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An all-solid-state ammonium ion-selective electrode, with silver/nano-silver wire as the substrate,
polyaniline as transducer and poly (o-phenylenediamine) as sensitive membrane, is presented. The
nano-silver was prepared by electrodeposition in 0.1 M AgNO; standard solution with the half-sine
wave at amplitude of 500 mV, frequency of 50 HZ and action time of 1 min. The polyaniline and poly
(o-phenylenediamine) were electropolymerized on the surface of the silver/nano-silver substrate by
cyclic voltammetry with the scanning potential from 0 to 0.45 V in solutions of 1.0 M aniline
hydrochloride and 0.08 M o-phenylenediamine hydrochloride, respectively. Under the SEM, poly (o-
phenylenediamine) with 0.5-5 um in size was evenly and firmly embedded on the surface of the PANI.
This ammonium electrode exhibited low impedance of approximately 70 Ohm. It can detect as low as
1.2x10™° M of ammonium ion, with the slopes of 54.99-55.70 mV per decade (R*>0.99) within a linear
range between 2x10° M to 0.1 M. It responds as quickly as 0.5-2 s, as well as its lifespan extends to at
least 147 days. The electrode showed a superior selectivity toward NH,4*, and was successfully applied
to detect the NH," concentration in real samples. In addition, this electrode is miniature and convenient
for package and assembly, which will enable in-situ measurement and long-term monitoring of NH,"
concentration in rivers, lakes and industrial sewage.
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1. INTRODUCTION

Ammonium ion is one of the important elements in the biogeochemical cycle of nitrogen. It’s
generated by heterotrophic bacteria as the primary nitrogenous end product of decomposition of N-
organic compounds [1], which are photosynthetically assimilated, stored, transformed [2]. The
concentration of ammonium ion ([NH,']) is one crucial index to evaluate the water quality. High
[NH4'] in water will cause eutrophication [3], and result in water bloom [4] and red tide [5] releasing
the toxin and killing aquatic biota [6], and even causing cell death in the central nervous system of
human body [7, 8]. Therefore, it is essential to quickly and accurately determine [NH,'] in waters, such
as rivers, lakes and industrial sewage, etc. Traditional methods to measure [NH4'] are Nessler’s
reagent colorimetry [9, 10], titration method [11], ion chromatography [12] and nuclear magnetic
resonance [13]. Nessler's reagent colorimetry is the most frequently used method. However, its result
will be interfered by the nonferrous ions and the turbidity in the tested solution. In addition, the process
of preparing Nessler's reagent is complex, as well as it always produces by-products which pollute the
environment. The titration method uses discoloration of end point to determine [NH,'], which is
insensitive and makes significant errors. The procedures of nuclear magnetic resonance are too
cumbersome and complicated to operate. Although ion chromatography is a simple method using non-
toxic and pollution-free reagents and can rapidly measure [NH,4'], its detection limit is low. In recent
years, ammonium ion-selective electrodes (ISEs) are applied to determine [NH;"] directly and rapidly
[14], which can monitor [NH,4"] nondestructively and conveniently.

According to the different fabricating process, NH;" ISEs are mainly classified into four types:
glass NH," electrode [15], ammonia gas sensing electrode [16], carriers-based NH," ISE [17-18], and
organic polymer-based electrode [19-20]. Among these ISEs, the organic polymer-based electrode
performs better. Schloer et al [21] first employed Nonactin as the NH," ion-sensitive component to
fabricate NH4" ISEs. And it showed higher NH," selectivity and a wide response range by adding polar
plasticizer nitrophenyl octyl ether in the sensitive membrane [22]. Huang et al [19] prepared an all-
solid-state by electrochemical method. With this method, the electrode can be used in solutions with
wider pH range. However, its lifespan is not long enough to sustain the long-term online monitoring.

Recently, conducting polymers (CPs) have been found increasing influence on the fabrication
of nano-devices [23] and chemical sensors [24] due to their favorable conductive property [25].
Among them, poly (o-phenylenediamine) (POPD) earned more focus due to its well conductive
performances [26]. POPD was widely used for the construction of electrochemical biosensors, such as
hydrogen peroxide sensor [27], reducing sugar [28], non-enzymatic glucose [29] and benzophenone
[30] and permselectivity for the dissolved species [31].

In this study, a new all-solid-state NH," ISE was prepared by cyclic voltammetry (CV) method
with electropolymerized films of polyaniline (PANI) and POPD which were doped by HCI. This ISE
composed of a silver wire successively coated with silver nanoparticles, PANI film and POPD
membrane. The electrode has a good selectivity and can be carried out in-situ monitoring. Its lifespan
can be 5 months, which greatly improve the NH," ISE’s lifespan. Moreover, this prepared sensor was
applied for the analysis of the NH,4" ion in real samples.
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2. EXPERIMENTAL

2.1 Materials and apparatus

O-phenylenediamine, aniline hydrochloride, rubidium chloride, calcium chloride dihydrate,
aniline hydrochloride, 0.1 M AgNOj; standard solution, 1.0 M HCI standard solution and magnesium
chloride dihydrate were purchased from Aladdin. Silver wire (99.9%, 0.6 mm in diameter) was
obtained from the Precious Materials Company of Changzhou, China. Sodium chloride, ammonium
chloride, potassium chloride, copper (1I') chloride dihydrate, iron (III) chloride hexahydrate, aluminum
chloride hexahydrate, lithium chloride, cesium chloride, strontium chloride, nickel chloride
hexahydrate and barium chloride dihydrate were purchased from Sinopharm Chemical Reagent
Company, Shanghai, China. All reagents were analytical and used without further purification.

Ultrasonic cleaning KQ218 (Shumei Company, China) was used to clean electrode substrate
and accelerate dissolving process. Electrodeposition of the nano-Ag was conducted by SG1020A
function generator (Ruite Company, China) with MBR1045 Schottky diode. All electrochemical
studies were made by CHI760D electrochemical workstation (Chenhua Company, China). Commercial
Ag/AgCI electrode (3 M KCI; Zhenghao Electronic Technology Company, China) was utilized as
reference electrode and platinum electrode (Leici Instrument Company, China) as auxiliary electrode.
Morphology of electrode were obtained by SU70 (Hitachi, Japan) field-emission scanning electron
microscope (SEM). Continuous flow analyzer Scan™ system (Skalar, Nertherlands) was used to
determine the [NH,4"] value in real samples for comparison.

2.2 Fabrication of ammonium electrode

50 mm of silver wire, as the electrode substrate, was polished using 0.05 mm-alumina powder,
and washed ultrasonically with diluted HCI and deionized water, respectively. After this pretreatment,
the silver nanoparticles were electroplated on the prepared Ag substrate with half-sine wave at a
frequency of 50 HZ and amplitude of 500 mV for 1 min, in which the Ag wire was used as cathode
electrode as well as 0.1 M AgNOs standard solution acted as electrolyte (Fig. 1a). And the Ag/nano-Ag
substrate was prepared. Then a PANI membrane was coated on this substrate by electrochemical
workstation using the CV method (Fig. 1b), in which the PANI was electropolymerized in 1.0 M
aniline hydrochloride solution with a three-electrode system at room temperature to enhance the
conductivity and chemical stability [32] of the electrode. In this procedure, the scanning circle and the
rate were set 3 and 50mV/s, and the potential ranges from 0 to 0.45 V. Finally, a POPD membrane,
which was sensitive to NH,", was produced and coated by CV method scanning for 4 circles in 0.08 M
o-phenylenediamine hydrochloric acid solution made up of 0.2163g o-phenylenediamine dissolved in
25 ml of 1 M hydrochloric acid with the same scanning rate and potential as those in the PANI
membrane preparation (Fig. 1c). The filmed wire, i.e. fabricated electrode, was rinsed thoroughly
alcohol and subsequently deionized water, and activated in 10~ M NH,4CI for six hours for use.
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Figure 1. Fabrication processes of POPD-based NH," selective electrode.

2.3 Characterizations and performances of electrode

Microscopic morphology, structure and distribution of different layers (nano-silver, PANI and
POPD) of this NH;" ISE were characterized with SEM, respectively. And the electrochemical
impedance spectroscopy (EIS) experiments were carried out between 0.01 and 10° Hz at the amplitude
of 10 mV with the potential of 0.35 V in 0.1 M NH,4CI solution (25°C) to measure the electron-transfer
resistance [33]. The performance of this NH," ISE, such as stability, detection limit, repeatability, and
life span, were evaluated by recording potentials in varied concentrations of NH4ClI solutions which
were 0.1 M standard NH,CI solution and 102-10° M diluents obtained by stepwise dilution method
with ammonium-free water, and each potential reading was taken at room temperature for 300 s.

In addition, the selectivity of this ISE was performed by fixed interference method (FIM) [34]
and its coefficients were calculated on the basis of the following equation:

log K,S,T 3~ GpL o, )1/2 1)

where ap_ is the lower detection limit of [NH;'] when interfering ions existed, oy the
concentration of the interfering ion, and z the charge of the interfering ion. Fe**, AI**, Mg®*, Ca**,Cu®,
Sr**, Ni?*, Ba**, Na" and K* were used to investigate the selectivity and the concentration of interfering
ions was all fixed at 10 M.

2.4 Application

The tap water, sampled from the Zhoushan campus of Zhejiang University, with standard
addition of ammonium ion was used in this study to examine and verify the reliability of the proposed
electrode in practical applications. In this procedure, three different samples were prepared at a
standard addition of 0.1 M, 1.6x10° M and 4x10™ M, respectively. [NH,"] values were measured by
the proposed NH," ISE, and each sample was tested repetitively for 5 times.
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3. RESULTS AND DISCUSSION

3.1 Electro-polymerization of POPD and its effect
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Figure 2. Cyclic voltammogram of o-phenylenediamine setting at 4 circles with a scan rate of 50 mV/s
and potential range from 0 to 0.45 V in 0.08 M o-phenylenediamine hydrochloric acid solution.

POPD is one of the PANI derivatives and possess a good conductivity [35] as well as NH,"
selectivity. And the -NH and -NH, groups of POPD can be sensitive to NH," [36] (Fig. 1), and develop
a stable response to NH,4" in the ammonium-bearing solution. The CV curves of o-phenylenediamine
electrochemical polymerization were shown in Fig. 2. Weak oxidation of o-phenylenediamine was
initially observed at the potential of 5.5 mV in the initial scan, and the main oxidation occurred at
0.2078 V, 0.2245 V, 0.2640 V and 0.2502 V, respectively. With the scanning circles increasing,
oxidation peak increased and were in the similar pattern but each slope bigger, implying that POPD
membrane continuously synthesized and deposited on the surface of the electrode.

3.2 SEM characterization

Silver nanoparticles, PANI and POPD membranes coated on the silver substrate surface were
characterized by the SEM and the image was presented in Fig. 3. Nano-Ag is uniformly distributed on
the surface of silver wire (Fig. 3A). The PANI sheets cover completely on the surface of nano-Ag and
its structure is dense and uniform (Fig. 3B-C), which possibly enables a better binding between PANI
and the substrate. The POPD films, compact-structured and appeared cross-linked sheets with 0.5-5
um-sized particles, evenly and firmly bind with PANI (Fig. 3D-F). Thus, the well binding of PANI and
POPD may be another reason for the good stability and long lifespan of the electrode.
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Figure 3. SEM images of different layers: nano-silver (A), PANI (B, C) and POPD (D, E and F) at 3.0
kV.

3.3 EIS studies

EIS was an effective technique to investigate the electron transfer properties of the modified
surfaces and it is often used for understanding electrochemical transformations [37]. A well-defined
semicircle curve and Warburg diffusion were observed in four electrodes (Ag/nano-Ag/PANI/POPD,
Ag/nano-Ag/POPD, Ag/PANI/POPD and Ag/POPD electrodes) in Fig. 4. And a large semicircle
diameter, corresponding to the electron transfer limit process, was obtained as a high electron transfer
resistance (400 ohm) in the Ag/POPD electrode compared to the Ag/nano-Ag/PANI/POPD (70 Ohm),
the Ag/PANI/POPD electrode (100 Ohm) and the Ag/nano-Ag/POPD electrode (200 Ohm). The low
electron transfer resistance (70 Ohm) of Ag/nano-Ag/PANI/POPD electrode indicated that Ag/nano-
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Ag/PANI/POPD-based NH4" ISE possess high electron transfer ability and low resistance property,
which was ascribed to the good conductivity of the silver nanoparticles and PANI film.,
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Figure 4. EIS of (A) Ag/nano-Ag/PANI/POPD; (B) Ag/ PANI/POPD; (C) Ag/nano-Ag/ POPD; (D)
Ag/ POPD in 0.1 M NH.CI at potential of 0.35 V, frequency range of 0.01-10°> Hz and
amplitude of 10 mV.

3.4 Analytical performance of proposed electrode

3.4.1 Linear range and detection limit
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Figure 5. Performance curves of the NH," electrode in 10°-10™" M NH,4CI solutions.
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The detection limit of the electrode was defined as the intersection of the extrapolated linear
regions of the calibration graph [18]. Fig. 5 showed the calibration graph of Ag/nano-Ag/PANI/POPD-
based NH,* ISE in the concentration range of 10°-10" M NH,CI. It demonstrated that the linear range
is 2.0X10® -1.0X 10" M and the detection limit is 1.2 10™ M.

3.4.2 Effect of PANI

To compare the effect of PANI, we fabricated two electrodes with (A) or without (B) PANI
layer following the same procedures and the calibration curves were shown in Fig. 6. In Fig. 6A, the
slopes of NH," electrodes were 54.99-55.70 mV per decade, which are close to the theoretical value of
59.16 mV per decade [38], and R? values of higher than 0.99, which means their coefficients is high.
However, in Fig. 6B, the slopes were only between 49.24 mV per decade and 50.73 mV per decade,
less than those in Fig. 6A. This result indicated that PANI as transducer strengthened response of
POPD sensitive membrane toward NH,".
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Figure 6. Calibration curves of electrodes with PANI (A) and without PANI (B) in 10*-10™" M NH,CI
solutions.

3.4.3 Potentiometric stability, response time and repeatability

The same electrode was measured in 10 -10" M NH,CI solutions alternatively on the 1%, 68"
and 147" day (Fig. 7), respectively. Remarkably, the result showed the potential values on the 1% day
were -241.3 mV, -199.7 mV, -140.4 mV, -82.33 mV in 10 to 10" M NH,CI, respectively, which were
basically consistent with the data on the 147" day (-243.8 mV, -195.5 mV, -140.9 mV, -86.75 mV).
This inaccuracy of the potential values might result from the experimental error of the calibration
solutions which were obtained by step-wise dilution method.
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The response time is calculated as the time which elapses between the instant at which the ISE
and the Ag/AgCI reference electrode immerse in a sample solution and the first instant at which the
E/time becomes steady [39]. This NH,4" electrode responses as fast as 0.5-2 s, while the previous ISEs
needed a few seconds [39] or even a few minutes to obtain stable signals [40]. Meanwhile, the
response time of non-PANI electrodes is longer than that of PANI-coated electrodes.
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Figure 7. Response curves of the NH4* ISE in 10* M to 10* M NH.CI solutions on the 1% day (A),
68" day (B) and 147" day (C).
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Figure 8. Repeatability performed by the same NH," electrode in 10™ and 10* M NH,CI solutions.
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In order to evaluate its repeatability, the NH;" electrode was placed in the NH,CI solutions of
high (10" mol/L) and low (10™* mol/L) concentrations repeatedly for 4 times. And this NH," electrode
performed excellent repeatable performance (Fig. 8), and the potential values were -90.16 mV, -91.22
mV, -91.97 mV, -92.34 mV in 10" M NH.CI solution as well as they were -238.4 mV, -240.1 mV, -
241.4 mV, -240.0 mV in 10™* M NH,4CI solution.

3.4.4 Potentiometric lifespan

For testing the long-term stability, two NH,4" electrodes marked No.1 and No.2, respectively,
were bathed in 10° M NH,CI solution at room temperature for 147 days. Table 1 exhibited the slopes
and correlation coefficients (R?) of the calibration curves, while Table 2 showed the lifespan
comparison between this NH," electrode and others. During this stability test, these two electrodes
performed reasonably stable and no obvious signal drift was observed.

Table 1. Slopes and correlation coefficients of the two ISEs continuously calibrated in 147 days.

No.1 No.2
Days Slope R? Slope R*
1 54.99 0.9991 55.70 0.9950
3 53.59 0.9919 55.41 0.9966
4 54.92 0.9969 53.98 0.9938
7 52.48 0.9951 52.19 0.9965
14 51.19 0.9951 51.90 0.9913
21 53.10 0.9951 52.70 0.9989
27 51.81 0.9970 52.54 0.9972
41 51.42 0.9958 53.47 0.9962
49 52.02 0.9982 51.75 0.9968
60 51.13 0.9973 50.72 0.9912
68 51.56 0.9957 53.31 0.9986
94 5251 0.9957 53.47 0.9990
106 52.76 0.9989 52.98 0.9988
119 52.62 0.9998 52.01 0.9999
132 52.97 0.9997 55.32 0.9995
147 53.05 0.9941 52.75 0.9948

Table 2. Lifetime of ammonium ISE for comparison.

Ammonium ISE Lifespan

Khadro, et al, 2009 [40] 12 weeks
Chandra, et al, 2006 [39] 45 days
Huang, et al, 2015 [19] 84 days

proposed electrode 147 days
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3.4.5 Potentiometric selectivity

The potentiometric selectivity of this NH4" electrode, responding to the target analyte ion in the
presence of other ions, is always far from being ideal [41]. We fixed the concentration of the
interfering ions (Fe**, AI**, Mg®*, Ca*", Cu®*, Sr**, Ni**, Ba**, Na"and K*) to 102 M to measure the

nsi 1~1 pot
selectivity coefficients log KNH;, .

The calculated potentiometric selectivity coefficients are summarized in Table 3 and the
selectivity factors log K" <0 indicates a preference for measuring ion | relative to the interfering ion

J in theory [42]. All the log KSEE , values are less than -0.9 indicating the POPD-membraned NH,"

electrode exhibits a high selectivity of NH," in the appearance of the interfering species.

Table 3. Selectivity coefficients measured for NH4" by fixed interference method (fixed at 102 M).

Interfering ions(j) Selectivity coefficients log Kﬁﬂi ,
Fe3+ -2179
AP -2.201
Mg?* -1.900
Cazt -1.834
cu?t -1.909
5r2t -1.857
N -1.907
Ba* -1.877
Na+ -0.9449

K* -0.9461

3.5 Application

Each tap water sample was examined with the proposed electrode for 5 times and the
determination results (average of five times) were given in Table 4. The actual [NH4'] values
determined by continuous flow analyzer Scan™* system were 0.1 M, 1.6x10° M and 4x10™ M,
respectively, while those values were 0.09912 M, 1.527x10° M and 3.775x10* M determined by the
proposed electrode. And the recovery rates of NH;" range from 94-99%, indicating that this NH,"
electrode can be applied to measure the real samples.

Table 4. Recovery rates of NH4" in local tap water.

Sample humber Real value (M) Measured value (M) Recovery (%)
1 0.1 0.09912 99.12
2 1.6x1073 1.527x107 095.44

3 4x10™ 3.775x10™ 94.38
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4. CONCLUSIONS

A novel solid state ammonium ion-selective electrode was developed by electrochemical
method with Ag/nano-Ag as the substrate, PANI as the transducer providing good conductivity and
POPD as the ammonium ionophore. This NH;" electrode exhibits a Nernstian slope of 54.99-55.70 mV
per decade in the ammonium-bearing solution ranging from 2.0x10° to 10 * M and the response time
was as quick as 0.5-2 s due to its low impedance of 70 Ohm. Meanwhile, this electrode has a favorable
selectivity towards NH," than other interference ions, such as Fe**, AI**, Mg®*, Ca®*, Cu*", Sr**, Ni%,
Ba?*, Na* and K*. Also, it successfully measured [NH4*] in real samples with recovery rate of 94-99%.
This NH," electrode is miniature in size with diameter of 0.6 mm and length of 50 mm, and it can be
conveniently packaged and assembled with other sensors to obtain multiple signals. In addition, its
lifespan is significantly expanded to 5 months, which means it could possibly be widely applied for in-
situ measurement and long-term monitoring of ammonium ion concentration in waters, such as rivers,
lakes and sewage water.
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