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Abstract: Conventional ion-selective electrodes with a liquid junction have the disadvantage of
potential drift. All-solid-state ion-selective electrodes with solid contact in between the metal electrode
and the ion-selective membrane offer high capacitance or conductance to enhance potential stability.
Solution-casted chitosan/Prussian blue nanocomposite (ChPBN) was employed as the solid contact
layer for an all-solid-state sodium ion-selective electrode in a potentiometric sodium ion sensor.
Morphological and chemical analyses confirmed that the ChPBN is a macroporous network of
chitosan that contains abundant Prussian blue nanoparticles. Situated between a screen-printed
carbon electrode and a sodium-ionophore-filled polyvinylchloride ion-selective membrane, the
ChPBN layer exhibited high redox capacitance and fast charge transfer capability, which significantly
enhanced the performance of the sodium ion-selective electrode. A good Nernstian response with a
slope of 52.4 mV/decade in the linear range from 10−4 –1 M of NaCl was observed. The stability of the
electrical potential of the new solid contact was tested by chronopotentiometry, and the capacitance of
the electrode was 154 ± 4 µF. The response stability in terms of potential drift was excellent (1.3 µV/h)
for 20 h of continuous measurement. The ChPBN proved to be an efficient solid contact to enhance
the potential stability of the all-solid-state ion-selective electrode.
Keywords: chitosan; Prussian blue; nanocomposite; sensor; chronopotentiometry

1. Introduction
An ion-selective electrode, whose sensing ability stems from specially-designed membranes that
transduce the chemical potential of a target ion into electric potential, is a crucial component of an
electrochemical ionic sensor. Most ion-selective electrodes measure the electrochemical potential
difference against a reference electrode in a near zero current or in an open circuit condition [1].
Conventional ion-selective electrodes (ISE) contain liquid contacts between the metallic electrode and
the ion-selective membrane. The liquid contact has several drawbacks such as changes in solution
volume due to evaporation, which alters osmotic pressure [2]. The pressure and the ionic strength
difference across the selective membrane drive water to transport into or out of the inner filling
solution. The net water exchange results in a large volume change in the inner solution, leading to the
delamination of the sensing membrane [2]. Another disadvantage of the liquid contact is a drift in the
electrochemical potential. During the operation of the ISE, an interfacial charge accumulates near the
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membrane, and it produces a blockage in the charge transfer to the metallic surface. As a result, the
output ISE potential appears to be noisy and drifting over time [3].
Solid-State Ion Selective Electrodes (SS-ISEs), where the junction between the sensing membrane
and the metallic electrode is in the solid state, have been suggested as an alternative approach to
overcome the limitations of the conventional liquid junction ISEs. Since the first invention in 1970 by
Hirata and Date [4], SS-ISEs have been improving their output stability and reliability by introducing
novel materials, often with nanostructures.
The key parameters to evaluate the electrochemical performance of SS-ISEs include stability
against the potential drift, sensitivity and selectivity to the target ion. The development of novel
solid contacts has been leading the improvement of the ion-to-electron transduction, the increase
of transmembrane ion fluxes and the reduction of water accumulation at the electrode-membrane
interphase [2]. Over the last four decades, most of the reported solid contacts have been made of
conducting polymers and nanostructured inorganic materials [5,6]. In recent years, understanding the
mechanism of ion-to-electron transduction has led to a remarkable performance improvement of the
SS-ISEs [2,7].
Employing conducting polymers, such as polypyrrole [8], poly(3-octylthiophene) (POT) [9],
polyaniline [10] and poly(3,4-ethylenedioxythiophene) (PEDOT) [11,12], has been effective in achieving
high redox capacitance and electronic conductivity. The advantages of the conducting polymers include
high pH sensitivity [13,14] and the surface confined ion-to-electron transduction [15], as well as high
redox capacitance and electronic conductivity. However, a critical disadvantage of the conducting
polymers is that the high electroactivity facilitates non-specific chemical reactions, which cause a
potential drift of the SS-ISE in potentiometric sensors [13].
Carbonaceous nanostructured materials, such as three-dimensionally ordered macroporous
carbon [16], carbon nanotubes [17], fullerene [18,19], graphene [20–23], colloid imprinted mesoporous
(CIM) carbon [24] and porous carbon spheres [25], have also been employed as solid contacts for
efficient ion-to-electron transduction. These materials are chemically stable and exhibit a large surface
area with high double layer capacitance. The ion-to-electron transduction relies on the quantity of
charge in the electrical double layer. In addition, electroactive redox species such as fullerene and
tetrathiafulvalene (TTF) [26,27], ferrocene [28], Prussian blue [29], lipophilic Co(II)/Co(III) salts [30,31]
and 7,7,8,8-tetracyanoquinodimethane (TCNQ) [32], were also used for the ionic signal transduction
through the redox reaction.
Chitosan, one of the most abundant biopolymers from natural resources, is a cationic linear
polysaccharide composed of randomly-distributed β-(1-4)-linked D-glucosamine (deacetylated unit)
and N-acetyl-D-glucosamine (acetylated unit). Chitosan offers biocompatibility, biodegradability
and antibacterial activity, which are suitable traits for various biomedical applications, such as drug
delivery, tissue engineering and wound dressing [33–35]. Electrochemically, chitosan membranes
possess a high double layer capacitance due to the charge distribution along the polysaccharide
backbone [36]. Chitosan-based composites with metallic and carbonaceous nanoparticles have caught
attention as anode or cathode materials in sodium ion battery research [36]. Chitosan has been used
in supercapacitors as a capacity enhancer or as a binder material for electrodes [37–40] and also
as a host material for aqueous and non-aqueous gel for electrolytes [41]. The capacitive nature of
chitosan has been improved by nitrogen doping [42,43]. The addition of graphene is known to improve
conductivity [44,45]. The versatility of chitosan-based membranes in electrochemical devices motivates
their application in the SS-ISE as the solid contact for potentiometric ion-selective sensors.
The chitosan-based membrane can be employed as the solid contact in the SS-ISE for ion sensing
applications when the redox activity is improved and ion-specific transducing ability is included.
Prussian blue (PB), or ferric hexacyanoferrate, has a face-centered cubic structure, the lattice of which
consists of alternating iron(II) and iron(III) ions. The structure allows size-specific entrapment of alkali
ions that can allow efficient redox interaction for potentiometric sensor applications [46,47]. Sodium
ion insertion (sodiation) and extraction (desodiation) in and out of the PB nanoparticles were utilized
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as the cathode material for sodium ion batteries [48,49]. The combination of chitosan and PB has
been employed in various applications such as drug delivery, gene delivery, amperometric biosensors,
immunosensors, fuel cells and batteries [50–52]. The chemical and electrochemical properties of
chitosan and PB and their combinatorial effect in many electrochemical applications provide enough
logic to pick the materials to use as the solid contact in potentiometric ion sensors.
In the present work, we employed the chitosan/PB nanocomposite (ChPBN) as the solid contact in
the solid-state sodium-sensing electrode (SS-Na+ ISE). Here, a thin film of ChPBN was synthesized on a
screen-printed carbon electrode, followed by the deposition of a sodium ion-selective membrane
(Na+ ISM). The capacitive nature of chitosan in combination with the high redox activity of PB
contributed to achieving the stable potential response of the SS-Na+ ISE. The resulting sodium selective
electrode showed a near-Nernstian linear response for large concentration range (52.4 mV/decade;
from 10−4 –1 M) with remarkable potential stability.
2. Materials and Methods
2.1. Reagents and Instruments
Chitosan (low molecular weight), potassium ferricyanide (K3 [Fe(CN)]6 ), ferrous chloride
(FeCl2 ), sodium chloride (NaCl), potassium chloride (KCl), tetrahydrofuran (THF), bis[(12-crown-4)
methyl]dodecylmethylmalonate (sodium Ionophore VI; Selectophore grade), 2-nitrophenyl octyl
ether (2-NPOE), sodium tetraphenylborate (NaTPB) and polyvinyl butyral (PBV, Butvar® B-98)
were purchased from Sigma-Aldrich (Darmstadt, Germany). Acetic acid (Glacial, 98%), acetone,
glutaraldehyde, Na2 HPO4 , NaH2 PO4 , NH4 Cl, NH4 OH and potassium phosphate buffer (50 mM,
pH 7.4) were purchased from Fisher Scientific (Waltham, MA, USA). Poly(vinyl chloride) (PVC;
Selectophore grade, high molecular weight) was purchased from Fluka AG (Sigma-Aldrich, Darnstadt,
Germany). Phosphate buffer solution (NaPB; pH 7.4) was prepared using its monobasic and dibasic
salts following the Cold Spring Harbor Protocol [53]. The 100 mM sodium phosphate buffer (NaPB;
pH 7.4) was prepared by mixing 22.6 mL of 1 M NaH2 PO4 (monobasic) and 77.4 mL of 1 M Na2 HPO4
(dibasic) stock solutions. Then, 10 mM NaPB was prepared from 10× dilution of 100 mM NaPB.
The sodium solutions were prepared in Milli-Q water, and the ionic strength adjuster (ISA) was
added to each solution. The ISA stock solution was separately prepared in the laboratory with 1 M
NH4 Cl/NH4 OH and mixed with the sodium solution to a final concentration of 80 mM. All the
chemicals were of analytical grade and used as received without further purification. All the analytical
solutions were prepared in Milli-Q deionized water (18.2 MΩ) unless otherwise noted. All the
experiments were conducted at laboratory room temperature (20 ◦ C).
The morphology of ChPBN was observed by transmission electron microscopy (TEM, Philips/FEI,
Morgagni) operational at 100 kV. Scanning electron microscopy (SEM Zeiss EVO, Jena, Germany)
and energy-dispersive X-ray (EDX, Oxford Instruments, Oxford, UK) microanalysis of cross-linked
ChPBN solid contact film were performed by Zeiss Sigma field-emission SEM (Oberkochen, Germany).
The Fourier-transform infrared (FTIR) spectra were recorded using the ATR-FTIR Nicolet iS50 FTIR
Spectrometer (Thermo Scientific™, Waltham, MA, USA). X-ray photoelectron spectroscopy (XPS)
measurements were carried out with an XPS Spectrometer (AXIS 165, Kratos Analytical, Manchester,
UK). X-ray photoelectronic spectra (XPS) were obtained by using monochromatic Al Ka radiation
(150 W, 15 kV, 1486.6 eV). Electrochemical characterization was carried out with the electrochemical
workstation AUTOLAB potentiostat/galvanostat (PGSTAT302N, Metrohm Autolab B.V., Utrecht,
The Netherlands). Screen-printed electrodes (DRP 150, DropSense, S.L., Asturias, Spain) containing
the carbon working electrode, the platinum counter electrode and the Ag/AgCl (solid state) reference
electrode were used to prepare the SS-Na+ ISE. Electrochemical properties were evaluated by cyclic
voltammetry (CV), chronopotentiometry (CP) and electrochemical impedance spectroscopy (EIS)
modes. All the CP experiments for ISE were recorded at zero current, whereas polarization experiments
were performed at fixed applied current (±1 nA and ±100 nA) for 60 s for the anodic and cathodic cycle.
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2.2. Synthesis of Chitosan-Prussian Blue Nanocomposite
We adopted and modified the protocols reported by Zhang et al. for the synthesis of ChPBN [54].
In brief, chitosan powder was freshly dissolved in 2% acetic acid solution in deionized water and
stirred at 80 ◦ C for 3 h. The undissolved portion was removed by a 0.45-µm cellulose filter paper to
obtain a homogeneous chitosan solution with a concentration of 1 mg·mL−1 . The aqueous solution
of K3 Fe(CN)6 was added to the chitosan solution to the final concentration of 1 mM under magnetic
stirring at room temperature. An aqueous solution of FeCl2 (1 mM) was then slowly added into the
mixture. The mixture was stirred vigorously for 3 h. The solution mixture showed a gradual color
transition from green to blue and then, finally, to dark blue, which indicates the formation of the PB.
Then, the ChPBN was selectively precipitated by adding a large amount of acetone (5:1 volume ratio
for acetone to the solution mixture). Then, a vigorous vortex mixing for 60 s removed the KCl impurity
from the ChPBN. The KCl-removed precipitate underwent centrifugation and acetone washing three
times for purification. The purified ChPBN was drop casted on the working electrode and air-dried.
Finally, the ChPBN film was cross-linked with 1% glutaraldehyde (in distilled water). For comparison,
the PB nanoparticle without the chitosan matrix was also prepared following the recipe in [55].
2.3. Preparation of Solid State-Na+ Ion-Selective Electrode
The carbon working electrode (4 mm in diameter) in the as-purchased screen-printed electrode
(SPE) was coated with the ChPBN membrane, followed by the formation of the sodium ion-selective
membrane. These membranes were deposited by solution drop casting, followed by air-dry. The
deposition of the two membranes generates SS-Na+ ISE with the structure of SPE/ChPBN/Na+ ISE.
The cocktail solution to cast the sodium ion-selective membrane was prepared by mixing PVC (33 mg),
2-NPOE (65.45 mg) and sodium tetraphenylborate (0.55 mg) with 1 mL of THF. The cocktail solution
was thoroughly mixed until it became transparent and then stored in a refrigerator at 4 ◦ C [23].
At each time of the sodium-selective membrane coating onto the ChPBN-coated electrode, sodium
ionophore VI was added (1 mg/mL) into the membrane cocktail solution to ensure the freshness of
the ionophore. Air-drying of the sodium ion-selective membrane concludes the preparation of the
SPE/ChPBN/Na+ ISE. Figure 1 schematically illustrates the preparation procedure. The thickness and
uniformity of the drop-casted ChPBN and PVC-based film were observed using a two-dimensional
surface topography profiler (Alpha-Step IQ, KLA-Tencor, Milpitas, CA, USA). The thickness of ChPBN
film was observed to be 3 µm, and the PVC-based ion-selective membrane was 64 µm. The solution
for the PVB reference electrode was prepared by dissolving 79.1 mg PVB and 50 mg of NaCl into 1 mL
of methanol [56,57]. The Ag/AgCl solid-state reference electrode was prepared by drop-casting 2 µL
of PVB reference solution on the Ag/AgCl electrode of SPE-150.
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Figure 2. Morphological study of the chitosan/PB nanocomposite (ChPBN) film as prepared for the
Figure 2. Morphological study of the chitosan/PB nanocomposite (ChPBN) film as prepared for the
SS-Na+ISE
and the control set Prussian blue (PB) nanoparticles: (a) SEM image of the ChPBN thin
SS-Na+ ISE and the control set Prussian blue (PB) nanoparticles: (a) SEM image of the ChPBN thin film;
film; (b) TEM images of ChPBN thin film at low (main) and high (inset) magnifications; (c) TEM
(b) TEM images of ChPBN thin film at low (main) and high (inset) magnifications; (c) TEM images of
images of PB nanoparticles without the chitosan matrix.
PB nanoparticles without the chitosan matrix.
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was a significant peak around 1657 cm−1 corresponding to the formation of an imine bond (C=N).
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Figure 3. Chemical analysis of ChPBN nanocomposite: (a) FTIR spectra for ChPBN in comparison to
Figure 3. Chemical analysis of ChPBN nanocomposite: (a) FTIR spectra for ChPBN in comparison to
chitosan and PB; (b) XPS spectra of ChPBN compared with chitosan showing the characteristic Fe 2p
chitosan and PB; (b) XPS spectra of ChPBN compared with chitosan showing the characteristic Fe 2p
peaks indicating PB incorporation within the chitosan matrix; (c) EDS spectrum of ChPBN.
peaks indicating PB incorporation within the chitosan matrix; (c) EDS spectrum of ChPBN.

3.2. Electrochemical Characterization of Electrodes with ChPBN Solid Contact
3.2. Electrochemical Characterization of Electrodes with ChPBN Solid Contact
Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) elucidated the
Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) elucidated the
electrochemical properties of the electrodes that employ ChPBN as the solid contact. CV of the
electrochemical properties of the electrodes that employ ChPBN as the solid contact. CV of the
SPE/ChPBN sample in the 0.1 M NaCl solution within a potential ranging from −1 V–+1 V at the scan
SPE/ChPBN sample in the 0.1 M NaCl solution within a potential ranging from −1 V–+1 V at the scan
rate of 100 mV/s revealed the redox-capacitive behavior of the nanocomposite layer. Control
rate of 100 mV/s revealed the redox-capacitive behavior of the nanocomposite layer. Control samples
samples include bare SPE, the SPE coated with PB nanoparticles without chitosan (SPE/PB) and the
include bare SPE, the SPE coated with PB nanoparticles without chitosan (SPE/PB) and the SPE coated
SPE coated with a neat chitosan layer (SPE/Ch) (Figure 4a). The voltammogram of SPE/Ch did not
with a neat chitosan layer (SPE/Ch) (Figure 4a). The voltammogram of SPE/Ch did not have any
have any redox peak, whereas SPE/PB showed redox couples at 141 mV and 826 mV. These two
redox peak, whereas SPE/PB showed redox couples at 141 mV and 826 mV. These two redox couples
redox couples correspond to the conversion from Prussian white to Prussian blue and from Prussian
correspond to the conversion from Prussian white to Prussian blue and from Prussian blue to Berlin
blue to Berlin green, respectively (with increasing voltage) [61]. For SPE/ChPBN, a shift in redox
green, respectively (with increasing voltage) [61]. For SPE/ChPBN, a shift in redox peaks towards
peaks towards negative potential (−567 mV; from Prussian white to Prussian blue) was observed
negative potential (−567 mV; from Prussian white to Prussian blue) was observed with a prominent
with a prominent peak separation for reduction and oxidation compared to SPE/PB. In addition,
peak separation for reduction and oxidation compared to SPE/PB. In addition, very faint redox peaks
very faint redox peaks for Prussian blue and Berlin Green conversion were observed in the
for Prussian blue and Berlin Green conversion were observed in the experimental condition. Here,
experimental condition. Here, the chitosan layer on PB can cause the unequal distribution of ions
the chitosan layer on PB can cause the unequal distribution of ions compared to the case that all PB
compared to the case that all PB nanoparticles are exposed to the solution [62]. The chitosan polymer
nanoparticles are exposed to the solution [62]. The chitosan polymer network and PB nanoparticles
network and PB nanoparticles acted as a cationic matrix and anionic sites in ChPBN, respectively.
acted as a cationic matrix and anionic sites in ChPBN, respectively. The high capacitive current of
The high capacitive current of chitosan eventually masked the redox peaks of Prussian blue and
chitosan eventually masked the redox peaks of Prussian blue and Berlin Green conversion of PB. The
Berlin Green conversion of PB. The generation of Donnan potential in the ChPBN can explain this
generation of Donnan potential in the ChPBN can explain this phenomenon. Figure 4a shows that the
phenomenon. Figure 4a shows that the capacitive current of the bare electrode is negligible.
capacitive current of the bare electrode is negligible. SPE/ChPBN has higher capacitive current than
SPE/ChPBN has higher capacitive current than SPE/PB. The current outputs of SPE/ChPBN and
SPE/PB. The current outputs of SPE/ChPBN and SPE/Ch are very similar in the capacitive region
SPE/Ch are very similar in the capacitive region (the flat regions between −0.2 V and 1 V). These
(the flat regions between −0.2 V and 1 V). These indicate that chitosan contributes to the amount of
indicate that chitosan contributes to the amount of capacitive charge in the nanocomposite film. The
capacitive charge in the nanocomposite film. The scan rate modulation was performed to predict the
scan rate modulation was performed to predict the electron transfer mechanism for the modified
electron transfer mechanism for the modified electrode. Figure 4b shows the effect of scan rate on
electrode. Figure 4b shows the effect of scan rate on the CV characteristics of the SPE/ChPBN
the CV characteristics of the SPE/ChPBN electrode. Here, the anodic (Ipa) and cathodic (Ipc) peak
electrode. Here, the anodic (Ipa) and cathodic (Ipc) peak currents increased with increasing scan rate.
currents increased with increasing scan rate. The anodic peaks shifted by +87.6 mV when the scan rate
The anodic peaks shifted by +87.6 mV when the scan rate increased from 10–100 mV/s towards
positive potential. The increase in the current response with the increasing scan rate represents the
reversible redox behavior of ChPBN composite film. It indicates that the chitosan coating is not
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increased from 10–100 mV/s towards positive potential. The increase in the current response with the
increasing scan rate represents the reversible redox behavior of ChPBN composite film. It indicates
that the chitosan coating is not affecting the electron transfer or no such chemical reaction is associated
with the redox couple of PB. The plots of the Ip vs. v1/2 (Figure S1; Supplementary Materials) for
both the anodic and cathodic half showed linearity with scan rate. This indicates fast electron transfer
at the ChPBN-electrode interface. The solid contact coating on the electrode is not hindering the
electron transfer mechanism in any case. The EIS studies were performed to characterize the resistance
and capacitance contribution of ChPBN towards the modified electrode. Figure 4c shows Nyquist
plots from the EIS spectrum (complex plane plots of −Z” vs. Z’) in 0.1 M NaCl solution at scanning
frequencies from 100 kHz–100 mHz with a modulation amplitude of 0.01 V. The fitting based on the
equivalent circuit models (NOVA 2.0.2 software; Metrohm Autolab B.V. Utrecht, The Netherlands)
was used to extract capacitance and interface resistance values. Here, the impedance spectra for bare
SPE, SPE/PB, SPE/CH and SPE/ChPBN are following a nearly vertical (90◦ ) line at lower frequencies
(capacitive line). The absence of the high frequency semicircle (the inset of Figure 4c) indicates very
fast ion and electron transfers at the ChPBN/solution interfaces [11]. Following Boback’s protocol [11],
we assumed the electrochemical electrode as an equivalent circuit with the interfacial resistance and
the capacitance connected as a series circuit. The capacitance (C) can be determined from the Z” value
of the imaginary part of impedance for the lowest frequency using Formula (1):
C=−

1
2π f Z 00

(1)

where f is frequency and Z” is the value of the imaginary part of impedance. Table 1 represents the
capacitance values determined from the four electrodes. The effect of film thickness on the capacitance
values of the SPE/ChPBN electrodes was also studied and represented in the Nyquist plots in Figure 4d.
Here, the loading volume to make the drop-casted electrodes varied; larger loading generated thicker
film. After applying Boback’s protocol, the capacitance values decreased about 20 ± 2 µF when the
loading increased from 10–30 µL. The variance in the capacitance corresponds to 13% of the droplet
capacitance from the 10 µL sample. Here, we used 10 µL of loading volume in the remainder of
the article.
Table 1. Capacitance and interfacial resistance obtained from Nyquist plots in Figure 4c by Boback’s
protocol [11].
Electrode Surface Condition

Capacitance (µF)

Electrode/Solution Interface Resistance (Ω)

Screen-printed carbon (bare SPE)
SPE/chitosan
SPE/PB
SPE/ChPBN

3.44
116.2
13.1
154.5

417
414
365
444

Electrochemical behaviour was studied to explore the capacitance and resistance of the
ChPBN solid contact of SPE/ChPBN/Na+ ISE. The efficiency of charge exchange was evaluated
by chronopotentiometry (CP) and EIS measurements. CV could not be used due to the high resistance
of the PVC-based ion-selective membrane. CP was performed by consecutive application of anodic
and cathodic currents (Figure 5a). For both anodic and cathodic polarization, flipping caused the
instant potential jumps, followed by temporary potential drift. From the slope of the linear part of the
potential drift (immediately after each potential jump), the redox capacitance can be estimated by:
∆E
I
=
∆t
C

(2)

where I is applied current and C is capacitance [10]. It is notable that near zero currents (±1 nA) were
too small to monitor polarization effects. Here, CP was performed at relatively high current (±100 nA)
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for 60 s of anodic and cathodic cycles to trigger potential jumps. Curves i and ii in Figure 5a compare
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EIS spectra were also recorded for Na+ISE with and without the ChPBN solid contact for a
frequency range from 1 mHz–1 mHz (in 0.1 M NaCl solution; 0.01 V modulation amplitude).
Figure 5b shows that all EIS spectra have semi-circular high frequency patterns and linear low
frequency output. Here, the broadening of the semicircles in the Nyquist plots reflects the increase in
resistance by double layer depositions. The higher resistance hinders efficient charge transfer. More
explicitly, the SPE/ChPBN/Na+ISE electrode with the solid contact can be represented by an

Method
CP (polarized at ±100 nA)
CP (polarized at ±1 nA)
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SPE/Na ISE
643 ± 4.55
457 ± 6.49
372.31 ± 7.03
57.50 ± 2.36
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13.10 ± 0.78
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3.3. Potential Response and Stability of SPE/ChPBN/Na+ISE

EIS spectra were also recorded for Na+ ISE with and without the ChPBN solid contact for a
frequency range from 1 mHz–1 mHz (in 0.1 M NaCl solution; 0.01 V modulation amplitude). Figure 5b
shows that all EIS spectra have semi-circular high frequency patterns and linear low frequency output.
Here, the broadening of the semicircles in the Nyquist plots reflects the increase in resistance by
double layer depositions. The higher resistance hinders efficient charge transfer. More explicitly, the
SPE/ChPBN/Na+ ISE electrode with the solid contact can be represented by an equivalent circuit
model. The experimental data fit into a simple Randles circuit to extract the components [63]. The
Randles circuit (Figure 5b, inset) represents the solution resistance (Rs ), charge transfer resistance (Rct )
at the membrane/solution interface, the double layer capacitance (Cdl ) and the finite-length Warburg
diffusion impedance (Zw ). Table 2 summarizes the estimated potential drift (∆E/∆t) and capacitance
(C) values from SPE/Na+ ISE and SPE/ChPBN/Na+ ISE under various operating conditions. The
capacity of the ChPBN layer was calculated to be 154.5 µF, which in turn contributed to the increased
capacitance from 457 µF (SPE/Na+ ISE) to 737 µF (SPE/ChPBN/Na+ ISE). The excess capacity may
come from the PVC-based membrane of Na+ ISE. The capacitance values are comparable to conducting
polymer solid contacts, such as PEDOT(PSS) of 162 µF [12], whereas the value is higher than graphene,
carbon black, fullerene and carbon nanotubes. The calculated capacity values are better than those
measured for TCNQ of 154 µF [32], carbon black of 51 µF [64], SWCNT of 59 µF [17], graphene sheet of
91 µF [22] solid contact electrodes. The high capacitive nature of ChPBN provides long-term potential
stability and thus makes it suitable as a solid contact for all-solid-state ion-selective electrodes. Table S1
in the Supporting Information summarizes extracted parameters from 21 different systems from
previous literature, clearly showing the comparison.
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Table 2.
Capacitance and interfacial resistance values obtained by chronopotentiometry
(CP) and electrochemical impedance spectroscopy (EIS) from the SPE/ChPBN/Na+ ISE and
SPE/Na+ ISE electrodes.
Method

Parameter

SPE/Na+ ISE

SPE/ChPBN/Na+ ISE

CP (polarized at ±100 nA)

Potential drift (µV/s)
Capacitance (µF)
Membrane resistance, Rm (kΩ)

643 ± 4.55
457 ± 6.49
372.31 ± 7.03

288 ± 2.01
737 ± 8.51
89.41 ± 4.71

CP (polarized at ±1 nA)

Potential drift (µV/s)

57.50 ± 2.36

12.60 ± 0.90

EIS

Capacitance (µF)
Charge transfer resistance, Rct (kΩ)

3.44 ± 0.35
88.59 ± 0.38

13.10 ± 0.78
6.21 ± 0.20

3.3. Potential Response and Stability of SPE/ChPBN/Na+ ISE
The solid-state sodium selective electrodes (SPE/ChPBN/Na+ ISE) were tested for Na+ -selective
response. Figure 6a shows the electrode potential of SPE/ChPBN/Na+ ISE with respect to
[Na+ ] ranging from 10−7 M–1 M. The sodium solutions were supplemented with 80 mM ionic
strength adjuster (ISA) solution. The slope of the fitting to the linear range (10−4 –1 M) was
52.4 ± 0.4 mV/decade. The ChPBN layer was effective in achieving stable potential, as evidenced
by the time-dependent measurement in Figure 6b. Here, the output potential significantly stabilized
for SPE/ChPBN/Na+ ISE when compared to that of SPE/Na+ ISE. The potential stability was also
monitored at a fixed primary ion concentration ([Na+ ] = 130 mM) for 20 h (10 cycles of 2-h
measurements; no interval between the cycles). Figure 6c shows the drift of the output potential
of the SS-Na+ ISE (SPE/ChPBN/Na+ ISE). The potential drift of SPE/ChPBN/Na+ ISE was 3.3 µV/h
over the first 4 h (inset), whereas the drift in the later time was noticeably lower. The average
potential drift over 20 h was 1.3 µV/h (3.61 × 10−4 µV/s), which is better than the potential drift
reported for the solid contact electrodes based on porous carbon of 212 µV/s [23], graphene sheet
of 55 µV/s [22], reduced graphene oxide of 12.8 µV/s [20], SWCNT of 85 µV/s [17] and TCNQ of
9.2−11.1 µV/s [32]. The reduced potential drift for ChPBN is very much comparable to polypyrrole film
of 9.23 × 10−3 µV/s [8], polyaniline doped-POT of 9.23 × 10−3 µV/s [10], three-dimensionally-ordered
macroporous (3DOM) carbon of 3.25 × 10−3 µV/s [16], colloid-imprinted mesoporous (CIM) carbon
of 3.61 × 10−4 µV/s [24] and carbon black 4.19 × 10−3 µV/s [65] (see Table S1 in the Supplementary
Materials). The enhanced potential stability also supports the ChPBN as a suitable material as a solid
contact in ISEs.
The [Na+ ] detectability of SPE/ChPBN/Na+ ISE in the presence of background ions was tested
in sodium phosphate buffer (NaPB, 10 mM, pH 7.4) with added NaCl with the concentration
10–160 mM and potential response measured at zero current. Figure 7 shows the performance of
SPE/ChPBN/Na+ ISE in sodium phosphate buffer. Here, we could confirm the near-Nernstian slope
of 58 mV/(log10 [Na+ ]). The standard curve in the Figure 6a shows the current response of the sensor
only against the known concentration of added NaCl. The electrolyte background was adjusted with
ammonium chloride/ammonium hydroxide ion strength adjuster solution. Therefore, the responses
were detected only from Na ion activity. Furthermore, in Figure 6a, the standard curve showed
two different slopes within a broad range of NaCl from 10−7 –1 M. The lower concentration range
(10−7 –10−4 M) showed low potential difference with a lower slope value (sub-Nernstian response).
For the higher concentration range (10−4 –1 M), the sensor showed a near-Nernstian slope. In Figure 7,
the current response was more prominent with a single slope of 58 mV. Here, the responses were
measured in the presence of 10 mM sodium phosphate buffer as a background electrolyte. The NaPB
of 10 mM strength actually retains 15 mM of Na+ ions (10 mM Na+ from dibasic and 5 mM Na+ from
monobasic salts of sodium), which is additionally calculated for each supplemented solution. Each
supplemented sodium concentration (10–160 mM) had added sodium ions from the background buffer.
The inset of Figure 7 shows the actual measured values with the calculated sodium ion concentration.

55 µV/s [22], reduced graphene oxide of 12.8 µV/s [20], SWCNT of 85 µV/s [17] and TCNQ of
9.2−11.1 µV/s [32]. The reduced potential drift for ChPBN is very much comparable to polypyrrole
film of 9.23 × 10−3 µV/s [8], polyaniline doped-POT of 9.23 × 10−3 µV/s [10],
three-dimensionally-ordered macroporous (3DOM) carbon of 3.25 × 10−3 µV/s [16], colloid-imprinted
mesoporous (CIM) carbon of 3.61 × 10−4 µV/s [24] and carbon black 4.19 × 10−3 µV/s [65] (see Table S1
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significantly enhanced the potential stability; (c) Potential stability test for SPE/ChPBN/Na+ISE
showing ten consecutive measurements for two hours. Inset: calculated potential drift for every 2 h
as a function of time.

The [Na+] detectability of SPE/ChPBN/Na+ISE in the presence of background ions was tested in
sodium phosphate buffer (NaPB, 10 mM, pH 7.4) with added NaCl with the concentration
10–160 mM and potential response measured at zero current. Figure 7 shows the performance of
SPE/ChPBN/Na+ISE in sodium phosphate buffer. Here, we could confirm the near-Nernstian slope
of 58 mV/(log10[Na+]). The standard curve in the Figure 6a shows the current response of the sensor
only against the known concentration of added NaCl. The electrolyte background was adjusted with
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3.4. Water Layer Test and Selectivity Test

When an SS-ISE is exposed to aqueous solutions for a long period of time, a thin water layer
may form between the ISE and the solid state electrode. The water layer is essentially an isolated
reservoir because the equilibration of ions with respect to the surrounding environment can be
delayed by the diffusion. In the presence of interfering ions, the equilibrium can be further delayed.
For example, when the water layer contains K+ ions while the surrounding has Na+ ions, it takes time
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When an SS-ISE is exposed to aqueous solutions for a long period of time, a thin water layer may
ion solution. The ChPBN solid contact clearly improved the Na+ISE’s response. This indicates that the
form between the ISE and the solid state electrode. The water layer is essentially an isolated reservoir
water layer formation was reduced with the presence of the ChPBN layer.
because the equilibration of ions with respect to the surrounding environment can be delayed by the
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4. Conclusions
The selectivity of SPE/ChPBN/Na+ ISE towards the primary ion (i.e., Na+ ) was examined by a
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double layer capacitance contributed by chitosan provided significant electrochemical capacitance
function of the differences of the individual potentials for the primary ion, I, and the interfering ion,
to the system. The high bulk capacitance contributed to the improved stability of the resulting
j, of the same ionic activity. The alkali metal or alkali earth metal chloride solutions were used in
Na+ISE. SPE/ChPBN/Na+ISEs showing good Nernstian response for sodium in a wide linear range.
the separate solution method keeping the same ion activity as the primary ion (Na+ ). In Figure 8b,
The pot
highly porous structure of the ChPBN layer provided a high interfacial area against the outer
(logKNa,j ) represents the selectivity coefficients of interfering ions w.r.t. the Na+ ion and were found
layer of
the PVC-based sodium selective membrane; the high interfacial area enhanced the
to be 103 –104 -times lower in the case of interfering ions, which supports the
selectivity towards the
effectiveness of the+ion sensing. The selectivity was also found to be 103–104-times higher towards
primary
ion
(i.e.,
Na
).
Na+ when tested with interfering ions. The measured sensitivity, selectivity and stability of the
modified Na+ISE confirmed that our ChPBN is a good solid contact material that can be
4.resulting
Conclusions
used as an alternative choice to conducting polymers and nanostructured carbon materials in
In this work,
ChPBN was
employedAsasthe
a solid
to aim
enhance
the output
stability of
potentiometric
ion-selective
electrodes.
next contact
step, we
to utilize
the ChPBN-based
+ ISE. A synergy between a large redox capacitance contributed by PB and a high
all-solid-state
Na
potentiometric ion-selective electrode in a miniaturized biosensor for application in
double
layer
capacitance contributed by chitosan provided significant electrochemical capacitance to
wearable
electronics.
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the system. The high bulk capacitance contributed to the improved stability of the resulting Na+ ISE.
SPE/ChPBN/Na+ ISEs showing good Nernstian response for sodium in a wide linear range. The
highly porous structure of the ChPBN layer provided a high interfacial area against the outer layer of
the PVC-based sodium selective membrane; the high interfacial area enhanced the effectiveness of
the ion sensing. The selectivity was also found to be 103 –104 -times higher towards Na+ when tested
with interfering ions. The measured sensitivity, selectivity and stability of the resulting modified
Na+ ISE confirmed that our ChPBN is a good solid contact material that can be used as an alternative
choice to conducting polymers and nanostructured carbon materials in potentiometric ion-selective
electrodes. As the next step, we aim to utilize the ChPBN-based potentiometric ion-selective electrode
in a miniaturized biosensor for application in wearable electronics.
Supplementary Materials: The following are available online at http://www.mdpi.com/1424-8220/17/11/2536/
s1. Figure S1: Current response as a function of scan rate; Table S1: Comparative representation of the analytical
parameters for all-solid-state ion-selective electrode.
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Pławińska, Ż.; Michalska, A.; Maksymiuk, K. Optimization of capacitance of conducting polymer solid
contact in ion-selective electrodes. Electrochim. Acta 2016, 187, 397–405. [CrossRef]

Sensors 2017, 17, 2536

13.
14.
15.

16.
17.
18.
19.
20.
21.

22.
23.
24.
25.
26.

27.

28.

29.

30.
31.
32.
33.
34.
35.
36.

15 of 17

Lindfors, T.; Ivaska, A. Ph sensitivity of polyaniline and its substituted derivatives. J. Electroanal. Chem. 2002,
531, 43–52. [CrossRef]
Lindfors, T.; Ivaska, A. Stability of the inner polyaniline solid contact layer in all-solid-state k+-selective
electrodes based on plasticized poly (vinyl chloride). Anal. Chem. 2004, 76, 4387–4394. [CrossRef] [PubMed]
Veder, J.-P.; De Marco, R.; Patel, K.; Si, P.; Grygolowicz-Pawlak, E.; James, M.; Alam, M.T.; Sohail, M.; Lee, J.;
Pretsch, E. Evidence for a surface confined ion-to-electron transduction reaction in solid-contact ion-selective
electrodes based on poly (3-octylthiophene). Anal. Chem. 2013, 85, 10495–10502. [CrossRef] [PubMed]
Lai, C.-Z.; Fierke, M.A.; Stein, A.; Bühlmann, P. Ion-selective electrodes with three-dimensionally ordered
macroporous carbon as the solid contact. Anal. Chem. 2007, 79, 4621–4626. [CrossRef] [PubMed]
Crespo, G.A.; Macho, S.; Rius, F.X. Ion-selective electrodes using carbon nanotubes as ion-to-electron
transducers. Anal. Chem. 2008, 80, 1316–1322. [CrossRef] [PubMed]
Fouskaki, M.; Chaniotakis, N. Fullerene-based electrochemical buffer layer for ion-selective electrodes.
Analyst 2008, 133, 1072–1075. [CrossRef] [PubMed]
Li, J.; Yin, T.; Qin, W. An all-solid-state polymeric membrane pb 2+-selective electrode with bimodal pore c
60 as solid contact. Anal. Chim. Acta 2015, 876, 49–54. [CrossRef] [PubMed]
Ping, J.; Wang, Y.; Wu, J.; Ying, Y. Development of an all-solid-state potassium ion-selective electrode using
graphene as the solid-contact transducer. Electrochem. Commun. 2011, 13, 1529–1532. [CrossRef]
Hernández, R.; Riu, J.; Bobacka, J.; Vallés, C.; Jiménez, P.; Benito, A.M.; Maser, W.K.; Rius, F.X. Reduced
graphene oxide films as solid transducers in potentiometric all-solid-state ion-selective electrodes. J. Phys.
Chem. C 2012, 116, 22570–22578. [CrossRef]
Li, F.; Ye, J.; Zhou, M.; Gan, S.; Zhang, Q.; Han, D.; Niu, L. All-solid-state potassium-selective electrode using
graphene as the solid contact. Analyst 2012, 137, 618–623. [CrossRef] [PubMed]
Miller, P.R.; Xiao, X.; Brener, I.; Burckel, D.B.; Narayan, R.; Polsky, R. Microneedle-based transdermal sensor
for on-chip potentiometric determination of k+. Adv. Healthc. Mater. 2014, 3, 876–881. [CrossRef] [PubMed]
Hu, J.; Zou, X.U.; Stein, A.; Bühlmann, P. Ion-selective electrodes with colloid-imprinted mesoporous carbon
as solid contact. Anal. Chem. 2014, 86, 7111–7118. [CrossRef] [PubMed]
Ye, J.; Li, F.; Gan, S.; Jiang, Y.; An, Q.; Zhang, Q.; Niu, L. Using sp 2-c dominant porous carbon sub-micrometer
spheres as solid transducers in ion-selective electrodes. Electrochem. Commun. 2015, 50, 60–63. [CrossRef]
Fibbioli, M.; Bandyopadhyay, K.; Liu, S.-G.; Echegoyen, L.; Enger, O.; Diederich, F.; Bühlmann, P.; Pretsch, E.
Redox-active self-assembled monolayers as novel solid contacts for ion-selective electrodes. Chem. Commun.
2000, 339–340.
Fibbioli, M.; Bandyopadhyay, K.; Liu, S.-G.; Echegoyen, L.; Enger, O.; Diederich, F.; Gingery, D.; Bühlmann, P.;
Persson, H.; Suter, U.W. Redox-active self-assembled monolayers for solid-contact polymeric membrane
ion-selective electrodes. Chem. Mater. 2002, 14, 1721–1729. [CrossRef]
Grygołowicz-Pawlak, E.; Wygladacz,
˛
K.; S˛ek, S.; Bilewicz, R.; Brzózka, Z.; Malinowska, E. Studies on
ferrocene organothiol monolayer as an intermediate phase of potentiometric sensors with gold inner contact.
Sens. Actuators B. Chem. 2005, 111, 310–316. [CrossRef]
Gabrielli, C.; Hémery, P.; Liatsi, P.; Masure, M.; Perrot, H. An electrogravimetric study of an all-solid-state
potassium selective electrode with prussian blue as the electroactive solid internal contact. J. Electrochem. Soc.
2005, 152, H219–H224. [CrossRef]
Zou, X.U.; Cheong, J.H.; Taitt, B.J.; Bühlmann, P. Solid contact ion-selective electrodes with a well-controlled
co(ii)/co(iii) redox buffer layer. Anal. Chem. 2013, 85, 9350–9355. [CrossRef] [PubMed]
Zou, X.U.; Zhen, X.V.; Cheong, J.H.; Bühlmann, P. Calibration-free ionophore-based ion-selective electrodes
with a co(ii)/co(iii) redox couple-based solid contact. Anal. Chem. 2014, 86, 8687–8692. [CrossRef] [PubMed]
Paczosa-Bator, B.; Pi˛ek, M.; Piech, R. Application of nanostructured tcnq to potentiometric ion-selective k+
and na+ electrodes. Anal. Chem. 2015, 87, 1718–1725. [CrossRef] [PubMed]
Kumar, M.N.R. A review of chitin and chitosan applications. React. Funct. Polym. 2000, 46, 1–27. [CrossRef]
Periayah, M.H.; Halim, A.S.; Saad, A.Z.M. Chitosan: A promising marine polysaccharide for biomedical
research. Pharmacogn. Rev. 2016, 10, 39. [CrossRef] [PubMed]
Moghadas, B.; Dashtimoghadam, E.; Mirzadeh, H.; Seidi, F.; Hasani-Sadrabadi, M.M. Novel chitosan-based
nanobiohybrid membranes for wound dressing applications. RSC Adv. 2016, 6, 7701–7711. [CrossRef]
Gao, H.; Zhou, W.; Jang, J.H.; Goodenough, J.B. Cross-linked chitosan as a polymer network binder for an
antimony anode in sodium-ion batteries. Adv. Energy Mater. 2016, 6, 1502130. [CrossRef]

Sensors 2017, 17, 2536

37.
38.
39.
40.
41.

42.

43.

44.

45.

46.
47.
48.
49.

50.

51.
52.

53.
54.

55.

56.
57.

16 of 17

Sudhakar, Y.; Selvakumar, M. Lithium perchlorate doped plasticized chitosan and starch blend as
biodegradable polymer electrolyte for supercapacitors. Electrochim. Acta 2012, 78, 398–405. [CrossRef]
Nagarajan, N.; Zhitomirsky, I. Cathodic electrosynthesis of iron oxide films for electrochemical
supercapacitors. J. Appl. Electrochem. 2006, 36, 1399–1405. [CrossRef]
Thakur, V.K.; Thakur, M.K. Recent advances in graft copolymerization and applications of chitosan: A review.
ACS Sustain. Chem. Eng. 2014, 2, 2637–2652. [CrossRef]
Darder, M.; Colilla, M.; Ruiz-Hitzky, E. Chitosan–clay nanocomposites: Application as electrochemical
sensors. Appl. Clay Sci. 2005, 28, 199–208. [CrossRef]
Yamagata, M.; Soeda, K.; Ikebe, S.; Yamazaki, S.; Ishikawa, M. Chitosan-based gel electrolyte containing
an ionic liquid for high-performance nonaqueous supercapacitors. Electrochim. Acta 2013, 100, 275–280.
[CrossRef]
Sun, L.; Fu, Y.; Tian, C.; Yang, Y.; Wang, L.; Yin, J.; Ma, J.; Wang, R.; Fu, H. Isolated boron and nitrogen sites on
porous graphitic carbon synthesized from nitrogen-containing chitosan for supercapacitors. ChemSusChem
2014, 7, 1637–1646. [CrossRef] [PubMed]
Ling, Z.; Wang, G.; Zhang, M.; Fan, X.; Yu, C.; Yang, J.; Xiao, N.; Qiu, J. Boric acid-mediated b, n-codoped
chitosan-derived porous carbons with a high surface area and greatly improved supercapacitor performance.
Nanoscale 2015, 7, 5120–5125. [CrossRef] [PubMed]
Hao, P.; Zhao, Z.; Leng, Y.; Tian, J.; Sang, Y.; Boughton, R.I.; Wong, C.; Liu, H.; Yang, B. Graphene-based
nitrogen self-doped hierarchical porous carbon aerogels derived from chitosan for high performance
supercapacitors. Nano Energy 2015, 15, 9–23. [CrossRef]
Sun, G.; Li, B.; Ran, J.; Shen, X.; Tong, H. Three-dimensional hierarchical porous carbon/graphene composites
derived from graphene oxide-chitosan hydrogels for high performance supercapacitors. Electrochim. Acta
2015, 171, 13–22. [CrossRef]
Krishnan, V.; Xidis, A.L.; Neff, V. Prussian blue solid-state films and membranes as potassium ion-selective
electrodes. Anal. Chim. Acta 1990, 239, 7–12. [CrossRef]
You, Y.; Yao, H.R.; Xin, S.; Yin, Y.X.; Zuo, T.T.; Yang, C.P.; Guo, Y.G.; Cui, Y.; Wan, L.J.; Goodenough, J.B.
Subzero-temperature cathode for a sodium-ion battery. Adv. Mater. 2016, 28, 7243–7248. [CrossRef] [PubMed]
Liu, Y.; Qiao, Y.; Zhang, W.; Li, Z.; Ji, X.; Miao, L.; Yuan, L.; Hu, X.; Huang, Y. Sodium storage in na-rich na x
fefe (cn) 6 nanocubes. Nano Energy 2015, 12, 386–393. [CrossRef]
Wu, X.; Sun, M.; Guo, S.; Qian, J.; Liu, Y.; Cao, Y.; Ai, X.; Yang, H. Vacancy-free prussian blue nanocrystals
with high capacity and superior cyclability for aqueous sodium-ion batteries. ChemNanoMat 2015, 1, 188–193.
[CrossRef]
Li, X.-D.; Liang, X.-L.; Ma, F.; Jing, L.-J.; Lin, L.; Yang, Y.-B.; Feng, S.-S.; Fu, G.-L.; Yue, X.-L.; Dai, Z.-F.
Chitosan stabilized prussian blue nanoparticles for photothermally enhanced gene delivery. Colloid. Surf.
B Biointerfaces 2014, 123, 629–638. [CrossRef] [PubMed]
Wang, Y.; Zhu, J.; Zhu, R.; Zhu, Z.; Lai, Z.; Chen, Z. Chitosan/prussian blue-based biosensors. Meas. Sci.
Technol. 2003, 14, 831. [CrossRef]
Zhong, X.; Yuan, R.; Chai, Y.-Q. Synthesis of chitosan-prussian blue-graphene composite nanosheets for
electrochemical detection of glucose based on pseudobienzyme channeling. Sens. Actuators B. Chem. 2012,
162, 334–340. [CrossRef]
Sodium Phosphate. Cold Spring Harbor Press. 2006. Available online: http://cshprotocols.cshlp.org/
content/2006/1/pdb.rec8303 (accessed on 2 November 2017).
Zhang, Q.; Zhang, L.; Li, J. Fabrication and electrochemical study of monodisperse and size controlled
prussian blue nanoparticles protected by biocompatible polymer. Electrochim. Acta 2008, 53, 3050–3055.
[CrossRef]
Cui, L.; Zhu, J.; Meng, X.; Yin, H.; Pan, X.; Ai, S. Controlled chitosan coated prussian blue nanoparticles with
the mixture of graphene nanosheets and carbon nanoshperes as a redox mediator for the electrochemical
oxidation of nitrite. Sens. Actuators B Chem. 2012, 161, 641–647. [CrossRef]
Guinovart, T.; Crespo, G.A.; Rius, F.X.; Andrade, F.J. A reference electrode based on polyvinyl butyral (pvb)
polymer for decentralized chemical measurements. Anal. Chim. Acta 2014, 821, 72–80. [CrossRef] [PubMed]
Gao, W.; Emaminejad, S.; Nyein, H.Y.Y.; Challa, S.; Chen, K.; Peck, A.; Fahad, H.M.; Ota, H.; Shiraki, H.;
Kiriya, D. Fully integrated wearable sensor arrays for multiplexed in situ perspiration analysis. Nature 2016,
529, 509–514. [CrossRef] [PubMed]

Sensors 2017, 17, 2536

58.
59.

60.
61.

62.
63.
64.

65.
66.

67.

17 of 17

Cerrai, P.; Guerra, G.D.; Tricoli, M.; Maltinti, S.; Barbani, N.; Petarca, L. Polyelectrolyte complexes obtained by
radical polymerization in the presence of chitosan. Macromol. Chem. Phys. 1996, 197, 3567–3579. [CrossRef]
Jabli, M.; Baouab, M.; Sintes-Zydowicz, N.; Hassine, B.B. [dye molecules/copper(ii)/macroporous
glutaraldehyde-chitosan] microspheres complex: Surface characterization, kinetic, and thermodynamic
investigations. J. Appl. Polym. Sci. 2012, 123, 3412–3424. [CrossRef]
Sheng, Q.; Liu, R.; Zheng, J. Prussian blue nanospheres synthesized in deep eutectic solvents. Nanoscale 2012,
4, 6880–6886. [CrossRef] [PubMed]
Silva, W.C.; Guix, M.; Angeles, G.A.; Merkoçi, A. Compact microcubic structures platform based on
self-assembly prussian blue nanoparticles with highly tuneable conductivity. Phys. Chem. Chem. Phys.
2010, 12, 15505–15511. [CrossRef] [PubMed]
Alkire, R.C.; Kolb, D.M.; Lipkowski, J.; Ross, P.N. Chemically Modified Electrodes; John Wiley & Sons: Hoboken,
NJ, USA, 2009; p. 22.
Dornbusch, D.A.; Hilton, R.; Gordon, M.J.; Suppes, G.J. Effects of sonication on eis results for zinc alkaline
batteries. ECS Electrochem. Lett. 2013, 2, A89–A92. [CrossRef]
Fibbioli, M.; Morf, W.E.; Badertscher, M.; de Rooij, N.F.; Pretsch, E. Potential drifts of solid-contacted
ion-selective electrodes due to zero-current ion fluxes through the sensor membrane. Electroanalysis 2000, 12,
1286–1292. [CrossRef]
Paczosa-Bator, B. All-solid-state selective electrodes using carbon black. Talanta 2012, 93, 424–427. [CrossRef]
[PubMed]
Umezawa, Y.; Bühlmann, P.; Umezawa, K.; Tohda, K.; Amemiya, S. Potentiometric selectivity coefficients of
ion-selective electrodes. Part I. Inorganic cations (technical report). Pure Appl. Chem. 2000, 72, 1851–2082.
[CrossRef]
Umezawa, Y.; Umezawa, K.; Sato, H. Selectivity coefficients for ion-selective electrodes: Recommended
methods for reporting ka,bpot values (technical report). Pure Appl. Chem. 2009, 67, 507–518.
© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

