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X-ray diffractometry (XRD), scanning electron microscopy (SEM), and electrochemical impedance spec-
troscopy (EIS). X-ray diffraction studies show the presence of Ags;SI, Ag,S and Agl crystalline phases in
the electrode material. The electrode surfaces have been found to become smoother and lustrous with
increasing percentage of silver sulphide in silver iodide. ISE 1:1, ISE 2:1 and ISE 9:1 all responded in
Nernstian manner with slopes of about 60 mV/decade change in iodide ion concentration in the lin-
ear range of 1 x 107! to 1 x 10~ M while ISE 1:9 showed sub-Nernstian behavior with slope of about
45 mV up to the concentration 1 x 10-> M. Two capacitive loops, one corresponding to the charge transfer
process at metal electrode and the back contact and a second loop corresponding to the charge trans-
fer process at membrane-electrolyte interface have been observed at high and low frequency ranges,
respectively. Mott-Schottky analysis shows that the materials are n-type semiconductors with donor
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defect concentrations in the range of 5.1 x 10" to 2.4 x 10'?/cm?.
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1. Introduction

Ion selective electrodes (ISE) are powerful analytical tools for
the quantitative determination of various ions in solution. These
electrodes have been used in varieties of fields like pharmaceuti-
cal, environmental, medical, industrial fields as they provide rapid,
accurate and low cost methods of analysis [1-5]. A number of ISEs
are commercially available which are selective for various cations
and anions [6-14]. Silver sulphide based ISEs are well known for
being well behaved electrodes in terms of their sensitivity and
selectivity and have been in operation for long [15,16]. The sensitiv-
ity and selectivity of such electrodes towards target ions depend on
the membrane composition, method of preparation and the surface
morphology. Silver sulphide/silver iodide all solid state ion selec-
tive electrodes prepared by Ruziicka and Lamm [17] were found to
have a life span of only about 35 days. Limited information regard-
ing surface morphology, phase composition and electron transfer
processes at electrode-electrolyte interface on those electrodes is
available [18].

Electrochemical impedance spectroscopy (EIS) is a sensitive and
non-destructive technique to obtain information on the electron-
transfer resistance and capacitive behavior of electrode-electrolyte
interface. Only a very few EIS studies [19-22] have been reported
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on silver sulphide based ISEs. Semiconductor behavior and the
donor/acceptor density of silver sulphide based ISEs were studied
by Bard and Faulker [23].

In the present study, iodide ion selective electrodes of four dif-
ferent compositions; 9:1, 2:1, 1:1, 1:9 mole ratio of Ag,S-Agl were
fabricated and characterized by XRD, SEM and electrochemical
techniques. Electrochemical impedance spectroscopy (EIS) tech-
nique was also used to investigate their electrical properties.
Capacitance measurements were done to evaluate the donor defect
concentration of the materials by Mott-Schottky analysis. Finally,
the effects of storage of electrode in iodide solution on the surface
of membrane were also investigated.

2. Experimental
2.1. Chemicals and solutions

All the Chemicals (AgNO3, KI, KBr, KCl, Na,S, and KNO3) used
were of analytical grade and all the solutions were prepared
in distilled water. Direct potentiometry was carried out by suc-
cessive addition of iodide solution in 0.1 M KNOs, which was
used as the background electrolyte. A stock solution of 0.1M
AgNOs (S.D. Fine) and 0.1 M KI (Merck) were prepared. The stock
solution of 0.1 M Na,S (LR grade) solution was prepared and
standardized with potassium iodate solution by standard method
[24].
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Table 1
Composition of home-made electrodes.

Mole ratio of Ag,S:Agl Mole% of Ag,S Mole% of Agl

kTl 90 10
2:1 67 33
1:1 50 50
kS 10 90

2.2. Apparatus

XRD analysis was performed to investigate the crystal phase of
the electrode materials using an X'Pert MPD-OEC, Phillips X-ray
diffractometer. The measurements were performed using Cu ka
radiation at 40 kV and 40 mA. Scanning electron microscopy (SEM)
characterization was performed with a KEYENCE REAL 3D System,
VE-series, Japan at 5kV accelerating voltage. The electrochemical
impedance measurements were performed using a Solartron 1280
Schlumberger frequency response analyzer. The impedance spectra
were recorded in the frequency range between 10 kHz and 20 kHz
at 10 mV perturbing signal and Z-view software (version 2.6 b) was
used for evaluating the impedance spectra.

2.3. Preparation of membrane material and electrode

In the present study, iodide selective electrodes with four dif-
ferent compositions were prepared by co-precipitation of Ag,S
and Agl in different mole ratios. Desired mole ratio of Ag,S:Agl
membrane was obtained by taking appropriate moles of aqueous
solution of Na,S and KI in which slight excess of aqueous solution
of AgNO3 was added. The reaction is given in Eq. (1).

KI + NayS + 3AgNO; — Ag>S + Agl + 2NaNOs +KNO; (1)

Table 1 shows the compositions of four different samples of
Ag)S:Agl.

The co-precipitate of Ag,S-Agl was filtered and washed five
times with distilled water. The final wash was done with acetone.
The material thus obtained was dried at 110°C for 6 h. The dried
material was ground to fine powder in an agate mortar. About
1.5¢g of fine powder of Ag,S-Agl was taken in a KBr pellet mak-
ing die. The powder was pressed under 10 tonnes/cm? pressure for
15 min to make a pellet. The pellet was removed carefully from
the die and was dried at 200°C for an hour. The prepared pel-
let was then mounted in a polypropylene tube with the help of
Araldite (Ciba-Geigy) and back contact was made with silver epoxy
conducting paint with silver disk in which a copper wire was sol-
diered. The electrode was polished successively with 1000-2000
grit sized silicon carbide paper and finally carefully sonicated in
distilled water.

All the measurements were performed using Ag/AgCl (sat.) elec-
trode as reference electrode.

3. Results and discussion
3.1. Characterization of membrane material

The co-precipitate of Ag,S-Agl was characterized by XRD
to know the crystalline phase present in the electrode mate-
rial. Fig. 1 shows the diffraction pattern of all the samples.
The diffraction peaks matched with that of Ag,S, AgsSI and
Agl compounds. The assignments based on the JCPDS data are
given for the respective main diffraction peaks in the figure.
In sample 9:1, 2:1 and 1:1 the peaks at 25.8°, 31.8°, and
36.8° were assigned for AgsSI while the peaks at 34.7°, 36.8°,
37.9° were assigned for Ag,S and 23.8°, 39.3°, and 45.4° peaks
were assigned to that of Agl. The presence of Ag;SI along with
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Fig. 1. XRD Pattern of laboratory prepared electrodes of various composition of
Ag,S-Agl. The peaks are indicated by symbols: (O) for Ag,S, (A) for AgsSI, and (OJ)
for Agl.

Ag>S and Agl shows that the materials are in mixed phase
state.

In diffraction peaks of sample no. 4 with 90% Agl, some minor
peaks of Ag,S appeared along with three intense peaks of Agl.

3.2. Characterization of electrode

3.2.1. Scanning electron micrograph studies

The surface morphology of an ISE is one of the important factors
that control the quality of electrode. In the present study, varia-
tion of the surface morphology with the amount of Ag,S and Agl
in the co-precipitates was analyzed by taking SEM photographs
of polished surface. Fig. 2a-d shows the SEM photographs of all
the four samples taken at 5 kV of accelerating voltage. It is obvious
that the surface texture changes with the composition of the co-
precipitate. In first sample, the surface was smooth and fine with
small white patches while in 2nd and 3rd samples, the size of white
patches increased. The 4th sample was rough having more bright
parts. So, it seems reasonably to conclude that the sample hav-
ing high percentage of Ag,S causes lustrous and smooth surface
morphology.

3.2.2. Potentiometric behavior of the electrodes

The potentiometric responses of ISE 9:1, ISE 2:1, ISE 1:1 and ISE
1:9 to iodide ions are shown in Fig. 3. Appropriate spikes of iodide
were introduced into the cell and corresponding potentials were
recorded. To maintain a constant ionic strength, 0.1 M KNO3 solu-
tion was used in all measurements. All measurements were carried
out at constant stirring condition. The plot of potential against neg-
ative logarithm of iodide concentration is shown in Fig. 3.

Fig. 3 shows that ISE 9:1, ISE 2:1 and ISE 1:1 all give a linear
response with respect to [I=] in the region 1 x 10~ to 1 x 1076 M
with slopes ranging from 54 to 60 mV. In the lower concentration
range the curves however start to deviate from linearity. The slopes
and linear region of all the electrodes are tabulated in Table 2. The
electrode with 10 percentage Ag,S and 90 percentage Agl deviated
from linearity much earlier and showed the sub-Nernstian behavior
from the beginning with the slope of about 45 mV/decade [I"] up
to1x 10> M.

3.2.3. The response time of the electrode

The response time of the electrodes was measured with steps of
10-fold increase of the concentration of iodide ion. It was observed
that the response was fast, and the system attained equilibrium
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Fig. 2. (a-d) SEM pictures of as polished surface of Ag,S/Agl electrodes.
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Fig. 3. Potentiometric response of the electrodes with varying concentration of
iodide ion.

within <10s in all the concentration range studied. The same
response time was noticed for the reverse process as well. All
measurements were made at constant temperature with constant
stirring of the solution. The time dependence of electrode response
on iodide ion concentration for all 4 electrodes is shown in Fig. 4.
The ISE 9:1, ISE 2:1 and ISE 1:1 gave the fast response to iodide
ion in the concentration range of 1 x 10~! to 1 x 10~6 M, while the
ISE 1:9 showed the fast response to iodide ion in the concentration
range of 1 x 10-1to 1 x 10~ M.

Table 2
Response characteristic of various electrodes.

Mole ratio of Ag,S:Agl Slope Linear range
9:1 60.2 1x10'to1x10°6M
2:1 54.4 1x10'to1x10°M
1:1 58.7 1x10'to1x10°°M
1:9 45.0 1x10'to1x10°M

3.2.4. Electrochemical impedance spectroscopic studies of the
electrodes

The interfacial and bulk electrochemical properties of mem-
branes of all the four electrodes were studied using electrochemical
impedance spectroscopy (EIS) in the frequency range 20kHz to
10mHz at open circuit potential in 10~ M KNO3, 10-3 MKI and
10-2 M KI solutions. EIS data were analyzed in terms of equivalent
circuit in order to match the measured data. The influence of the
electrolyte concentration and composition of membrane material
were evaluated.

Fig. 5 shows the model of present electrode with three distinct
regions—1st region corresponds to silver back contact/membrane
interface, 2nd region corresponds to bulk membrane, and 3rd cor-
responds to electrolyte membrane interface. In 1st region, there is
possibility of electron transfer between silver disk and bulk mem-
brane. In 2nd region, both ionic and electron transfer process are
possible as there is Frankel type of lattice defect in bulk membrane
where silver ions can migrate from one interstitial site to other
interstitial site or in defect sites or push and replace other silver
ions while in 3rd region, charge transfer as well as ionic transfer
processes are possible.

Fig. 6a-c shows the Nyquist plots of four different electrodes in
three different electrolytes 10~ MKNO3, 10-3 MKI, and 10~2 M KI,
respectively. The points are experimental data. A significant change
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Fig. 4. The dependence of response time of the electrodes on the change of concen-
tration.
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Fig. 5. Electrode model showing three different regions; (1) back contact Ag/Ag,S,
(2) bulk membrane, and (3) membrane-electrolyte interface.

in impedance response can be observed in higher concentration of
iodide showing two capacitive loops, one at higher frequency and
second one at low frequency.

First capacitive loop is prominent in case of 9:1 electrode
whereas it is comparatively small in case of other electrodes. Bralic
and Radic have observed a high frequency capacitive loop for back
contact in Ag,S-Agl ISE [22] while Martinhon et al. have observed
a distinct semicircle for back contact in case of PbS/Ag,S ISE [25]. In
this study, a distinct capacitive loop for back contact could not be
observed due probably to relatively small value of high frequency
ac signal.

There are different views regarding the origin of low fre-
quency capacitive loop. Martinhon et al. [25] proposed a diffusion
impedance while Bralic et al. [26] has suggested a charge trans-
fer resistance in parallel with a double layer capacitance for low
frequency loop. In this study, the low frequency capacitive loop
was fitted with both the Warburg diffusion and an RC circuit com-
ponent. It was found that a good fitting could be only observed by
using RC circuit in all the four samples. Therefore, in this study, sec-
ond capacitive loop was assigned to charge transfer resistance and
double layer capacitance at the membrane/electrolyte interface.

Fig. 7 represents the equivalent circuit corresponding to the
model of electrode shown in Fig. 5. The lines in Fig. 6a—-c show the
fitted results by using equivalent circuit in Fig. 7. It is obvious that
a good fitting was obtained in all frequency range.

From the fitted data, the membrane/solution resistance and
double layer capacitance were obtained, which are given in
Table 3. Fig. 8 represents the composition dependence of mem-
brane/solution resistance for different electrodes. The resistance of
1:9 electrode was abnormally high as compared to the resistance of
other three electrodes. The enlarged view of Fig. 8, shown in inset,
shows that the resistances of ISE 1:1, ISE 2:1, and ISE 9:1 decrease
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Fig. 6. Nyquist plots of impedance response obtained on various ion selective elec-
trodes in (a) 10-! M KNOs, (b) 10-3 M KI, and (c) 10-2 M KI at open circuit potential.

with the increasing mole percentage of Ag,S[27,28] as Ag,S is more
conductive.

The dependence of double layer capacitance (Cy;) with electrode
composition is shown in Fig. 9. This plot shows that capacitance of
electrode increases with increase in amount of Ag,S in the elec-
trode.
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Fig. 7. Equivalent circuit used for fitting the impedance spectra of Fig. 6a-c.
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6.0E+5 4
B.OE+ 5
= (o]
5.0E+5 4
40E+ o
g o]
4.0E+5 4 5
G x ]
od 2.0E+4 o
[¥]
X 30E+5 A
0.0E40 T - \
40 60 80 100
2.0E+5 A Mole % AgaS
1.0E+5 4
o]
o
0.0E+0 : . . e
0 20 40 60 80 100
mole % Ag,S

Fig. 9. Variation of electrode capacitance with the mole% of silver sulphide.

Fig. 10 shows the impedance spectra recorded before and
after performing cyclic voltammetric experiment with ISE 1:1. The
impedance of the electrode is observed to decrease after perform-
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Fig. 10. Nyquist plot of impedance response of ISE 11 before and after CVin 101 M
KNOs at open circuit potential.

ing the CV showing that electrode become more conductive after
running CV. This may be due to the liberation of iodide adsorbed on
the surface of the electrode during the CV experiment. It may hence
be expected that cyclic voltametric experiment may be used as an
alternative way of regenerating electrode surface. This can avoid
the loss of membrane material during the polishing of electrode
surface.

3.2.5. Visual observation of surface of the electrode

The electrodes were immersed in 0.1 M KI solution for 24 h and
surface was observed to see any change. Digital pictures (Fig. 11)
show that all four electrode surfaces are affected by high concen-
tration of iodide adsorbed on surface [29]. But the surfaces of ISE
9:1 and ISE 1:9 were found to be more affected than the other two
ISEs. Therefore, even though the ISE 9:1 showed good potentiomet-
ric response (Fig. 3), its stability is not comparable to that of 1:1 and
2:1 electrodes showing that a significant amount of Agl is essential
for stable surface. It has been suggested that during potentiomet-
ric measurement Agl may leach out easily from the surface [29] in
relatively shorter time. High concentration of Agl on the surface is
essential for longer stability of such electrodes. Hence, 1:1 com-
position of the electrode can be considered as the most suitable
composition.

3.2.6. Mott-Schottky analysis of electrode

As ISE 9:1 was found to be not suitable for long-term stabil-
ity, only three electrodes (1:1, 2:1, and 1:9) were selected for
Mott-Schottky analysis to estimate the donor concentration.

When the electrode is polarized with respect to the solution by
means of an external emf source, the membrane/electrolyte inter-
face constitutes an electrical double layer with the negative charge
islocated at the solution side and the corresponding positive charge
built up at the semiconductor side. This positive charge will be dif-
fused because of the relatively small charge carrier concentration
in the semiconductor. The corresponding sub-surface region in the
semiconductor is denoted as the depletion layer. In the case of

Table 3
Fit parameters obtained from the impedance spectra recorded for four different electrodes in 10-! M KNO3, 10~3 M KI, and 10-2 M KI solution.
Ag,S:Agl 101 M KNO3 103 MKl 103 MKl
R2/(2) G /(F) R/(2) G /(F) Ry/(2) G/(1F)
9:1 1.6 x 10* 1.1x104 2.9x10° 24 %104 3.3x10° 2.7%x107°
2:1 3.5x 104 1.2x 1074 5.5 x 103 5.6x 1074 33x10° 5.5x 1074
1:1 5.1 x10* 8.9x 103 9.8 x 10° 21x10°4 6.8 x 10° 31x10*
1:9 5.5 x 10° 1.5x 1077 4.5x10° 1.5x 1077 4.0 x 10° 1.5x 1077
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Fig. 11. Digital photos showing the surface of various electrodes after immersion in 10~' M KI for 24 h.

Table 4
Fit parameters obtained from Mott-Schottky analysis.
Mole ratio of Ag,S:Agl Np/(cm~3) Eg/(V)
2:1 2.4 x 10" —0.065
1:1 7.4 x 10" -0.18
1:9 5.1x 104 —0.05

a depletion of majority electronic carriers near the interface, the
interfacial capacitance is developed, which are essentially related
to space charge regions in the Ag,S-Agl electrode and can be used
for a Mott-Schottky analysis for the semiconductor properties of
electrode. According to the Mott-Schottky Equation (2), the inverse
square of Csc should depend linearly on the potential.

1 2(E-Ep)
G2 €g0eoNp

(2)

where Csc is the space charge layer capacitance, E is the applied
potential, Eg, is the flat band potential, Np is the donor density of
electrode material, &g is the dielectric permittivity, ¢ is the relative
dielectric constant, ey is the elementary charge.

A Mott-Schottky plot of 1/C2. against applied potential (E) is
presented in Fig. 12. A straight line with positive slope 2/e gy Np is
observed between +0.2V and —0.2 V (SSE) indicating n-type semi-
conductor behaviors of polycrystalline Ag,S-Agl membrane. The
donor concentration Np was calculated from the slope using dielec-
tric constant of Ag,S-Agl. The flat band potential was determined
by extrapolation of the linear region of the Mott-Schottky plot.
The donor defect concentration and flat band potential obtained
by Mott-Schottky analysis are tabulated in Table 4.
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Fig. 12. Mott-Schottky plot of 1:1 and 2:1 electrodes in 10~ M KNOs.

The donor defect concentration (Np) of 1:9 electrodes is lower
than 1:1 and 2:1 electrodes. When 1:9 electrodes are used for long
periods of time, surface got deteriorated as shown in Fig. 11. Hence,
the Np values of 1:9 electrode is comparably lower than 1:1 and 2:1
electrodes. The values obtained were about six orders of magnitude
lower than in metals. This is an important implication for the charge
and potential distribution at the semiconductor/electrolyte inter-
face [30]. The sub-Nernstian response of 1:9 electrodes is due to
low Np value compared to others.
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4. Conclusion

Based on the above results the following conclusions can be
made:

1. X-ray diffraction studies show that the laboratory prepared
Ag,S-Agl co-precipitates are composed of AgsSI, Ag,S and Agl
components showing mixed phase state of the material.

2. The electrode surface became smoother and lustrous with the
increasing concentration of Ag,S in Agl.

3. The home-made Ag,S/Agl electrodes having three different com-
positions (1:1, 2:1, 9:1) show a Nernstian response over a wide
concentration range of iodide ions (10~! to 10-6 M) while the
electrode having 1:9 composition shows sub-Nernstian behavior
up to the concentration range of (10~ to 10~> M).

4. All the four electrodes have quick response time (<105s).

5. The EIS results clearly showed that mixing of silver sulphide with
silver iodide decreases the membrane resistance and increases
the capacitance by a few orders of magnitude. About 50 per-
centage of iodide in membrane is preferable to increase the
sensitivity and stability of the electrode.

6. Mott-Schottky analysis of electrodes in aqueous electrolytes
shows n-type semiconductor behavior with a donor density of a
reasonable order of magnitude for a polycrystalline material.

7. The visual observation showed that in comparison to others, the
1:1 electrodeis less affected by iodide ions while storing iniodide
solution.
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