 V vs. Ag/Ag+ applied potential. The charge transfer 
process may be ascribed to the electrons hopping between 
ATO and PB centers. The first constant phase element may 
be ascribed to the ATO/PB interface, while second constant 
phase element could be related to the PB/electrolyte inter-
face. This finding underlines the fast charge transfer process 
of the PB/ES redox system in  K+ containing solution and 
fosters the potential application of this redox system in the 
electrochemical sensing of  K+ ions.

Analytical applications of ATO‑PB‑SPE

Potassium ions detection

The capability of ATO-PB electrode material to detect potas-
sium ions has been investigated by means of cyclic voltam-
metry in aqueous solution containing various  K+ concentra-
tions ranging from 0.1 to 10 mM (see Fig. 4A).

Fig. 4  A  CVs recorded at ATO-PB-SPE device in aqueous solu-
tions containing  K+ concentrations of 0.1, 1, 2, 4, 6, 8, and 10 mM. 
Potential scan rate of 50 mV  s−1. B Dependence of the cathodic peak 

potential on  K+ concentration. C Linear dependence of the cathodic 
peak current on  K+ concentration.
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It can be observed that the cathodic peak current of the 
PB/ES redox system decreases proportionally to  K+ con-
centrations from 10 to 0.1 mM. A concomitant shift of the 
cathodic peak potential of the PB/ES system toward less 
positive potential is also obtained. This behavior is deter-
mined by the change in  K+ concentrations in the electrolyte 
solution. The characteristics peak potential and current of 
the redox wave of PB/ES system are clearly sensitive to this 
change in  K+ concentrations. The cathodic peak potential is 
decreasing linearly for  K+ concentrations ranging from 10 
to 1 mM according to the data displayed in the Fig. 4B. The 
slope of the Epc versus log [K+] plot is of 0.188 V/decade of 
concentration and it is higher than the theoretical value char-
acteristic to an ion-selective electrode for monovalent ions 
response attesting the capability of the ATO-PB electrode 
material to display super-Nernstian response toward the 
electro-inactive  K+ ions. The increased slope value points 
out to a sensing mechanism that combines both the ion 
exchange process specific to membrane-based ion-selective 
electrodes and the electron hoping process involved in the 
PB/ES redox reaction due to the electrochemical activity of 
the PB material. The fast and reversible insertion/exclusion 
of potassium ions into PB layer is a diffusion-controlled pro-
cess and ensure a full conversion of PB between its reduced 
and oxidized forms. The small thickness of the PB layer 
estimated above in Sect. 3.1, attests the rapid attention of 
the equilibrium within the PB layer. The electron hoping in 
the PB/BG redox reaction is associated with the exchange 
process of potassium ions. Thanks to the very high con-
ductivity of the PB material and the rapid exchange pro-
cess of the potassium ions, the ATO-PB material displays 
an electrochemical response characterized by an increased 
slope compared to the theoretical one of 59 mV/decade of 
concentration for monovalent cations. Actually, there is a 
large increase of the slope by a factor of 3 compared to the 
theoretical one for monovalent cations. This large increase 
of the slope could be ascribed to the combined ion exchange 
and electron hopping mechanisms of the sensing material. 
In this way, an increased sensitivity of the sensor’s response 
is obtained that could be advantageous in the discrimination 
of various samples containing similar  K+ ion concentrations. 
There is also a linear dependence of the cathodic peak cur-
rent of PB/ES redox wave with the  K+ concentrations as 
depicted in Fig. 4C. The sensitivity calculated from the slope 
of the Ipc versus  K+ concentration plot from Fig. 4C is 0.035 
A  M−1  cm−2. The limits of detection (LOD) and quantifica-
tion (LOQ) could be estimated by means of the following 
criteria: LOD = 3 SD/m, and LOQ = 10 SD/m where SD is 
the standard error of the regression line intercept and m is 
the slope of the cathodic peak current versus  K+ concentra-
tion plot. Consequently, a LOD value of 1.1 mM and LOQ 
value of 3.7 mM  K+, respectively, have been obtained. The 
LOQ value is close to the lower limit of the normal level of 

potassium ions in blood, i.e., from 3.5 to 5.3 mM [30] sug-
gesting the potential application of the sensor in biomedical 
analysis. The repeatability was estimated by measuring a 
10 mM  K+ concentration with the same device for three 
times and expressed as relative standard deviation (RSD%). 
A value of 14.6% has been obtained.

The selectivity of ATO-PB sensor toward potassium ions 
over other common interfering species like sodium ions 
was also investigated. It is known that PB displays the best 
voltammetric response in potassium containing electrolyte 
solutions due to the zeolitic structure of PB crystal and the 
size of potassium ions. Sodium ions are present usually in 
various samples from bio-medical and food fields together 
with potassium ions. In this sense, the influence of sodium 
ions on the response of the ATO-PB sensor was studied. Fig-
ure 5A shows the cyclic voltammograms recorded at ATO-
PB sensor in potassium-based phosphate solution containing 
various amounts of NaCl as interfering species.

There is a decrease of the cathodic and anodic currents for 
both redox waves in the presence of increasing sodium ions 
concentration and a concomitant shift of the cathodic and 
anodic potentials toward electropositive values. However, 
the decrease of the cathodic peak potential of the PB/ES 
system with sodium ions concentrations is linear over the 
range from 1 to 10 mM (see Fig. 5B). The slope of the Epc 
versus log [Na+] plot is of 0.058 V/decade of concentra-
tion, a value close to the theoretical one for an ion-selective 
electrode for monovalent ions. This behavior indicates the 
that the ATO-PB sensing materials still displays its charac-
teristic redox behavior, but there is a competition between 
the potassium ions flux into/out of the PB layer the flux in/
out of the sodium ions. The sodium ions are replacing the 
potassium ions from the PB structure and this phenomenon 
is indicated by the change in the cathodic and anodic cur-
rents and potentials of the PB/ES and PB/BG redox waves. 
The zeolitic structure of the PB crystal strongly influences 
the electrochemical properties of PB in potassium ions con-
taining solution. The displacement of potassium ions by the 
sodium ions resulted in the decrease of both the anodic and 
cathodic peak currents, while the positive shift of the anodic 
and cathodic peak potential reveals the competition between 
potassium and sodium ions in the reaction. The initial shape 
of the redox wave is maintained in the presence of sodium 
ions, demonstrating a reversible insertion/extraction mech-
anism of the interfering species. The positive shift of the 
anodic and cathodic peak potentials reveals that the insertion 
of sodium ions takes place merely at the surface of the PB 
layer. This behavior is translated in the Nernstian slope of 
the cathodic peak potential versus sodium ion concentration 
plot. Consequently, there is a decrease of the slope of the 
peak potential versus ion concentration plot compared to that 
observed in the case of dynamic change of  K+ ions concen-
tration (see Fig. 4B). The cathodic peak current of the PB/ES 
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redox wave is decreasing linearly with the increasing sodium 
ions concentration over the range from 1 to 10 mM (see 
Fig. 5C). These results regarding the insertion of sodium 
ions into the PB lattice are suggesting that some interstitial 
sites are occupied by sodium ions. Consequently, the initial 
shape of the redox wave is clearly maintained in the presence 
of sodium ions and this suggests a good stability of the PB 
layer without a clear dissolution or physical degradation. 
The ATO-PB material still retains its redox behavior under 
these experimental conditions despite the linear decrease 
of the currents and the obtained results could be exploited 
in the detection of sodium ions in the presence of a large 
concentration of potassium ions of 0.1 M.

The analytical performance of the ATO-PB based sensor 
toward potassium ions detection is comparable with that of 
other electrochemical sensors previously published in litera-
ture (Table 2). Actually, there is a limited number of papers 
dealing with PB-based sensing materials for potassium ion 
detection. In this sense, the comparison has taken into account 
other sensing materials including natural receptors for potas-
sium ion like valinomycin. The ease of preparation of ATO-
PB electrodes, including the mass production by means of 
the screen-printing technology for disposable sensors, and the 
low cost of the sensing materials are undoubtedly important 
factors that overcome some limitations observed in the case 
of natural or synthetic ionophore for potassium ions and other 

Fig. 5  A  CVs recorded at ATO-PB-SPE sensor in 0.1  M potassium 
phosphate buffer solution (PB) containing added  Na+ concentra-
tions of 1, 2, 4, 6, 8, and 10 mM. Potential scan rate of 50 mV  s−1. 

B Dependence of the cathodic peak potential on  Na+ concentration. 
C  Linear dependence of the cathodic peak current density on  Na+ 
concentration.



Journal of Solid State Electrochemistry 

1 3

biological recognition elements. In addition, the obtained ana-
lytical performance in terms of low detection and quantifi-
cation limits, near physiological linear response range, high 
analytical sensitivity, combines very well with the low cost 
and mass production features into feasible and affordable elec-
trochemical sensors for potassium ions detection.

Therefore, the obtained low detection and quantification 
limits values and the high value of the sensitivity point out 
to the potential use of the ATO-PB electrode material as 
sensing element in the development of an electrochemical 
sensor for  K+ detection.

Fig. 6  A  CVs recorded in 0.1  M KCl and 0.01  M HCl at PEDOT-
FeCN-GCE modified electrode (bottom panel) and PEDOT-PB-
GCE sensor (upper panel). Potential scan rate of 50 mV  s−1. B CVs 
recorded at PEDOT-PB-GCE sensor in the presence of various  K+ 

concentrations of 1, 2, 4, 6, 8, and 10  mM. Potential scan rate of 
50 mV  s−1. C Dependence of the cathodic peak potential on  K+ con-
centration. D Linear dependence of the cathodic peak current on  K+ 
concentration.

Table 1  Fitted values of the EIS 
spectra

Applied 
potential (V 
vs. Ag/Ag+)

Rs (Ω)
(± error %)

Rct (Ω)
(± error %)

Q1/Y0 (Ω−1  s–n) (± error %);
n (± error %)

Q2/Y0 (Ω−1  s–n) (± error %);
n (± error %)

0.14 322.4 (± 0.4) 602.3 (± 3.4) 2.1 ×  10–4 (± 4.7);
0.56 (± 1.6)

2.9 ×  10–4 (± 0.4);
0.84 (± 0.4)

0.82 561.4 (± 3.6) 900.0 (± 3.5) 5.8 ×  10–5 (± 6.1);
0.33 (± 3.6)

1.7 ×  10–4 (± 0.2);
0.72 (± 0.2)
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Analytical applications of PEDOT‑PB‑GCE

Potassium ions detection

The PEDOT-PB-GCE device has been investigated by 
cyclic voltammetry in aqueous solution containing potas-
sium ions, aiming to obtain information regarding the elec-
trochemical behavior of the composite material, namely the 
redox activity of the PB component. After the deposition 
of the PEDOT-FeCN coating by means of the sinusoidal 
voltage procedure, the modified electrode was transferred 
in aqueous solution containing 0.1 M KCl and 0.01 M 
HCl and the cyclic voltammograms were recorded over an 
extended potential range at a 50 mV  s−1 potential scan rate. 
The corresponding cyclic voltammograms are depicted in 
the bottom panel of the Fig. 6A. There is a redox wave at 
0.25 V vs. Ag/AgCl/KCl (3 M) which is characteristic to the 
ferricyanide ions entrapped within the polymeric PEDOT 
coating during the electropolymerization process as counter 
ions to maintain the electroneutrality. After the prepara-
tion of the PEDOT layer dopped with ferrocyanide ions, 
the in situ formation of the PB within the PEDOT layer 
takes place during the second deposition step by sinusoi-
dal voltage in Fe(III) containing solution. The reduction of 
Fe(III) to Fe(II) ions resulted in the formation of the PB 
component. The upper panel of Fig. 6A displays the cyclic 
voltammogram recorded in the 0.1 M KCl and 0.01 M HCl 
aqueous solution. The redox wave of PB appears at ca. 
0.19 V vs. Ag/AgCl/KCl (3 M) with anodic peak potential 
of 0.214 V vs. Ag/AgCl/KCl (3 M) and the cathodic peak 
potential of 0.185 V vs. Ag/AgCl/KCl (3 M). The peak-
to-peak potentials difference is of 0.029 V, characteristic 
to redox species immobilized onto the electrode surface. 
Furthermore, the second wave related to the PB/BG redox 
system is not visible under these experimental conditions. 
However, the presence of the PB/ES redox wave is essential 
for the sought analytical applications regarding the detec-
tion of the potassium ions. Figure 6B displays the cyclic 

voltammograms recorded at the PEDOT-PB-GCE device 
in the presence of various  K+ concentration ranging from 
1 to 10 mM. Both the anodic and cathodic peak currents of 
the PB/ES redox wave decrease with the potassium ion con-
centration. Also, the cathodic peak potential of the PB/ES 
redox wave decreases and shifted to the negative potential 
values with potassium ion concentration, similarly to the 
ATO-PB-SPE sensor. This behavior clearly demonstrates 
the electroactivity of the PB component from the composite 
materials towards potassium ion. The dependence of the 
cathodic peak potential on potassium ion concentration is 
displayed in Fig. 6C. A value of 0.156 V/decade of con-
centration for the slope of the Epc versus log [K+] plot has 
been obtained. This value is larger than the theoretical value 
for monovalent ions and suggests that the sensing mecha-
nism includes the electron hopping transfer process besides 
the ion-exchange characteristic for membrane based ion-
selective electrodes. The value of the slope is closed to that 
of the ATO-PB-SPE sensor showing comparable analytical 
characteristic of the two sensing materials.

In addition, a linear dependence of the cathodic peak cur-
rent of the PB/ES redox system with the potassium ion con-
centrations has been observed (see Fig. 6D). A sensitivity 
value of 0.018 A  M−1  cm−2. has been calculated from the 
slope of the Ipc versus  K+ concentration plot. The slope value 
is smaller than that observed for the ATO-PB-SPE sensor 
and this is corroborated with the amount of PB catalyst in 
each composite material. It is difficult the control precisely 
the amount of PB component in each composite material, 
but the comparison is useful in demonstrating the analytical 
capability of the PB based sensing materials. A LOD value 
of 3.1 mM  K+ has been obtained which is larger than that of 
the ATO-PB-SPE device. The repeatability expressed as rela-
tive standard deviation (RSD%) has been estimated by meas-
uring a 10 mM potassium ion concentration with the same 
PEDOT-PB-GCE sensor for three times and a value of 12.8% 
has been obtained. These results suggest that the low-cost 
composite materials ATO-PB and PEDOT-PB prepared by a 

Table 2  Comparison of the 
analytical performances of the 
ATO-PB based sensor toward 
potassium ion with those of 
electrochemical (bio)sensors 
previously reported in literature

ATO-PB antimony tin oxide-Prussian blue, TPE thermoplastic electrode, ISM-RGO/Au electrode potassium ion-
selective valinomycin membrane deposited onto reduced graphene oxide/Au electrode, C/MWCNTs-MXene/
valinomycin carbon-multiwall carbon nanotubes-MXene-valinomycin electrode, PB nanotubes Prussian blue 
nanotubes, Fc/HRP-DNAzyme ferrocene unit relay connected to horseradish peroxidase-mimicking enzyme

(Bio)sensor type Linear Range (M) LOD (M) Ref

ATO-PB 1.0 ×  10–4 – 1.0 ×  10–2 1.1 ×  10–4 [This work]
TPE 1.0 ×  10−4 – 1.0 ×  10−1 1.0 ×  10−4 [31]
ISM-RGO/Au electrode 6.0 ×  10−5 – 2.5 ×  10−1 6.0 ×  10−5 [32]
C/MWCNTs-MXene/ valinomycin 1.0 ×  10−3 – 3.2 ×  10−2 - [33]
PB nanotubes 5.0 ×  10−8–7.0 ×  10−4 and 

7.0 ×  10−4–1.0
2.0 ×  10−8 [34]

Fc/HRP-DNAzyme 5.0 ×  10−6–2.0 ×  10−4 1.6 ×  10−6 [35]
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mass production procedure, the former one, and a laboratory 
and simply electrochemical procedure, the later one, could 
have potential applications in the potassium ion detection.

Conclusions

In this work, the novel ATO-PB and PEDOT-PB electrode 
materials have been investigated in the electrochemical 
detection of electro-inactive analytes. The electrochemical 
properties of ATO-PB electrode material have been investi-
gated by means of cyclic voltammetry and electrochemical 
impedance spectroscopy. Good electron transfer capability 
of the PB component has been obtained. The high sur-
face coverage of PB onto ATO nanoparticles enabled good 
electrochemical and electrocatalytic activity of the ATO-
PB electrode material. The cathodic peak potential of the 
PB/ES redox systems shifted toward less positive potential 
with the decrease of  K+ ions in the contacting electrolyte 
solution. Also, the cathodic peak current of the PB/ES 
wave displayed a linear dependence on the  K+ ions con-
centrations over the range from 0.1 to 10 mM. The ATO-
PB electrode material was applied in the electrochemical 
detection of  K+ ions, the detection and quantification limits 
were of 1.1 mM and of 3.7 mM, respectively. The electro-
chemical sensor displayed also a high sensitivity of 0.035 
A  M−1  cm−2. The obtained linear response range and the 
quantification limit ensures the possible application of the 
developed sensor in the  K+ ions determination in real sam-
ples. The PEDOT-PB sensing material was prepared by a 
novel procedure based on the use of a sinusoidal voltage 
superimposed on the constant potential. The developed 
PEDOT-PB sensing material displayed good analytical 
performance toward the potassium ion detection with a 
linear response range from 1 to 10 mM and a detection 
limit of 3.1 mM. These results point out to the potential 
applications of the ATO-PB electrode material in the elec-
trochemical sensing of electro-inactive analytes.
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