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Abstract Poly 1,8-Diaminonaphtahlene/cysteine (poly 1,8-DAN/Cys) combined with carbon

black (CB) nanoparticles are proposed as an excellent sensor for the detection of nitrite ions. To

design the electrocatalyst, a simple approach consisting on drop-casting method was applied to dis-

perse carbon black on the surface of glassy carbon electrode, followed by the immobilization of cys-

teine on the surface of CB nanoparticles. The electrochemical polymerization of 1,8-

Diaminonaphthalene was conducted in acidic medium by using cyclic voltammetry. The prepared

hybrid material was denoted poly 1,8-DAN /Cys/CB. Several methods were used to characterize the

structural and electrochemical behavior of the reported hybrid material including Fourier transform

infrared spectroscopy (FTIR), Scanning electron microscopy (SEM), cyclic voltammetry (CV), elec-

trochemical impedance spectroscopy (EIS), amperometry and differential pulse voltammetry

(DPV). The prepared electrode displayed an outstanding electroactivity towards nitrite ions

reflected by an enhancement in the intensity of the current and a decrease of the charge transfer

resistance. Poly 1,8-DAN/Cys/CB displayed an excellent sensing performance towards the detection

of nitrite with a very low detection limit of 0.25 mM. Two linear ranges of 1–40 mM and 20–210 mM
when using amperometry and differential pulse voltammetry (DPV) were obtained respectively.

This work highlights the simple preparation of a polymeric film rich in amine and thiol groups

for nitrite detection.
� 2022 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The over-consumption of nitrite leads to several health defects such as

cancer, methemoglobinemia, and Baby Blue syndrome (Annalakshmi

et al., 2020). It was reported that some amine in the human stomach

can react with nitrites and nitrates to form carcinogenic nitrosamines
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(Buller et al., 2021). It can also react with the hemoglobin in the blood

system to form methemoglobin which cannot transport the oxygen to

the organisms (Mudan et al., 2020). In this context, the World Health

Organization (WHO) has added nitrite on the list of the hazardous pol-

lutant (Annalakshmi et al., 2020). The concentration of 3 mg/L

(65.2 mM) was defined as maximum allowable concentration admissi-

ble in drinking water (Organization, 2011). Unfortunately, nitrite is

still being used in industrial processes as food preservative and soil fer-

tilizer (Cvetković et al., 2019; Wu et al., 2021). In view of this, numer-

ous methods have been developed for monitoring nitrite ions (Wang

et al., 2017; Mahmud et al., 2020; Mako et al., 2020). Among them,

electrochemical techniques are more suitable for many different appli-

cation needs owing to their rapidity, sensitivity, low cost, and portabil-

ity (Zanfrognini et al., 2020; El Rhazi et al., 2018; Oularbi et al., 2020;

Oularbi et al., 2019; Salih et al., 2017; Oularbi, 2018). These methods

are based on the use of modified electrodes with suitable materials

which offer a very high surface area, and a good electronic transfer

(Deroco et al., 2018). Among carbon nanomaterials, Carbon black

(CB) constitutes an amorphous and low-cost material (the cost does

not exceed 1 €/Kg) (Deroco et al., 2018). In fact, it is produced by par-

tial combustion of industrial organic matter to small particles with a

diameter in the range of nm (Mazzaracchio et al., 2019). CB exhibits

excellent electrical properties and allows facile and rapid modification

of the electrodes (by drop-casting), which makes CB suitable to

develop cost-effective electrochemical devices (Baccarin et al., 2017;

Ibáñez-Redı́n et al., 2018). Poly diaminonaphthalene derivates

(PDAN) are semiconducting polymers composed from the repetition

of naphthalene rings containing primary (AN‚C), secondary amine

(ANHAC), and free amine (ANH2) functional groups (Bhatt et al.,

2021). The presence of aminated structure makes PDAN an excellent

choice to develop substrates for the electrodeposition of different

metallic nanoparticles as mentioned in many papers (Chemchoub

et al., 2020; Halim et al., 2021; Shi et al., 2019; Chemchoub et al.,

2019).

Several hybrid materials based on conducing polymers such as

polyaniline (PANI), polypyrrole (PPy), and polyethylenedioxythio-

phene (PEDOT), have been reported for the electrochemical sensing

of nitrite ions and many other applications (Xiao et al., 2018; Chen

and Zheng, 2021; Ge et al., 2020; Salhi et al., 2021; El Attar et al.,

2022; El Attar et al., 2020; El Attar et al., 2021). However, their prepa-

ration requires chemical polymerization which is time consuming and

involves the use of numerous chemical reagents, or they are usually

combined with expensive metals such as silver, gold, and palladium

(Shi et al., 2019; Kaladevi et al., 2020; Ma et al., 2014).

Herein, a very simple and quick strategy was adopted to develop a

low-cost material based on carbon black, cysteine, and poly (1,8-

Diaminonaphtalene). Briefly, the surface of the electrode (GCE) was

modified with CB suspension and cysteine solution (Cys), followed

by the electropolymerization of the monomer 1,8-

Diaminonaphthalene in acidic medium. The structural and electro-

chemical behavior as well as the application of the reported sensor

for nitrite detection were investigated and optimized. To the best of

our knowledge, no similar studies have been devoted to the combina-

tion of polymer and Cysteine / CB as sensing material for nitrite

detection.

2. Experimental

2.1. Apparatus

The structural properties of the obtained materials were exam-

ined using Fourier transform infrared spectroscopy (FTIR)
with an Affinity-1S SHIMADZU spectrometer. The morpho-
logical properties of CB, Cys/CB, and poly 1,8-DAN/Cys/

CB were characterized using scanning electron microscopy
(FEI FEG 450) coupled to EDX spectrum (BURKER XFlash
6/30). The electrochemical measurements were carried out
using a VersaSTAT 4 potentiostat/galvanostat controlled with
VersaStudio software. A standard electrochemical cell with

three electrodes: the modified glassy carbon electrode (GCE)
as the working electrode, a silver/silver chloride electrode
(Ag/AgCl) as the reference electrode, and a platinum electrode

as the counter electrode was used.

2.2. Reagents

Graphite powder, paraffin oil, 1,8-diaminonaphthalene (1,8-
DAN), potassium Ferri- Ferrocyanide (K3Fe(CN)6/K4Fe
(CN)6�3H2O; ACS reagent > 99%), disodium hydrogen phos-

phate (Na2HPO4�7H2O), sodium dihydrogen phosphate dihy-
drate (NaH2PO4�2H2O), and cysteine hydrochloride were
purchased from Sigma Aldrich. Carbon black powder (CB)
N220 was obtained from Cabot Corporation. Hydrochloric

acid (HCl, 37%) was acquired from Labo Chimie. Sodium
nitrite (NaNO2, ACS reagent > 98%) was procured from Pan-
reac Quimica. Bi-distillated water was used to prepare all the

analytical solutions.

2.3. Elaboration of modified electrodes

Alumina with different size particles (1, 0.3, and 0.05 mm) were
used to polish the surface of GCE. Then it was sonicated for
3 min in a solution of ethanol: water (1:1) before to be treated
with 0.1 M solution of HCl. The modification of the electrodes

was performed as follow. Firstly, 6 mL of carbon black (CB)
suspension of concentration 1 mg/ml was drop casted on the
electrode surfaces. The CB/GCE electrodes were afterwards

placed in a solution of 1 mM of cysteine (Cys) for 3 min.
The electrochemical deposition of 1,8-Diaminonaphthalene
was carried out by using cyclic voltammetry in a potential

range between �0.2 to 1 V vs. Ag/AgCl at a scan rate of
50 mV/s in a solution containing 5 mM of the monomer in
0.1 M HCl.
3. Results and discussion

3.1. Electropolymerization of 1,8-Diaminonaphthalene

The polymerization of 1,8-Diaminonaphthalene was carried

out using the most used electrochemical techniques which is
cyclic voltammetry in a solution containing 5 mM of the
monomer in the potential range between �0.2 to 1.0 V vs.
Ag/AgCl for 10 cycles at the scan rate of 50 mV/s. For the pur-

pose of comparison, the 1,8-Diaminonaphthalene was elec-
tropolymerized on the three electrodes: bare GCE, CB/GCE
and Cys/CB/GCE. The corresponding voltammograms are

displayed in Fig. 1a, Fig. 1b and Fig. 1c. The electrochemical
synthesis of poly 1,8-Diaminonaphthalene was limited to ten
cycles for this study. On all the electrodes, an irreversible oxi-

dation peak was observed during the first cycle which is attrib-
uted to the electrooxidation of the monomer leading to the
radical cation as reported earlier in the literature (Majid
et al., 2003). However, we can note that on CB/GCE (red line),

the first anodic oxidation potential appears at 0.44 V vs.
Ag/AgCl whereas this value was 0.51 V on GCE, and the
current intensity increased by 17.2% compared to GCE. This

https://www.sciencedirect.com/topics/chemistry/ir-spectroscopy
https://www.sciencedirect.com/topics/chemistry/x-ray-spectroscopy
https://www.sciencedirect.com/topics/chemistry/working-electrode
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behavior can be explained by the large surface area provided
by CB nanoparticles (Hwa et al., 2019). This behavior is even
accentuated after the immobilization of cysteine onto the sur-

face of CB/GCE providing an oxidation potential of 0.41 V
with a further increase of the current intensity. It should be
mentioned that the intensity of the first peak for all the elec-

trodes was decreased gradually and the oxidation peak of
1,8-Diaminonaphthalene disappeared completely while a small
oxidation/reduction peaks appeared at Epa = 0.22 V and

Epc = 0.1 V and were increased gradually for the subsequent
cycles indicating the formation of the electroactive poly 1,8-
Diaminonaphthalene film as described earlier by many authors
(Majid et al., 2003; Oyama et al., 1989; Tagowska et al., 2005).

However, we can note that a well-defined peaks with a higher
current were observed with Cys/CB/GCE.

Based on all the above results, we can suggest two possible

hypotheses: i) the nature of the substrate has a significant
impact on the electropolymerizaton of 1,8-
Diaminonaphthalene, ii) the combination of cysteine and CB

nanoparticles promotes the formation of poly 1,8-
Diaminonaphthalene film. This can be explained by a possible
interaction between the functional groups of cysteine and 1,8-

Diaminonaphthalene. In fact, cysteine is an amino acid with an
isoelectric point of 5.06 which means that the adsorbed layer of
cysteine can be charged either positively or negatively depend-
ing on the pH of adjacent solution. The charge of the surface is

an important parameter as reported by sanders et al., (Sanders
and Anderson, 2009). We can therefore ensure an excess of
charge by playing on the pH of the solution which enhances

the electrostatic deposition of radical cations of
1,8-diaminonaphthalene onto cysteine monolayers during the
Fig. 1 Electrochemical polymerization of 1,8-Diaminonaphthalene o

(black line), CB/GCE (red line), and Cys/CB/GCE (blue line). e) El

et al., 1992).
electropolymerization. It should be noted that the same behav-
ior was observed when the polymerization of 1,8-
Diaminonaphthalene was conducted on carbon nanotubes

(Nguyen et al., 2011). Noting that poly 1,8-
Diaminonaphthalene is oxidized in acidic medium at positive
potential to produce cationic radials which react together to

promote the polymerization (Lee et al., 1992).
3.2. Morphological and structural characterizations

The morphology of the modified electrodes was investigated
by Scanning Electron Microscopy (SEM) coupled to an
EDX detector. The SEM images of CB, Cys/CB, and poly

1,8-DAN/Cys/CB are illustrated in Fig. 2.a. The surface of
CB was uniform with small nanoparticles which indicates that
CB is well dispersed at the electrode surface as reported by
Cinti et al., (Cinti et al., 2015). The surface of Cys/CB illus-

trated in was rougher and has more fibrous-like shape
(Kingsford et al., 2019). While after the electrodeposition of
poly 1,8-Diaminonaphthalene, the surface of the electrode

showed a homogeneous dispersion of spherical nanoparticles.
The same results were observed by Nguyen et al., when the
1,8-Diaminonaphthalene was electropolymerized on carbon

nanotubes (Nguyen et al., 2011).
In order to verify the presence of thiol and amine groups on

the surface of the working electrode, the elemental mapping of
poly 1,8-DAN/Cys/CB was performed. The corresponding

results displayed in Fig. 2.b confirm the presence of carbon,
sulfur, and azote which proves the successful formation of poly
1,8-DAN/Cys/CB.
n a) GCE, b) CB/GCE, c) Cys/CB/GCE. d) The scan 10 on GCE

ectropolymerization mechanism of 1,8-Diaminonaphthalene (Lee



Fig. 2 SEM images of a) CB, b) Cys/CB, and c) poly 1,8-DAN/Cys/CB. d) Elemental mapping and EDS of poly 1,8-DAN/Cys/CB. e)

FTIR spectra of CB (black line), Cys/CB (red line), poly 1,8-DAN/Cys/CB (blue line).
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Fig. 3 a) Cyclic voltammetry of GCE (black line), CB/GCE (red line), and poly 1,8-DAN/Cys/CB/GCE (blue line). b) Nyquist Plots of

GCE (black), CB/GCE (red), Cys/CB/GCE (green), and poly 1,8-DAN/Cys/CB/GCE (blue) in 0.5 M of KCl containing 10 mM of [Fe

(CN]6]3-/4- at a fixed potential of 0.35 V vs. Ag/AgCl and an amplitude of 10 mV.
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The chemical structure of CB, Cys/CB, and poly

1,8-DAN/Cys/CB were also examined using FTIR spec-
troscopy, and the obtained spectrums are displayed in Fig. 2.
The FTIR of CB (black line) showed an absorption peak at
1646 cm�1 which is ascribed to C‚C vibration. Two others
bands were observed at 967 and 3640 cm�1 indicating the pres-

ence of CAO and OAH groups (He et al., 2015; Xie et al.,
2019). In the spectrum of Cys/CB (red line), new bands were
observed. In fact, the band at 1113, 1169, and 1695 cm�1

can be attributed to amine group of cysteine (Dokken et al.,



Fig. 4 a) Cyclic voltammetry of GCE (black line), CB/GCE (red

line), poly 1,8-DAN/CB/GCE (green line), and poly 1,8-DAN/Cys/

CB/GCE (blue line) in pH 7.2, 0.1 M PBS with 1 mM of NO2
� at a

scan rate of 50 mV/s, and without NO2
� (dashed line). b) Cyclic

voltammetry of poly 1,8-DAN/Cys/CB/GCE in pH 7.2, 0.1 M PBS

containing 1 mM of NO2
� at scan rates from 25 to 200 mV/s with the

plot of NO2
� oxidation peak current versus V1/2. c) The calibration

curve of the oxidation peak potential versus log V.
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2009). In addition to this, new bands were noticed at 532, 653,
and 717 cm�1 revealing the presence of thiol and carboxylic
acid groups of cysteine as reported earlier by Parsons et al.,

(Parsons et al., 2013). The structural properties of poly 1,8-
DAN/Cys/CB were also illustrated (blue line). The presence
of the bands located at 1488 and 1593 cm�1 indicates the pres-

ence of C‚C of the aromatic rings, while, the absorption
peaks in 1224 and 1312 cm�1 are attributed to CAN stretch-
ing. Two other absorption bands were observed at

3480 cm�1 and 1663 cm�1 corresponding to NAH and NH2

vibrations (Nasalska and Skompska, 2003). Our Finding con-
firm the successful polymerization of poly 1,8-DAN as sug-
gested previously by many authors (Nasalska and Skompska,

2003; Pałys et al., 1997), and also the presence of thiol groups.

3.3. Electrochemical characterizations of modified electrodes

The electrochemical behavior of the prepared electrodes were
investigated by Cyclic voltammetry (CV) in a solution contain-
ing 10 mM [Fe(CN)6]

3-/4-, 0.5 M KCl at 100 mV/s. The corre-

sponding graphs are displayed in Fig. 3a. We can notice that
an important increase of the current intensities after the addi-
tion of CB on the surface of GCE (red line). The current is

about 402 mA with a separation of peak-to peak around
93 mV, while the current on GCE (black line) is about 317
mA. This enhancement can be explained by the excellent elec-
trical properties and high surface area of carbon black

nanoparticles as mentioned earlier by many authors
(Mazzaracchio et al., 2019; Arduini et al., 2020). After the
immobilization of cysteine on the surface of CB/GCE (green

line), the same behavior as on CB/GCE was observed in the
presence of [Fe(CN]6]

3-/4-. However, after the electrochemical
polymerization of 1,8-Diaminonaphthalene on the surface of

the modified electrode, the current registered is around 82
mA which represent only 25.87% of initial current. This behav-
ior is probably due the loss of conductivity of the polymer in

neutral pH (Majid et al., 2003). It should be noted that a sig-
nificant decrease in the value of DEp was observed on poly 1,8-
DAN/Cys/CB (blue line), which is equal to 83 mV. This could
be attributed to the electrocatalytic behavior of poly 1,8-

Diaminonaphthalene which enhances the electronic transfer.
The same behavior was found by Oularbi et al., when using
carbon nanofibers (CNF) combined with polypyrrole (PPy)

(Oularbi et al., 2017).
In order to better understand the behavior at the interface

electrode-solution of both electrodes unmodified and modified

GCE, electrochemical impedance spectroscopy (EIS) was con-
ducted at an applied potential of 350 mV vs. Ag/AgCl over a
frequency range between 10 Hz and 100 KHz. The EIS is a
well-known and powerful tool to investigate the electrochemi-

cal behaviors at the electrode–electrolyte interface (Ruiz-
Camacho et al., 2017). Useful information can be extracted
from the corresponding Nyquist plots such as the charge trans-

fer resistance (Rct) located at high frequencies, and the capac-
itance of the double layer located at low frequencies which is
attributed to the diffusional process (Oularbi et al., 2020;

Seenivasan et al., 2015). The corresponding Nyquist Plots with
the equivalent circuit of poly 1,8-DAN/Cys/CB/GCE are pre-
sented in Fig. 3b. It can be seen that the semicircle of GCE

(black line) is large with a charge transfer resistance (Rct) of
52.55 O. While at the surface of poly 1,8 DAN /Cys/CB/



Fig. 5 Nyquist Plots of GCE (black line), and poly 1,8-DAN/

Cys/CB/GCE (blue line) in pH 7.2, 0.1 M PBS containing 1 mM of

NO2
� at a fixed potential of 0.8 V vs. Ag/AgCl and an amplitude of

10 mV.
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GCE (blue line), an important decrease of Rct of about
0.0582 O was observed indicating a significant decrease of
charge transfer resistance. These results suggest that the com-

bination of thiol and amine groups with CB improves the elec-
tronic transfer ability of the electrodes. It should be noted that
in the presence of CB and Cys/CB, the Rct have been further

decreased indicating an enhancement of the electronic transfer.
In fact, CB improves the electronic transfer ability of the elec-
trodes as reported by Malha et al., (Malha et al., 2016).

The active surface area of GCE, CB/GCE, and poly 1,8-
DAN/Cys/CB/GCE have been calculated using Randles-
Secvik equation described in the following equation noted
(1) (Halim et al., 2019):

Ip ¼ 2:69� 105 � n
3
2 � A� C�D

1
2 � V

1
2

Where, the number of electrons transferred (n) is equal to 1,
the concentration of [Fe(CN]6]

3-/4- (C) is equal to 10 mM and
the diffusion coefficient (D) is equal to 6.7 10�6 cm2/s. The
effective surfaces were found to be 0.057 ± 0.001 cm2, 0.118

± 0.003 cm2, and 0.023 ± 0.005 cm2 for GCE, CB/GCE,
and poly 1,8-DAN/CB/GCE respectively. In fact, the surface
increased after the addition of carbon black as mentioned ear-

lier by many authors (Deroco et al., 2018; Ibáñez-Redı́n et al.,
2018). While, poly 1,8-DAN/Cys/CB/GCE had the smallest
surface area. This behavior may be due the loss of conductivity

of the poly 1,8-Diaminonaphthalene at neutral pH (Majid
et al., 2003).

3.4. Electrochemical responses of the developed sensor toward
nitrite ions

The applicability of the elaborated electrodes was then tested
towards nitrite ions sensing. The determination of 1 mM of

Nitrite was performed at pH 7.2 in phosphate buffer solution
using cyclic voltammetry between 0 and 1.2 V vs. Ag/AgCl at
50 mV/s. The corresponding curves are shown in Fig. 4a. It is

obvious that nitrite can be irreversibly oxidized on all the elec-
trodes. At the surface of GCE (black line), a small and large
peak was observed at the potential of 0.94 V vs. Ag/AgCl indi-

cating that nitrite ions are hardly oxidized on the surface of
GCE. After the modification of the electrode surface with
CB suspension (red line), a decrease of about 100 mV was
observed concerning the oxidation potential which was accom-

panied with a significant increase of the current intensity. This
may be due to the large surface area of CB nanoparticles
(Arduini et al., 2020). The electrodeposition of 1,8-

Diaminonaphthalene on CB/GCE induced a well-defined peak
(green line) at 0.82 V with an increase of the oxidation current.
It should be mentioned that after the addition of Cysteine, the

peak potential (blue line) decreased to more negative value
(0.8 V vs. Ag/AgCl) with a further increase of the oxidation
current showing the superior performance of poly 1,8-DAN/

Cys/CB/GCE towards nitrite oxidation. This can be ascribed
to the synergistic effect between amine groups of poly (1,8-
diaminonaphthalene) and the thiol groups of cysteine. Indeed,
Wang et al., and Gligor et al., have reported that an amine and

thiol rich surfaces promotes the electrooxidation of nitrite
(Wang et al., 2016; Gligor et al., 2017). Noting that an immo-
bilization time of cysteine of 3 min offered the best results.

To determinate the nature of the electrode process, the
effect of the scan rates on nitrite oxidation was investigated
in the same solution (Fig. 4b). A linear regression was found
between the anodic peak potential and the square root of scan

rate according to the equation Ipa = �22.244263 + 249.93
83 Vø (R2 = 0.99417), confirming a diffusion-controlled pro-
cess (Mehmeti et al., 2016). Same behavior was observed by

Zhao et al., when using cobalt oxide combined with reduced
graphene oxide and carbon nanotubes (Zhao et al., 2019).
The plot of Epa vs. Log V was found to be linear which con-

firms the irreversibility of the process (Epa = 0.06928 Log
V + 0.70011, R2 = 0.9811). Based on these results, the num-
ber of the transferred electrons during the electrochemical oxi-
dation of nitrite ions was calculated using the Laviron’s Eq. (1)

(Zhe et al., 2022; Suma et al., 2019):

Epa ¼ 2:3ðRT=anFÞLogVþK ð1Þ
Where, n is the number of the transferred electrons, a is the
electron transfer coefficient taken as 0.5 in a totally irreversible
reaction, R is the ideal gas constant (8.3145 J K�1 mol�1), T is

temperature (298.15 K), F is the Faraday constant (96485.33 A
mol�1), and V is the scan rate. The number of the transfer elec-
trons was found to b 1.7 indicating that the electrochemical

oxidation of nitrite ions involves the transfer of 2 electrons
according the following mechanism (2) (Suma et al., 2019;
Zou et al., 2017; He and Yan, 2019):

NO2
� + H2O !NO3

� + 2Hþ + 2 e� ð2Þ

In order to confirm the results obtained by CV experiments,

EIS was performed in the same solution at the potential of
0.85 V vs. Ag/AgCl. The corresponding Nyquist plots are pre-
sented in Fig. 5. The difference between the unmodified GCE
(black line) and Poly 1,8-Diaminonaphthalene/Cys/CB modi-

fied GCE (blue line) was significant and noticeable. Indeed,
the semicircle part of the graph corresponding to the charge
transfer resistance was reduced dramatically after the modifi-

cation of the electrode (i.e., from 12000 O for bare electrode
to 0.009 O for poly 1,8-DAN/Cys/CB/GCE. These results



Fig. 6 a) Amperometry of poly 1,8-DAN/Cys/CB/GCE in pH

7.2, 0.2 M PBS, a fixed potential of 0.85 V vs. Ag/AgCl, and

successive injections of NO2
�. b) The calibration plot of the

oxidation current versus NO2
� concentration.

Fig. 7 a) Differential pulse voltammetry of poly 1,8-DAN/Cys/

CB/GCE in pH 7.2, 0.2 M PBS, and a range of NO2
� concentra-

tion from 20 to 210 mM. b) The calibration plot of the oxidation

current versus NO2
� concentration.
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demonstrates the fast diffusion of nitrite ions into the surface

of the catalyst (Oularbi et al., 2017; Islam et al., 2020). Based
on the results observed using CV and EIS, we can assume that
the modification of GCE induced a superior electrochemical
behavior of the modified electrode towards target nitrite ions.

3.5. Electrochemical detection of nitrite

After the exploration of the electrochemical behavior of our

catalyst, and in order to evaluate the analytical performances
of poly 1,8-DAN/Cys/CB, the prepared composite was applied
for the detection of nitrite ions using the amperometry and the

differential pulse voltammetry (DPV) techniques. In the first
experiment, the electrode was placed in a solution of 0.2 M
PBS at pH 7.2. The subsequent injections of nitrite were per-

formed under continuous stirring at a fixed potential of
0.85 V vs. Ag/AgCl (Fig. 6). Amperometry showed a linearity

between the anodic current and the concentration range from
1 mM to 40 mMwith an RSD of 2.07% (R2 = 0.99699, 3 tests).
The time response was about 2 s and the detection limit was
determined to be 0.25 mM (S/N = 3).

We have also examined the response of the developed mate-
rial by using another electrochemical technique which is differ-
ential pulse voltammetry. The measurements were conducted

in 0.2 M PBS, from 0.6 V to 0.8 V vs. Ag/AgCl with an incre-
ment potential 0.005 V, Amplitude 0.1 V, and pulse width
0.05 s. The corresponding plots are displayed Fig. 7.

It can be seen that the intensity of the peaks is very closely
related to the concentrations of nitrite. An excellent correla-
tion coefficient (R2 = 0.99798) was obtained for the concen-

trations of nitrite ranging from 20 mM to 210 mM with a
relative standard deviation of 1.5% (3 tests). We can conclude
that both techniques amperometry and DPV can detect nitrite
ions in a wide range of concentrations. Therefore, we can



Table 1 Performance parameters of different materials reported in the literature.
Electrode Method of

detection

LOD

(mM)

Linear range

(mM)

Sensitivity

(mA/mM)

Ref.

LIG/f-MWCNT-AuNPs SWV 0.9 10–140 – (Nasraoui et al., 2021)

AgNPs/MWCNTs/GCE DPV 0.095 1–100 0.19 (Wan et al., 2017)

AuNPs/graphene/MCE DPV 0.1 0.3–720 – (Wang et al., 2017)

Fe2O3/rGO/GCE DPV 0.015 0.05–780 0.204 (Radhakrishnan et al., 2014)

rGO/ZnO/GCE Amperometry 1.36 20–250 0.2754 (Rashed et al., 2020)

rGO-Co3O4@Pt/GCE Amperometry 1.73 10–650 0.026 (Shahid et al., 2015)

Poly(AM-co-HEA-co-NVc)/MWCNT/GE Amperometry 0.003 0.01–25 - (Zhao et al., 2019)

Poly 1,8-DAN/Cys /CB/GCE Amperometry

DPV

0.25 1–40

20–210

0.12608

0.09468

This work

LIG: Laser-induced graphene

MWCNT: Multi walled carbon nanotubes

AgNPs: Silver nanoparticles

AuNPS: Gold nanoparticles

MCE: Mixed cellulose ester

ERGO: Electrochemically reduced graphene oxide

Cu-TDPAT: Copper metal–organic framework

rGO: Reduced graphene oxide

ZnO: Zinc oxide

Co3O4: Cobalt oxide

Pt: Platinum

GE: Gold electrode

AM: Acrylamide

HEA: 2-hydroxyethyl acrylate

NVc: N-vinyl carbazole

Fig. 8 Variation of NO2
� oxidation current in the presence of

some common interfering products.
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choose the most suitable technique depending on the required
application. A quick comparison between the analytical per-

formances of our material and some other materials reported
in the literature is presented in Table 1. In fact, our material
is low-priced compared to the other materials which are based

on expensive metals such as gold, silver, and platinum (Chen
et al., 2019; Shivakumar et al., 2017; Vijayaraj et al., 2017).
Moreover, our approach allows a fast preparation of the sen-

sor in less than 30 min, unlike the other approaches which are
time consuming.

The stability and the reproducibility are important param-
eters in assessing the performance of the sensor. The stability

of the sensor over one week was tested, and only a slight
change was observed i.e., The sensors retained 94% of its ini-
tial current response which indicates that the response of poly

1,8-DAN/Cys/CB/GCE over nitrite oxidation was stable over
seven days (Vinoth Kumar et al., 2017). The reproducibility
was examined using a series of five independent electrodes.

The measurements were obtained with a relative standard devi-
ation of 5.5 % which indicates a good reproducibility of the
sensor (Zhang, 2018).

The selectivity of the sensor was also examined in the pres-

ence of some common interfering products such as NaCl,
NaNO3, Na2SO4, and Na2CO3 at high concentrations (50-
fold excess). The data obtained during this experiment are

reported in Fig. 8 (3 tests). The effect of these interfering spe-
cies on nitrite detection was not significant, which indicates the
high selectivity of the sensors.

3.6. Real samples analysis

In order to verify the practical use of the proposed sensor, poly

1,8-DAN/Cys/CB/GCE was used for the determination of
nitrite ions in water samples using amperometry. Fig. 9 illus-
trates a typical amperometry graph of successive additions of

nitrite. To inquire more about the effective application of poly
1,8-DAN/Cys/CB/GCE for NO2

� detection, the recovery eval-
uation was realized. The well water, tap water, and mineral

water samples were spiked with different concentrations of
NO2

� (Table 2). The recoveries were found around 100% with
an RSD below 4 % which indicates that the proposed sensor is

suitable for application in these types of matrices.



Fig. 9 a) Amperometry curve of NO2
� detection in well water

using poly 1,8-DAN/Cys/CB/GCE under the optimized experi-

mental conditions. b) Linear corresponding curve for NO2
�

determination in tap water.

Table 2 Recovery and relative standard deviation (RSD) of

NO2
� in the tap water samples using poly 1,8-DAN/Cys/CB/

GCE (n = 3).
Sample Added

(mM)

Found

(mM)

Recovery

(%)

RSD

(%)

Well water 5

10

15

5.17

10.6

15.8

103.4

106

105.3

1.8

3.7

1.6

Tap water 5 5.02 100.4 2.7

Mineral water containing

Nitrates (5.18 mM)

5 5.11 102.2 2.3
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4. Conclusion

Poly (1,8-diaminonaphthalene) has been successfully synthesized onto

cysteine/CB modified glassy carbon electrode using a quick and simple

method in acidic medium. The prepared nanocomposites were care-

fully examined by using cyclic voltammetry and electrochemical impe-

dance spectroscopy revealing an excellent electroactivity towards

nitrite ions. An enhancement in the current intensity and a significant

decrease in the charge transfer resistance were noted with a wide range

of linearity and a low limit of detection. It seems that the combination

of thiol and amine groups with carbon black induces a superior perfor-

mance towards nitrite sensing, and displays an excellent reproducibil-

ity, stability, and also selectivity in the presence of some common

interfering components. The sensor revealed a detection limit of

0.25 mM and two linearity ranges (R2 above 0.99) from 1 mM to

40 mM and from 20 mM to 210 mM depending on the method used (am-

perometry or the differential pulse voltammetry). The sensor was then
applied in different matrices and showed excellent recoveries around

100%, which demonstrates that our sensor is an outstanding choice

for nitrite monitoring in real water samples.
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