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g r a p h i c a l a b s t r a c t
� A coulometric signal readout is pro-
posed based on OMC-based solid-
contact NO3

�-ISE.
� The signal depends on OMC with
electrical double layer capacitance as
solid contact.

� The coulometric signal for NO3
�-ISE is

robust to O2, CO2 and light
interferences.
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a b s t r a c t

Traditional potentiometric NO3
�-selective electrodes suffer from a fundamental limitation of the Nernst

slope (59.1 mV/dec at 25 �C) due to the relationship between the potential and the logarithmic of ionic
activity. Herein, a coulometric signal readout is proposed instead of the potentiometric response for
detection of NO3

� based on an ordered mesoporous carbon (OMC)-based solid-contact ion-selective
electrode (ISE). The mechanism for obtaining the coulometric signal is based on the electrical double
layer capacitance of OMC compensating the potential change at the ion-selective membrane/solution
interface during the measurements under the control of a constant applied potential. Under the opti-
mized conditions, the coulometric signal for the OMC-based solid-contact NO3

�-ISE shows two linear
responses in the activity range of 1.0 � 10�6-8.0 � 10�6 M and 8.0 � 10�6-8.0 � 10�4 M, and the
detection limit is 4.0 � 10�7 M (3s/s). The proposed coulometric response also shows excellent repro-
ducibility and stability in the presence of O2 and CO2 and light on/off. Additionally, the coulometric
response shows acceptable and reliable results for detection of NO3

� in mineral water as compared to the
traditional potentiometric response and the ion chromatography. This work provides a promising
alternative signal readout for detection of ions by using solid-contact ion-selective electrodes.

© 2020 Elsevier B.V. All rights reserved.
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1. Introduction

Nitrate is one of the essential nutrients for the growth of
phytoplankton, and it is also one of the critical parameters for ni-
trogen biogeochemical transformations [1]. However, due to the
overuse of nitrate fertilizers in agriculture and leaking from septic
tanks and sewage, large amounts of nutrients containing nitrate
have been discarded, which cause nitrate contamination, especially
in the ground water. It’s reported that the excessive exposure to the
drinking water contain nitrate will cause the shortness of breath
and blue-baby syndrome for infants [2]. Moreover, nitrate is also
easily reduced to carcinogenic nitrite bymicroorganisms [3], which
subsequently influence the human health. According to the regu-
lation of U.S. Environmental Protection Agency (EPA), the
maximum allowable contamination level for nitrate in drinking
water is 10 ppm (about 1.6 � 10�4 M) [4]. Therefore, the determi-
nation of nitrate is essential for evaluating the water quality of
groundwater, drinking water and reservoirs.

Spectrophotometry [5e7], ion chromatography [8,9] and elec-
trochemical methods [10e13] are three commonly used techniques
for detection of nitrate. However, both of the first two methods
suffer from narrow linear range (normally less than an order of
magnitude), the expensive equipment and complex operation.
Potentiometric ion-selective electrodes (ISEs), as one kind of elec-
trochemical sensors, is a promising tool for directly determining
ions [14e16], due to their attractive features including wide linear
range (about several orders of magnitude), free from the in-
terferences of color and turbidity, low cost, low energy consump-
tion and simple operation. Presently, three kinds of ISEs including
liquid-contact ISEs with inner filling solutions [17e19], solid-
contact ISEs [20e22] and ISEs with a functionalized conducting
polymer as sensing membrane [23e25] have been reported for
detection of nitrate. However, these reported NO3

�-ISEs suffer from
a fundamental limitation of potentiometric ISEs [26], that is, the
slope is confined to 59.1 mV/dec at 25 �C, due to the relationship
between the potential and the logarithmic of ionic activity in the
Nernst equation. This means that 4% deviation in the activity of NO3

�

would be obtained by the potential change of 1 mV, and the
frequent calibration step is essential for accurate detection of ni-
trate by using the NO3

�-ISEs with the inadequate stability and
reproducibility of the standard potential (E0). Therefore, in order to
break through the slope limitation, the development of the non-
conventional NO3

�-ISEs with less calibration/calibration-free pro-
cedure is highly necessary for detection of NO3

� in the field of
environmental monitoring, agriculture and industrial analysis.

Recently, potentiometric ISEs with new readout principles
through transforming the potential change of ion-selective mem-
brane into coulometric [27], colorimetric [28], fluorimetric signal
[29], optical signal of light-emitting diodes [30] and photoelectric
current [31], have attracted much attention. Among them,
constant-potential coulometric signal readout of solid-contact ion-
selective electrode with conducting polymer as solid contact, pro-
posed by Bobacka’s group [26,27,32e34], is a promising method for
determining the small activity changes of the primary ion in solu-
tion. The mechanism for obtaining the coulometric signal is based
on the redox capacitance of conducting polymer-based solid con-
tact involving both the reversible oxidation of the conjugated
polymer chains and the insertion/expulsion of charge-
compensating ions, which convert a change in ion concentration
(activity) into a transient current pulse and the corresponding in-
tegrated charge at a constant potential [27,32]. However, it’s re-
ported that conducting polymer-based solid contact with redox
capacitance may suffer from some undesirable side reactions
caused by the presence of O2, CO2 and H2O during the process of
ion-to-electron transduction between the electronic conductor and
ion-selective membrane [16], which subsequently cause a bias in
the coulometric response of the solid-contact ISE [26]. In fact,
another kind of solid contacts with electrical double layer capaci-
tance, such as fullerence [35], carbon nanotubes [36], graphene
[37], three-dimensionally ordered macroporous carbon [38],
colloid imprinted mesoporous carbon [39] and nanoporous gold
[40] have been widely reported for developing stable solid-contact
ISEs. The transduction mechanism of solid contacts with electrical
double layer capacitance between the ion-selective membrane and
electronic conductor depends on the quantity of ionic charge from
the ion-selective membrane and electrical charge in the electrical
double layer, rather than the redox reaction for the solid contact
[41]. Therefore, the performance of solid contacts with electrical
double layer capacitance would not be influenced by chemical
redox reactions (e.g. due to O2). However, as far as we know, there
are few reports about obtaining the coulometric signal based on
solid contact with electrical double layer capacitance by using the
solid-contact ISEs.

Herein, ordered mesoporous carbon (OMC) material with elec-
trical double layer capacitance was chosen as a model to develop
the solid-contact NO3

�-ISE, and the corresponding coulometric
signal performance was investigated. The influence of the amount
of OMC-based solid contact, the type of polymer matrix, the pres-
ence of O2, CO2 and light on the coulometric signal was also
characterized.

2. Experimental

2.1. Reagents and materials

Poly(vinyl chloride) (PVC), bis(2-ethylhexyl)sebacate (DOS),
poly(methyl methacrylate-co-buty methacrylate) (MMA-BMA),
polyurethane (PU), tridodecylmethylammonium nitrate (TDMA-
NO3

- ) and tetradodecylammonium tetrakis(4-chlorophenyl)borate
(ETH 500) were purchased from Sigma-Aldrich. Room tempera-
ture vulcanizing-type silicone rubber (SR, RTV 3140) was obtained
from Dow Corning. Ordered mesoporous carbon (OMC) with
average pore diameter of 3.8e4 nm and BET surface area�900m2/g
was obtained fromNanjing XFNANOMaterials Tech Co., Ltd. Freshly
distilled tetrahydrofuran (THF) was used throughout the experi-
ment. All other chemicals with analytical reagent grade were used.
Aqueous solutions were prepared by deionized water (18.2 MU cm
specific resistance) obtained with a Pall Cascada laboratory water
system.

2.2. Preparation of solid-contact NO3
�-ISEs

The GC disk electrode (3 mm in diameter) was polished with
0.05 mm Al2O3 slurry, then ultrasonically cleaned and washed with
ethanol and deionized water. The solid-contact suspension was
prepared by ultrasonicating 3 mg OMC material in 1 ml THF for
30 min, and then drop cast on the polished GC electrode. After
being dried at room temperature, the OMC modified GC electrode
(GC/OMC) was obtained for further use.

In the experimental, two kinds of NO3
�-selective membranes

were used. One kind of NO3
�-selective membrane components

contain 1 wt% TDMA-NO3
- , 1 wt% ETH 500, 65.3 wt% DOS and

32.7 wt% polymer matrix (PVC, PU or SR), and another kind of NO3
�-

selective membrane components contain 1 wt% TDMA-NO3
- , 1 wt%

ETH 500 and 98 wt% MMA-BMA. The membrane cocktails were
separately prepared by dissolving 100 mg of the membrane com-
ponents in 1 ml THF and then stirred for at least 2 h in order to
obtain the homogeneous solutions. Then 15 ml of the membrane
cocktails were drop cast on the above GC/OMC electrodes, respec-
tively. After being dried at room temperature, the prepared
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electrodes, which were denoted as GC/OMC/NO3
�-ISE, were condi-

tioned in 1.0 � 10�3 M NaNO3 overnight. For comparison, the
coated-disk NO3

�-ISE (GC/NO3
�-ISE) was prepared by directly

coating the NO3
�-selective membrane cocktail on the bare GC

electrode.

2.3. Apparatus and measurements

Potentiometric measurements were carried out by using CHI
760D electrochemical workstation (Shanghai Chenhua Apparatus)
at room temperature with Ag/AgCl (3 M KCl) electrode as a refer-
ence electrode in the galvanic cell: Ag|AgCl (3 M KCl)| sample so-
lution|NO3

�-selective membrane|OMC|GC electrode. The liquid
junction potentials and ion activities were calculated by the Hen-
derson and Debye-Hückel equations, respectively.

Chronoamperometric measurements were performed under
stirring with a three-electrode system, where the GC/OMC/NO3

�-ISE
was used as a working electrode, an Ag/AgCl (3 M KCl) as a refer-
ence electrode and a platinumwire as an auxiliary electrode. Before
the measurements, the proposed solid-contact NO3

�-ISE was
allowed to equilibrate for at least 10 min in deionized water under
the control of the open circuit potential in order to reduce the
background drift and obtain a stable current with the order of
magnitude of 1 nA. Then, the solution containing NO3

�was added in
deionized water, and a transient current signal was subsequently
obtained. Finally, considering the analytical time for the practical
application, the corresponding integrated charge (Q) was estimated
at a time interval of 500 s through integrating the measured
current-time curve. Electrochemical impedance spectroscopy was
also measured with the above three-electrode system in 0.1 M KCl
in order to compare the impedance performance among the
different kinds of polymeric matrix-based solid-contact NO3

�-se-
lective membrane. A Dionex ICS-3000 ion chromatography (Sun-
nyvale, CA, USA) system was used for detecting NO3

� in mineral
water samples.

3. Results and discussion

3.1. Influence of solid contact and polymer matrix on the
coulometric signal

Unlike conducting polymer-based solid contacts with redox
capacitance, solid contact based on electrical double layer capaci-
tance plays a role in compensating the potential change at the ion-
selective membrane/solution interface through adjusting the
quantity of ionic charge from ion-selective membrane and elec-
trical charge in the electrical double layer during themeasurements
of coulometric signal at the constant applied potential (Fig. 1).
Therefore, the influence of the charge capacity, which is related to
the electrical double layer capacitance of solid contact on the
coulometric signal, needs to be investigated. As shown in Fig. 2, all
of the capacitive currents of OMCmodified GC electrodes are found
to be larger than that of the bare GC electrode, indicating that the
electrical double layer capacitance of OMC-based solid contacts is
larger than that of the bare GC electrode, due to the large specific
surface area and excellent conductivity for OMC materials. Addi-
tionally, the electrical double layer capacitance of OMCmodified GC
electrodes are observed to be increased as the increase in the
amount of OMC, which is consistent with that demonstrated by
electrochemical impedance spectroscopy (Fig. S1). Moreover, all of
the cyclic voltammograms for the OMC modified GC electrode
show two region characteristics. One is related to the redox process
caused by the oxygen reduction from �0.5 to 0 V, and the other is
related to the capacitive process with a near-rectangular shape
from 0 to 0.5 V. Similar behaviors were also found for carbon
nanotubes and graphene based solid contact [42,43], while there
are slight differences from the our previous work [44], which may
be due to the different thickness of the OMC-based solid contact.

The influence of the amounts of OMC-based solid contact on the
coulometric signal obtained by the solid-contact NO3

�-ISEs was
investigated. As shown in Fig. 3a, a transient current associated
with the quantity of charge of the OMC-based solid contact is
observed upon the addition of NO3

� under the control of open cir-
cuit potential, and the decay time is found to be increased with the
amount of OMC. Additionally, the corresponding integrated charge
is also found to be increased with the amount of OMC (Fig. 3b).
These phenomena are consistent with the coulometric signal ob-
tained by the reported conducting polymer-based solid contact
[27,34]. Considering the analytical time for the practical applica-
tion, 2 ml of the OMC solution was chosen for the further use.

On the other hand, the transient current is also reported to be
related to the resistance of the electrochemical cell [34], especially
for the ion-selective membrane. It’s known that the types of poly-
mer matrix also influence the resistance of ion-selective the
membrane, beside the thickness of the membrane. Therefore, the
influence of the types of polymer matrix on the coulometric signal
obtained by the solid-contact NO3

�-ISEs was investigated. In the
experimental, four types of polymer matrix, including PVC, PU, SR
and MMA-BMA, have been used to prepare the NO3

�-selective
membrane. As shown in Fig. 4, the PVC-based ion-selective mem-
brane shows the highest transient current and the corresponding
integrated charge as compared to the other types of polymer ma-
trix. The reason may be due to the fact that the resistance of PVC-
based ion-selective membrane is smallest than other types of
polymer matrix (Fig. S2). Additionally, it’s reported that the thin
ion-selective membrane shows a low resistance, and is favor for
obtaining fast response time due to the effective mass transport
across the membrane triggered by the transient current [26,34].
Therefore, in this manuscript, 15 ml of the ion-selective membrane
cocktail was chosen, which just covered the OMC modified glassy
carbon electrode.

3.2. Coulometric signal performance of the OMC-based solid-
contact NO3

�-ISE

The coulometric signal for the proposed OMC-based solid-con-
tact NO3

�-ISE was measured by increasing the activity of NO3
�,

which is different from the reported dilution method for obtaining
the coulometric signal by using the conducting polymer-based
solid-contact ISEs [26,27,32e34]. Before each measurement, the
electrode was equilibrated for at least 10 min under the control of
the open circuit potential in deionized water in order to obtain a
stable current with the order of magnitude of 1 nA. As shown in
Fig. 5, a transient current is observed through each change of NO3

�

activity under the optimized condition, which is originated from
the potential change at the solution/membrane surface and the
potential compensation of OMC-based solid contact under the
control of the constant potential. Moreover, the transient current
and the corresponding integrated charge are found to be increased
as the increase in the NO3

� activity (Fig. 5a and b). The coulometric
signal for the OMC-based solid-contact NO3

�-ISE show two linear
responses in the activity range of 1.0 � 10�6-8.0 � 10�6 M and
8.0� 10�6-8.0 � 10�4 M, respectively (Fig. 5c). The linear equations
between the integrated charge and logarithmic of ionic activity are
shown as follows: Q¼ 6.85 log aþ 43.42 (R¼ 0.9963, n¼ 3) and Q¼
9.56 log a þ 56.55 (R ¼ 0.9981, n ¼ 3), respectively. The detection
limit is calculated to be 4.0 � 10�7 M (3s/s). Additionally, the
coulometry signal is found to show a lower detection limit, as
compared to the potential response for the OMC-based solid-con-
tact NO3

�-ISE at the zero-current condition (Fig. 5d), which shows a



Fig. 1. Schematic representation of the mechanism for the coulometric signal readout by using a NO3
�-ISE based on OMC-based solid contact with electrical double layer capac-

itance. A constant potential is firstly applied to the solid-contact NO3
�-ISE. When the solution containing NO3

� is added, the potential of the ion-selective membrane is decreased,
while the potential of the OMC-based solid contact will be increased to compensate the potential change through adjust the quantity of ionic charge from the ion-selective
membrane and electrical charge in solid contact. This process will produce a transient current until a new equilibrium state is obtained.

Fig. 2. Cyclic voltammograms for the bare GC electrode and the modified GC elec-
trodes with different amounts of ordered mesoporous carbon material in 0.1 M KCl.
Scan rate ¼ 100 mV/s.

Fig. 3. Chronoamperograms (a) and the corresponding integrated charge Q vs time (b) upon
amounts of ordered mesoporous carbon material as solid contact.
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linear response in the range of 4.0 � 10�6 - 8.0 � 10�4 M with the
slope of 61.4 mV/dec. However, the response time for the coul-
ometry signal is much longer than that of the potential response
(Fig. S3), which may be due to that the mass transport process
across the ion-selective membrane triggered by the transient cur-
rent limits the time response [34]. Moreover, the stability of the
OMC-based solid-contact NO3

�-ISE was investigated by repeatedly
measuring the coulometric signal upon the addition of 10�4 MNO3

�.
As shown in Fig. 6, both the transient current and the corre-
sponding integrated charge show reproducible responses, which is
attributed to the high electrical power and outstanding cycle life of
OMC with large specific surface area and interconnected pores
when acting as electrochemical double-layer supercapacitor [45].

The influence of O2, CO2 and light on the coulometric signal of
OMC-based solid-contact NO3

�-ISE were investigated through
turning on/off the light and purging gas in the aqueous solutions,
respectively. As shown in Fig. 7a, there are no significant changes in
the transient current and the corresponding integrated charge in
the presence of O2 and CO2, indicating that no undesirable effect
caused by the permeation of O2 and CO2 into the ion-selective
membrane occur. Moreover, no obvious change in the coulo-
metric signal for the OMC-based solid-contact ISE was observed
during the light on/off, which is quite different from conducting
the addition of 1.0 � 10�4 M NO3
� for the solid-contact NO3

�-ISEs, prepared by different



Fig. 4. Chronoamperograms (a) and the corresponding integrated charge Q vs time (b) upon the addition of 1.0 � 10�4 M NO3
� for the OMC-based solid-contact NO3

�-ISEs, prepared
by different types of polymeric matrix.

Fig. 5. Chronoamperograms (a) and the corresponding integrated charge Q vs time (b) for the OMC-based solid-contact NO3
�-ISEs upon the addition of NO3

� with different con-
centrations. The letters, a-o, refer to 1.0 � 10�6, 2.0 � 10�6, 4.0 � 10�6, 6.0 � 10�6, 8.0 � 10�6, 1.0 � 10�5, 2.0 � 10�5, 4.0 � 10�5, 6.0 � 10�5, 8.0 � 10�5, 1.0 � 10�4, 2.0 � 10�4,
4.0 � 10�4, 6.0 � 10�4 and 8.0 � 10�4 M NO3

�, respectively. The calibration curves for the corresponding integrated charge Q (c) under the control of open circuit potential and the
potential values (d) vs log aNO3- at the zero-current condition, respectively. Error bars represent the standard deviations of integrated charges and potential values obtained from
three measurements.
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polymer-based solid-contact ISE [46]. These results indicate that
the coulometric response for the solid-contact ISE prepared by
OMC as solid contact is stable in the presence of O2 and CO2 and
light on/off. Additionally, the selectivity of the coulometric signal
for the OMC-based solid-contact ISE was also investigated. As
shown in Fig. 7b, as the increase in the concentration of NaCl, both
the transient current and the corresponding integrated charge are
found to be decreased. This phenomenon is consistent with the
potential response of OMC-based solid-contact ISE (Fig. S4), which
indicates that the coulometric signal for the OMC-based solid-
contact ISE depends on the inherent selectivity of the NO3

�-selective
membrane (log KNO3

� , Cl
� ¼ �2.0, estimated by separated solution
method in Fig. S5).

3.3. Practical application

In order to demonstrate the analytical applications for the
coulometric signal, the OMC-based solid-contact ISE was tested by
measuring NO3

� in mineral water samples through the standard
addition method in order to eliminate the influence of the back-
ground electrolyte. The detection procedure includes: (1) to obtain
the stable baseline through equilibrating the proposed solid-
contact NO3

�-ISE in mineral water under the control of the open
circuit potential, (2) to add a certain volume of a standard solution



Fig. 6. Reproducibility of the chronoamperograms and the corresponding integrated
charge Q vs time upon the addition of 1.0 � 10�4 M NO3

� for the OMC-based solid-
contact NO3

�-ISEs.

Table 1
Comparisons of the results for determination of NO3

� in mineral water samples by
using the proposed OMC-based solid-contact NO3

�with the coulometric signal under
the control of the constant potential and potential response at the zero-current
condition and ion chromatography.

Sample Coulometric signal Potential response Ion chromatography

Founda(M) Found a (M) Found a (M)

1 (2.72 ± 0.23) � 10�5 (2.77 ± 0.22) � 10�5 (2.71 ± 0.12) � 10�5

2 (5.44 ± 0.29) � 10�5 (5.49 ± 0.22) � 10�5 (5.49 ± 0.49) � 10�5

3 (6.43 ± 0.17) � 10�5 (6.37 ± 0.76) � 10�5 (6.40 ± 0.48) � 10�5

4 (2.23 ± 0.39) � 10�5 (2.33 ± 0.19) � 10�5 (2.29 ± 0.12) � 10�5

5 (5.51 ± 0.17) � 10�5 (5.52 ± 0.93) � 10�5 (5.32 ± 0.15) � 10�5

a Mean of three measurements ± standard deviation.
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containing NO3
� in mineral water, which may lead to a transient

current, (3) to obtain the corresponding integrated charge (Q1)
through integrating the transient current-time curve, (4) to add
another volume of the standard solution containing NO3

- and to
obtain the another integrated charge (Q2) though repeating the
steps (1)e(3). Finally, the concentration of nitrate in mineral water
samples was calculated according to the following equation [34]:

Qp¼ Ccp
s
zi
log

�
aiðinitialÞ
aiðfinalÞ

�

Where, Ccp is the capacitance of the OMC-based solid contact, s is
the slope, zi is the charge of the analyte ion (here, zi is �1 for NO3

�).
Additionally, for comparison, the concentrations of NO3

� in mineral
water were also measured by the traditional potentiometric
response at zero-current condition with the standard addition
method. As shown in Table 1, the results detected by the coulo-
metric signal are comparable to those obtained by the traditional
potentiometric response and the ion chromatography, which in-
dicates the coulometric signal for the solid-contact NO3

�-ISE is
reliable and acceptable.

4. Conclusions

As compared to the traditional potential response at the zero-
current condition, a coulometric signal is proposed for detection
of NO3

� based on an ordered mesoporous carbon-based solid-
Fig. 7. Influences of light, O2, CO2 (a) and NaCl (b) on the chronoamperograms and the corr
OMC-based solid-contact NO3

�-ISEs. The used concentration of O2 and CO2 is saturated in t
contact ion-selective electrode under the control of a constant
potential. The mechanism is based on the potential change caused
by the addition of NO3

� at the interface between the ion-selective
membrane and the testing solution and subsequently potential
change of OMC-based solid contact associated with the change in
transient current. Through integrating the transient current-time
curves for each NO3

� activity, the corresponding charge is found
to be proportional to the logarithm of ion activity in the range of
1.0 � 10�6-8.0 � 10�6 M and 8.0 � 10�6-8.0 � 10�4 M, respectively.
Additionally, it’s found that the electrical double layer capacitance
of OMC-based solid contact has the same ability to obtain the
transient current and the corresponding accumulated charge as the
redox capacitance of conducting polymer-based solid contact, but
also the OMC-based solid-contact ISE shows excellent reproduc-
ibility and stability in the presence of O2 and CO2 and light on/off
during the measurement of coulometric response. This work pro-
vides an alternative signal readout for detection of ions by using
solid-contact ion-selective electrodes, which is promising for
breaking through the slope limitation of potentiometric ion sen-
sors, due to the relationship between the potential and the loga-
rithmic of ionic activity in the Nernst equation.
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