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Abstract
In the present research, we have reported the applicability of multiwall carbon nanotube–doped polypyrrole-carbon black 
(MWCNTs/PPy-C) as a potential nitrite sensor. Sophisticated characterization tools including X-ray diffraction, X-ray photo-
electron spectroscopy, Raman spectroscopy, infrared spectroscopy, and transmission electron microscopy were systematically 
employed to characterize the as-fabricated electrocatalyst. The electro-catalytic and sensing performance were evaluated 
using cyclic voltammetry (CV), linear sweep voltammetry (LSV), electrochemical impedance spectroscopy (EIS), and 
amperometric (i-t) techniques. The as-fabricated sensor electrode shows remarkable electrocatalytic activity towards nitrite 
ion electro-oxidation. The nitrite oxidation using the proposed catalyst follows a diffusion-controlled process with kinetic 
parameters having electron transfer coefficient (α) as 0.50 and the standard rate constant (k0) as 5.488 ×  10−3 cm  s−1. The 
MWCNTs/PPy-C modified sensor electrode exhibited excellent sensitivity of 0.1558 µAµM−1  cm−2 over the dynamic con-
centration range (0.50–10.50 mM) (for linear sweep voltammetry: LSV) and 0.1171 µAµM−1  cm−2 over the concentration 
range (5–9500 µM) (for amperometry: i-t characteristics). The detection limit was calculated to be 2.30 µM and 3.06 µM 
(S/N = 3) for LSV and i-t technique, respectively. Furthermore, the proposed sensor electrode exhibited good selectivity 
towards nitrite ion detection in the existence of common interfering metal ions and biomolecules as well as demonstrated 
excellent operational stability, reproducibility, and repeatability. Therefore, such developed electrocatalyst demonstrates a 
promising sensor material for the competent detection of nitrite ions by the electrochemical method.
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Introduction

Nitrite ion  (NO2
−) is one of the toxic inorganic substances 

that poses a serious threat towards food and drinking water. 
Nitrite is widely used as an additive for food preservation 
due to its antimicrobial action [1]. Besides, nitrite is com-
mercially used in industries as a dyeing agent [2], bleach 
[3], and corrosion inhibitor [4]. Therefore, the widespread 
existence of  NO2

− in soil, water, food, and physiological 
systems is well known [5]. Unfortunately, numerous studies 
have been revealed that  NO2

− is a shocking pollutant for 
human health and the environment. For human being, nitrite 
creates severe diseases such as stomach and esophagus can-
cer by reacting with the dietary compound under the acidic 
condition of the stomach forming toxic and carcinogenic 
nitrosamines [6]. In addition,  NO2

− can interrelate with the 
blood hemoglobin resulting in methemoglobin by irrevers-
ible oxidation process, which consequently removes oxy-
gen from the body or creates oxygen deficiency for tissues 
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[7, 8]. This conversion leads to oxygen deficiency disease, 
especially for the infants, namely, “Blue baby syndrome” 
and breath shortness [9, 10]. According to the world health 
organization (WHO) guidelines, the dangerous level of 
nitrite intake in the human body is ≥ 8.7 µM [11]. There-
fore, it is inevitable need to continue the nitrite concentration 
monitoring in food and drinking water for public health and 
environmental security.

In order to monitor the nitrite concentration, several ana-
lytical techniques have been applied, including spectropho-
tometry [12], Raman spectroscopy [13], and gas chroma-
tography-mass spectroscopy (GC–MS) [14]. These reported 
techniques are considered reliable but time-consuming, 
costly, and need sophisticated and complicated instrumenta-
tion for proper analysis [15]. In contrast, the electrochemical 
method has advantages for nitrite detection from the aqueous 
solution even at trace concentration levels because of its high 
sensitivity. Moreover, this technique offers a rapid detection, 
high accuracy, and real-time analysis; predominantly, this 
technique is considered a relatively safe and environmental 
friendly analytical approach with fewer reagent consump-
tion [16, 17]. The electrochemical detection of nitrite ions 
can be followed by either oxidation or reduction procedures. 
The oxidation of nitrite is favorable than the reduction pro-
cess because readily reducible compound nitrate ion  (NO3

−) 
(the major co-existing species) cannot interfere in the anodic 
nitrite determination [18, 19]. In addition, the interference 
effect of molecular oxygen is eliminated during the detection 
of nitrite via the oxidation process [17–19].

The electrochemical nitrite detection has been investi-
gated on bare or polycrystalline electrodes, such as platinum 
[20], gold [21], and carbon-based electrodes including car-
bon ceramic electrode (CCE) [22], carbon paste electrode 
(CPE) [23], and glassy carbon electrode (GCE) [24]. How-
ever, the electrochemical oxidation of nitrite ion using bare 
electrodes requires exceptionally high positive potential, and 
the surface of the electrode tends to be poisoned (electrode 
fouling) by several electroactive species during this oxida-
tion process, consequently reduces the sensing performance 
[25].

The most promising approach for lowering the overpo-
tential required during the electrochemical reaction as well 
as enhancing the sensitivity and selectivity is to modify the 
naked electrode surface using appropriate surface media-
tor. Concurrently, conductive polymers received much sci-
entific and technological attention in the electrochemical 
sensor applications as a redox mediator with direct charge 
transport features [11]. A variety of conducting polymers, 
for example, polyaniline (PANI), polythiophene (PTh), and 
polypyrrole (PPy), have been widely investigated for the 
electrochemical sensor applications [26–29]. These con-
ductive polymers showed good electrical conductivity with 
high mechanical flexibility and chemical strength. Moreover, 

those conductive polymers exhibited vast effective cata-
lytic efficiency with sole electrochemical competence [30]. 
Recently, PTh/ZnO, α-Fe2O3/crosslinked PANI, and PANI/
SrTiO3 nanocomposites modified GCEs have been reported 
by our group [31–33]. Among the conductive polymers, and 
because of the easy synthesis procedure, chemical and ther-
mal stability, and high electrical conductivity, PPy is consid-
ered one of the most general intrinsic conducting polymers 
(ICPs) [34, 35]. However, the electrode modified with only 
conducting polymer may face several challenges regarding 
the considerable sensitivity and operational stability. In addi-
tion, high overpotential might require in the electrochemical 
process, and the electrode shows a low selectivity due to the 
interference of several common interfering species in this 
high overpotential regime [11].

To overcome those limitations, a relatively high conduc-
tive and large surface area containing carbon nanomaterials 
(porous carbon, graphene, carbon nanotubes (CNTs), etc.) 
can be utilized as dopant materials to fabricate nanocompos-
ite with conductive polymer. Among carbon nanomaterials, 
CNTs have received significant interest after discovery by 
Iijima in 1991 [36]. The  sp2 hybridization of CNT makes it a 
promising material for different potential applications due to 
its unique structural and chemical features. Predominantly, 
multi-wall carbon nanotubes (MWCNTs) have received great 
attention as electro-catalyst for different types of chemical 
and biochemical sensor applications, because of its excep-
tional electrical conductivity, high chemical and mechanical 
durability, strong adsorption ability, and biocompatibility, 
and finally it provides high effective surface area [37–39]. In 
addition, the unique property of MWCNTs that may provide 
a wide potential window as well as MWCNTs could act as 
electron movement channel between the active surface of the 
working electrode and the analyte [40, 41].

Recently, conducting polymer/CNT composite materials 
have attracted noteworthy attention because the doped CNTs 
can lead to multifunctional composite materials [42]. This 
composite material would contain the individual properties 
of each component as well as provide synergistic influences, 
which might facilitate the sensor performance during the 
electrochemical sensor applications. The CNT/conductive 
polymer composites for nitrite ion sensor including polyani-
line/carbon nanotubes [43], polyvanillin/multiwall carbon 
nanotubes [8], polypyrrole/SDS/functionalized multiwall 
carbon nanotubes [44], poly (azure A)/carbon nanotubes 
[45], and chitosan/carboxylate multiwall carbon nanotubes 
[46] have already been reported.

In the current study, we focused on the utilization of 
MWCNTs/PPy-C nanocomposite modified GCE for the 
kinetic investigation of  NO2

− oxidation reaction as well as 
sensing and quantifying the  NO2

− from the aqueous phase. 
The nanocomposite was synthesized using a simple ultrason-
ication technique. The synergistic coupling effect induced in 
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the current-developed nanostructure due to the close interac-
tion of MWCNTs and PPy [47] could significantly enhance 
the catalytic property towards nitrite ion electro-oxidation. 
The newly developed electrocatalyst was extensively inves-
tigated using spectroscopic methods such as Fourier trans-
form infrared spectroscopy (FTIR), Raman spectroscopy, 
and X-ray diffraction (XRD), X-ray photoelectron spectros-
copy (XPS), and transmission electron microscopy (TEM) 
techniques. The kinetic investigations and sensing perfor-
mance of the as-fabricated electrocatalyst were evaluated 
using several electrochemical tools, including cyclic vol-
tammetry (CV), electrochemical impedance spectroscopy 
(EIS), linear sweep voltammetry (LSV), and the highly sen-
sitive amperometric (i-t) techniques. The obtained results 
illustrate that the newly prepared sensor electrode provides 
competitive sensor performance with a wide dynamic detec-
tion range, acceptable limit of detection, and highly sensitive 
and selective towards  NO2

− detection. Hence, the combined 
properties of MWCNTs and PPy could lead to an efficient 
electrocatalyst for the selective detection and quantification 
of nitrite ion. Furthermore, the current fabricated sensor was 
successfully employed for the recovery  NO2

− from both tap 
water and deep-well water samples as a validated practical 
analysis route.

Experimental

Materials

Polypyrrole ~20 wt% loading, composite with carbon black 
(PPy-C), and multiwall carbon nanotube were purchased 
from Sigma-Aldrich (St. Loius, MO, USA) and Merck, 
Germany, respectively, and used as-received without any 
refinement.

Synthesis of 5%MWCNTs/PPy‑C Nanocomposite

Ultra-sonication technique was simply applied for the fabri-
cation of 5 wt% MWCNTs/PPy-C nanocomposite. A typical 
procedure, 3.8 g PPy-C, was mixed with 0.2 g MWCNTs. 
Then, the deionized water (100 ml) was added into the mix-
ture and ultra-sonicated for 30 min using a sonication bath at 
ambient conditions. The resulting mixture was then filtered, 
followed by washing several times with deionized water and 
ethyl alcohol, and finally kept for 24 h in an oven for drying 
at 65 °C in order to get MWCNTs/PPy-C nanomaterial.

Characterization of Materials

The structural property of the as-fabricated nanocomposite  
was examined using a Bruker D4 Endeavour X-ray  
diffractometer with a radiation of Cu Kα1/2, λα1 = 154.060 pm, 

λα2 = 154.439  pm. For elemental analysis of the  
nanocomposite surface, XPS investigation has been performed  
using K-ALPHA spectrometer (Thermo Fisher Scientific, 
USA) with X-ray AlKα monochromatic radiation source ( − 10 
to 1350 eV). The energy calibration and peak deconvolution 
of the narrow scan spectrum were done using XPS peak fit 
bundled software with a linear background. Chemical bonding 
of the nanocomposite samples was evaluated using Raman 
and FTIR spectroscopy techniques using Raman station-400 
and FTIR spectrum-100 from Perkin Elmer. Raman spectra 
were recorded at room temperature using 60% of its 300-mW 
power at a radiation laser line wavelength ( � ) 785 nm and 
an integration time 20 s. In order to investigate the surface 
morphology, a transmission electron microscope (TEM) was 
employed with a JEOL JEM-2100F-UHR field emission 
instrument fitted out with a Gatan GIF 2001 energy filter with 
200 kV acceleration voltage and 1 k-CCD camera.

Sensor Fabrication and Electrochemical 
Characterization

The glassy carbon electrodes (apparent surface area = 0.071 
 cm2) (BAS Inc. Japan) were used as the working electrode 
during the electrochemical investigation. Before use, the 
electrode surface was finely polished with 1.0 µm diamond  
paste, followed by 0.05  µm alumina slurry. An ultra- 
sonication bath was used for cleaning the polished electrodes  
using ethyl alcohol and deionized water, respectively,  
followed by washing a couple of times with those solvents 
and finally dried with airflow. To modify the clean GC  
electrode surface, 10 mg of CNTs/PPy-C nanocomposite was 
nicely dispersed in 0.9 ml isopropanol and 0.1 ml of 5 wt% 
Nafion solution. The homogenous suspension was obtained 
by ultra-sonication for 30 min, followed by vortex for 15 min. 
To obtain an active layer, 3.0 µl of catalyst suspension was 
cautiously dropped onto the electrode surface (1.5 µl in  
individual drop and dried at normal condition), dried in an 
oven at 60 ◦C for 30 min. After that, further 9 µl of the above 
suspension was dropwise added to the electrode surface  
as the above-mentioned process. Finally, the electrode  
was dried at 60 ◦C for 30 min in an oven and stored in  N2 
atmospheric inert condition before the electrochemical  
investigation. For comparison, the PPy-C modified GCE  
was further prepared using identical procedure. A three-
electrode system with a personal computer was connected to 
the electrochemical workstation (ZahnerZennium, Germany) 
and subsequently used for the electrochemical investigations. 
In the electrochemical studies, the active material modified 
GCE acted as a working electrode, whereas a KCl saturated 
Ag/AgCl served as a reference, whereas a Pt spiral wire was 
used as a counter electrode. The experiments were conducted 
in a phosphate buffer solution (PBS) having pH = 7.1.
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Results and Discussion

Physicochemical Characterization

In order to define the structural property of the MWCNTs/
PPy-C nanocomposite, XRD analysis has been carried out. 
Figure 1 demonstrates the XRD pattern of as-fabricated 
nanocomposite as well as base materials MWCNTs and 
PPy-C. The XRD spectrum of MWCNTs refers to two peaks 
at 25.9° and 43.6° corresponding respectively to the (002), 
and (110) of pristine MWCNTs in a good agreement with 
reported literature [48]. The XRD pattern corresponding to 
the PPy-C provides a broad characteristic peak centered at 
2θ = 24.7° indicating the amorphous carbon material. In 
addition, a peak was observed at 2θ = 43.8°, which could 
be indexed to the carbon (110) reflection of graphite. The 
reflection peak at 24.7° is slightly higher than the reported 
amorphous polymer of pure PPy observed at 2θ = 24.0° 
[49]. This shifting might happen in the presence of 80% 
amorphous carbon nanomaterials into the PPy, which shifted 
the peak position between MWCNTs (25.9°) and pure PPy 
(24.0°). Finally, the XPD pattern of MWCNTs/PPy-C nano-
composite shows two-broad peaks, centered at 25.0° and 
43.6°. It is well known that the broadening of the XRD peaks 
reflects the decrease in the order of crystallinity. Therefore, 
from the above discussion, we may conclude that for MWC-
NTs/PPy-C nanocomposite, the amorphous character of car-
bon is more dominating. In addition, the position shift of 
the XRD peaks of fabricated nanocomposite compared to 
pristine MWCNTs, and PPy-C revealed the successful for-
mation of MWCNTs/PPy-C nanocomposite.

The XPS investigation was further carried out in order 
to endorse the successful formation of MWCNT-doped 
PPy-C nanocomposite. From the survey scan XPS spectrum 

(Fig. 2a), the photoemission lines are visible form of the 
states of core lines of carbon (C1s (ca.284 eV)), nitrogen 
(N1s (401 eV)), oxygen (O1s (ca. 531 eV)), Auger C KLL 
lines (ca. 1200 eV), and Auger O KLL lines (ca. 980 eV), 
which are well matched with the relevant literature for CNTs 

Fig. 1  XRD pattern of MWCNTs, PPy-C, and MWCNTs/PPy-C 
nanocomposite

Fig. 2  XPS survey scan spectrum of (a) MWCNTs/PPy-C nanocom-
posite, and related fine-scan spectrum for (b) C1s and c N1s
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[50]. Energy calibration was done using the reference value 
of C1s at 284.8 eV. After deconvolution, the C1s narrow 
scan spectrum provides five distinguishing peaks (Fig. 2b). 
The highest intensity and lowest binding energy (BE) peak 
at 284.5 eV are accredited to the C–C/C = C [51, 52]. The 
286.1 eV BE peak is assigned to C–O (due to hydroxylate 
defects (C–OH)) and C–N [53]. In addition, this peak might 
be accredited by the imine-like (C = N), and/or polaron 
(= C–NH• +) due to the presence of polypyrrole (PPy) [54, 
55]. Moreover, the C1s peak at 287.3 eV is attributed to 
the carbonyl (C = O) group and the 289.0 eV is due to car-
boxylic (–COOH) group [56, 57]. Finally, the highest BE 
peak at 290.9 eV can be associated with the �-�∗ satellite, 
which usually found in aromatic PPy. This satellite peak 
was detected ca. 6.30 eV higher than the major peak of 
C1s, which is consistent with the reported literature [52, 
55]. In the term of N1s high-resolution spectrum (Fig. 2c), 
the deconvolution of N1s demonstrated two components. 
The major peak at 399.6 eV was assigned to the charac-
teristic pyrrolium nitrogen (-NH), and the higher binding 
energy peak at 401.1 eV can be attributed to the oxidized or 
positively charged nitrogen as polaron (C-N+) structure of 
nitrogen [57–59].

To define the chemical bonds in the fabricated nano-
composite, Raman and IR studies were conducted. Raman 
spectra of as-fabricated nanocomposite as well as MWC-
NTs and PPy-C are shown in Fig. 3a. The Raman spectra of 
MWCNTs demonstrate two characteristic Raman peaks for 
pristine MWCNTs. The peak at 1326  cm−1 is ascribed to the 
disordered graphite, so-called Raman active D-band. The 
second peak placed at ca. 1690  cm−1, is related to the Raman 
active G-band, and is ascribed to the E2g mode of graphite 

wall. From the literature, for CNTs, the wavenumber of the 
G-band position can be shifted maximum up to 1600  cm−1 
[59]. However, in the present study, the G-band position was 
observed at 1690  cm−1. According to reported literature, the 
G-band position may move to a maximum of 1600  cm−1, for 
materials containing  sp2 rings. However, for the materials 
containing  SP2 chains, the G-band would increase beyond 
1600  cm−1 and could extent up to 1690  cm−1 [60]. In addi-
tion, an unusual and strong Raman band was detected at ca. 
1940  cm−1, which has been endorsed to the vibration of the 
1D chain of carbon atoms [61, 62]. The Raman spectra of 
PPy-C show relatively similar peaks as pristine MWCNTs, 
with an additional peak at ca. 845  cm−1, which could be 
associated with the polaron structure of PPy. However, this 
peak is shifter slightly to a lower frequency than pure PPy 
(at 934  cm−1) [55]; this might happen due to the interac-
tion of carbon with PPy. In addition, the broad peak ranging 
from 1400 to 1750  cm−1 might be composed of C = C (st.) 
vibration and C–N (st.) vibration mode of pure PPy, which 
is similar to the reported literature of pure PPy [63]. How-
ever, in case of MWCNT-doped PPy-C, Raman spectrum 
did not show any new peak except the characteristic peaks 
of MWCNTs and PPy-C.

The FTIR spectra of MWCNTs, PPy-C, and as fabricated 
MWCNT-doped PPy-C nanocomposite are shown in Fig. 3b. 
The IR spectra of MWCNTs represent the vibrational bands 
at 1063  cm−1, 1315  cm−1, 1611  cm−1, and 1725  cm−1. The 
peak at 1611  cm−1 corresponding to the C = C (st.) mode 
could arise from the carbon nanotubes sidewall [64]. The 
peak centered at 1725  cm−1 represents to the C = O group 
on CNTs surface, might arise from the partial oxidation of 
CNTs in the existence of atmospheric oxygen. The peaks 

Fig. 3  Raman (a) and FTIR (b) spectrum of MWCNTs, PPy-C, and MWCNTs/PPy-C nanocomposite
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at 1063  cm−1 and 1315  cm−1 represent the C–N stretching 
mode [65]. The FTIR spectra of PPy-C showed the char-
acteristic bands of PPy, mainly for the deformation vibra-
tion of (a) C–H out of plane at 966  cm−1 and (b) C–H in-
plane at 1052  cm−1. In addition, a peak for C–C asymmetric 
stretching vibration at 1448  cm−1, and a peak at 1533  cm−1, 
attributed to the C = C/C–C stretching vibration of PPy 
rings. These results are consistent with the earlier reports 
on polypyrrole [47, 66]. The major characteristic peaks of 
PPy-C and MWCNTs have closely resembled in the MWC-
NTs/PPy-C spectrum. However, slight peak shifting was 
observed, indicating the interaction between MWCNTs and 
PPy-C nanomaterials.

The surface morphology of MWCNTs, PPy-C, and 
MWCNT-doped PPy-C nanocomposite was evaluated 
using transmission electron microscopy (TEM) as indicated 
in Fig. 4. Figure 4a shows the pristine MWCNTs with an 
aggregated form with the nanotube diameter ranging from 
5 to 10 nm. In contrast, the TEM image of Fig. 4b for the 
PPy-C reveals a dense irregular agglomerate morphology. 
This kind of agglomerated structure may obstruct the move-
ment of electrolyte ions. Well-isolated CNT is one of the 

vital factors to fabricate uniform MWCNT/PPY-C nano-
composite. Therefore, the composite preparation was car-
ried out with a constant sonication throughout the whole 
process with a very dilute reaction solution. Figure 4c 
demonstrates that the MWCNTs were well dispersed into 
the PPy-C composite with disentanglement (debundeling) 
morphology and therefore may enhance the active surface. 
From the HRTEM image of MWCNTs/PPy-C nanocom-
posite shown in Fig. 4d, one can observe that the nanotube 
thickness slightly increases (ca. 12–15-nm diameter) com-
pared to pure MWCNTs, as well as their external surface is 
not smooth. This might happen due to the adherent ability 
of PPy that adsorbed onto the MWCNT sidewalls during the 
sonication reaction.

Electro‑catalytic Performance of MWCNTs/PPy‑C/
GCE

The electrochemical oxidation of  NO2
− onto the  

as-fabricated electro-catalyst was investigated using 
cyclic voltammetry (CV) and electrochemical impedance 
spectroscopy (EIS) techniques in 0.1 M PBS electrolyte 

Fig. 4  TEM image (a) pristine MWCNTs, (b) PPy-C composite, (c) low-resolution, and (d) high-resolution (HRTEM) image of MWCNTs/
PPy-C nanocomposite
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of pH = 7.1. Figure 5a depicts the voltammograms using 
bare GCE, PPy-C/GCE, and MWCNTs/PPy-C/GCE in 
the presence of test analyte (1.0 mM  NO2

−) at a potential 
scan rate 25  mVs−1. It was demonstrated that both GCE 
and PPy-C modified GCE exhibited an oxidation peak at 
ca. 1.25 V potential region. However, the PPy-C/GCE 
electrode displays a comparatively higher anodic current 
response compared with the unmodified GCE within the 
same potential region. In contrast, the MWCNTs/PPy-C/
GCE electrode shows a clear peak shape with dramatically 
increase of oxidation current at 1.0 V potential, which is 
significantly lower potential (ca. 250 mV) in comparison 
with its counterparts. This drastic enhancement of current  
intensity with noticeably lowering in overpotential implies 
that the 5%MWCNT-doped PPy-C electro-catalyst has an 
outstanding sensing and catalytic performance towards 
 NO2

− electro-oxidation reaction. However, Fig.  5a  
demonstrates that MWCNTs/PPy-C/GC electrode shows 
higher capacitive or double-layer current included with 
higher oxidation current in comparison with PPy-C/ 
GCE or unmodified GCE. The higher capacitive current 
might appear due to the higher surface area, which might 
result due to the presence of MWCNTs in fabricated  
nanocomposite [67]. In addition, numerous new active 
sites were generated due to the enlargement of catalytic 
surface area and this process can enhance the interaction  
of target analyte with as-fabricated electrocatalyst  
[68]. Table S1 (Supplementary Information) shows the 
comparison of electro-catalytic response in term of peak 
potential (Ep) and peak current (Ip) for nitrite electro- 
oxidation using different working electrodes.

To further understand the catalytic behavior of the  
as-fabricated catalyst towards  NO2

− electro-oxidation, the 
EIS investigation was carried out (Fig. 5b). The EIS is a 
dynamic method to measure the interfacial properties of the 
electro-catalyst modified electrode and can offer valuable 
information regarding the minor disturbance of the catalyst  
surface-electrolyte interfacial characteristics during the 
electrochemical process [69]. The EIS Nyquist plot was 
taken with respect to 1.0 mM  NO2

− in 0.1 M PBS under 
the applied potential 1.0 V, in a frequency range  10−2 to 
 105 Hz and a signal amplitude 10 mV. The higher electrical 
conductivity, e.g., the low charge transfer resistance  (Rct) 
at the surface-solution interface, was indicated when the 
EIS Nyquist plot showed lower semicircle diameter at a 
higher frequency area [70]. Herein, under the identical 
experimental conditions, the bare GCE shows a higher 
charge transfer resistance with a slow electron transfer 
kinetics, which indicates a lower catalytic performance. 
Meanwhile, both PPy-C and MWCNTs/PPy-C modified  
GCEs showed a lower semicircle diameter in higher  
frequency region, indicating higher catalytic performance 
towards  NO2

− electrochemical oxidation process. However, 
from magnifying image (Inset; Fig. 5b) of higher frequency 
region of EIS spectra, signposts that MWCNTs/PPy-C  
electrode shows the lowest semicircle diameter compared  
to PPy-C/GCE modified and unmodified electrodes;  
e.g., it showed the lowest charge transfer resistance, and 
higher electrical conductivity. This result reveals that 
MWCNT-doped PPy-C nanomaterials might facilitate the 
heterogeneous electron transfer process by enhancing the 
conductivity at the surface-solution interface and finally  

Fig. 5  (a) Cyclic voltammograms (CVs) of bare GCE, PPy-C/GCE, 
and MWCNTs/PPy-C/GCE in the presence of 1.0 mM  NO2

− in 0.1 M 
PBS (pH = 7.1) at a potential scan rate 25  mVs−1. (b) EIS Nyquest 
plot was documented in the 0.1 M PBS (pH = 7.1) solution contain-

ing 1.0 mM  NO2
− of GCE, PPy-C/GCE, and MWCNTs/PPy-C/GCE; 

conditions: single amplitude 10 mV, applied potential 1.0 V, and the 
frequency range is  10−2 to  10−5 Hz
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to facilitate the nitrite electro-oxidation process. The 
remarkable oxidation efficiency at lower overpotential 
obtained using MWCNTs/PPy-C electrocatalyst might 
happen due to the synergistic coupling effect. Moreover, 
it has been reported that MWCNTs and PPy can form  
a very compact structure due to the close interaction 
between MWCNTs and PPy [47], which might influence  
the synergistic coupling effect. In addition, it is also 
expected that MWCNTs can increase the catalytic active 
sites by increasing the effective surface area, and also can 
induce more electron transfer channels, which ultimately 
enhanced the catalytic performance towards nitrite ion 
electro-oxidation.

Kinetic Study of  NO2
− Electro‑oxidation

It is mostly accepted that  NO2
− undergoes a single elec-

tron transfer oxidation reaction at various electrodes 
forming nitrogen dioxide  (NO2) as a product which later 
undergoes disproportionation reaction yielding  NO3

− as 
end-product [71–73]. However, to unveil the electron 
transfer kinetics, we recorded scan rate–dependent CVs 
at pH 7.1 in PBS. A steady increment of anodic current 
with increasing the scan rate was noticed. However, from 
Fig. 6a, it was observed that with increasing the scan rate, 
the  NO2

− oxidation peak gradually broadened as well as 
the peak shifted towards more positive potential direction. 

Fig. 6  (a) CV response of 1.0  mM  NO2
− in 0.1  M PBS (pH = 7.1) 

at 5%MWCNTS/PPy-C/GCE electrode with the variation of scan 
rate 5 to 100  mVs−1. Inset: Plot of peak current vs. sq. root of scan 
rate. (b) Plot of log (peak current) vs. log (scan rate). (c) Plot of peak 

potential vs. log (scan rate). (d) The Tafel plot resulting from the 
escalating part of 5  mVs−1 scan rate voltammogram. Inset shows the 
corresponding voltammogram of 5  mVs−1 scan rate in 1.0 mM  NO2

− 
concentration
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The shift of peak position specifies that irreversible elec-
trochemical process occurred in this concern oxidation 
reaction [18]. Furthermore, this shifting of peak position 
indicates the kinetic limitation of the oxidation process 
between the electrocatalytic active sites and the analyte 
 (NO2

−) [74]. Besides, a reasonable linearity was observed 
in Fig. 6a (inset) with the correlation co-efficient value 
 (r2 = 0.99) of the relationship of peak current (Ip) and 
square root of scan rate  (Vs−1)1/2 with the following cor-
relation equation: Eq. 1

The linear relationship of peak current vs. square root 
of scan rate represents that the electro-oxidation process 
followed a diffusion controlled phenomenon [75]. Fur-
thermore, a slope value was estimated from the linearity 
between log peak current (log Ip (µA)) vs. log scan rate 
(log �  (Vs−1)), and the projected value was 0.508 (Fig. 6b). 
This result reflects that the electro-oxidation process fol-
lows a pure diffusion-controlled process. According to the 
literature, as theoretically for pure diffusion and adsorption 
process, the slope value should be 0.5 and 1.0, respectively 
[76, 77]. Therefore, from the above observation, it can 
be concluded that the  NO2

− oxidation reaction follows an 
irreversible diffusion-controlled process.

Tafel slope analysis plays a significant role to evaluate 
the electron transfer kinetics as well as electron transfer 
coefficient (α) value. The slope value of the peak potential 
(Ep (V)) vs. log scan rate (log �  (Vs−1)) (Fig. 6c) can be 
used to obtain Tafel slope (b) as per the following equa-
tion [76]: Eq. 2

Using the slope value of Ep vs. log � and applying 
Eq.  (2), the Tafel slope (b) value was obtained to be 
135.6 mV/decade, which is higher than the regular values 
30–120 mV/decade, suggesting that the  NO2

− electro-oxi-
dation proceeds via a single electron transfer rate-deter-
mining step [74]. Then, the electron transfer co-efficient 
(α) between  NO2

− and MWCNTs/PPy-C/GCE electrode 
can be calculated using the Tafel slope (b) value according 
to Eq. (3) [76]

Assuming n� = 1, the value of α and (1-�)n� was pro-
jected to 0.56 and 0.44, respectively. Furthermore, the 
relationship between log i vs. E (Fig.  6d), commonly 
known as Tafel diagram can also be employed to obtain 
the electron transfer coefficient (α) value as well. The data 

(1)Ip(�A) = 136.83�
1

2 (Vs−1)
1∕2

− 1.405

(2)Epa
=

blogv

2
+ constant

(3)b =
2.303RT

(1 − �)n�F

for the Tafel diagram was taken from the escalating part of 
the voltammogram at 5  mVs−1 scan rate using  NO2

− con-
centration 1.0 mM (Fig. 6d (inset)). The slope of linear 
relationship of log i vs. E  (r2 = 0.9943) was found to be 
8.522  V−1. According to the literature, this slope value 
corresponds to (1 − α)F/2.3RT [78]. From this analysis, the 
electron transfer coefficient (α) is calculated to be 0.5. This 
obtained value is close to the value obtained from Eq. (3).

In this totally irreversible nitrite electro-oxidation 
reaction, the standard rate constant (k0) value at ambient 
temperature (25 ◦C ) can be evaluated using the following 
equation [79]: Eq. (4)

where Ep is the peak potential and Ep/2 is denoted as half-
wave potential. By applying the above equation, at 0.05  Vs−1, 
the value of k0 was projected to be 5.488 ×  10−3 cm  s−1, 
representing the effective electron transfer in this concern 
electrochemical process.

Finally, the reaction order can be projected from the 
relationship of log i and log  [NO2

−]. Fig. S1 shows the plot 
of log i vs. log  [NO2

−], which exhibits a linear relationship 
with the regression coefficient  (r2 = 0.9924) as per the fol-
lowing equation. The faradic currents were picked up at 
potential 1.0 V. Eq. (5)

The slope value equals to 0.846, which implies the 
first-order kinetics of that electro-oxidation reaction with 
respect to analyte  (NO2

−) concentration [80].

Voltammetric Detection of Nitrite Ions

To examine the sensing performance of the newly prepared 
MWCNTs/PPy-C electrocatalyst towards  NO2

− detection,  
LSV investigation was carried out using various  
concentrations of nitrite ion (0.50–10.50 mM) in 0.1 M 
PBS solution at a constant scan rate 10  mVs−1. Figure 7a 
shows that the oxidation current gradually increases with 
the successive addition of nitrite ions into the reaction 
medium, signifying the sensing efficiency of as-prepared 
electrocatalyst. The enhancement of oxidation current with  
the successive injection of  NO2

− may be related to the 
availability of the free charges as well as the excellent 
charge sensing capability of the as-fabricated sensor 
electrode. Furthermore, a linear behavior was observed 
between the peak current vs. nitrite concentration with  
the entire concentration range (0.5–10.50  mM) of 
 NO2

− (Fig.  7b) with the calibration equation: Eq. (6)   

(4)k0 = 1.11 D
1∕2

0

||
|
Ep − Ep∕2

|
|
|

−1∕2

�1∕2

(5)logi = mlog
[
NO−

2

]
+ logk
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please also correct formate of Eq.6 as follows:  I (µA) = 
11.06  [NO2

-] (mM) +10.99 (µA)

The equation fitting led to a regression coefficient 
 r2 = 0.9983 and the slope value obtained from the calibra-
tion curve is 11.06 µAmM−1 (0.01106 µAµM−1). The as-
fabricated sensor sensitivity was calculated by dividing the 
slope value with the electrode surface area (0.071  cm2), and 
it was found to be 0.1558 µAµM−1  cm−2. The limit of detec-
tion (LOD) was projected using Eq. (7) at a signal to noise 
ratio (S/N = 3) [81]:

where  Sb represents the standard deviation of seven meas-
urements of blank (0.1 M PBS electrolyte without analyte), 
which amounted to be 0.0084868 µA, and m equals to 
the slope of the current vs. concentration curve (Fig. 7b). 
From Eq. (7) the projected LOD value was calculated to be 
2.30 µM.

Amperometric Detection of Nitrite Ions

The sensing performance of the as-fabricated sensor elec-
trode was further investigated by the amperometric tech-
nique. The amperometric technique can provide more sen-
sitive and trustworthy information regarding the detection 
performance of the MWCNTs/PPy-C/GCE sensor compared 
to voltammetry techniques [82]. The amperometric tech-
nique gives a distinct current response after each addition 
of  NO2

− in the electrolyte medium under constant stirring 
at a fixed applied potential, generating a typical staircase 
shape. Figure  8a shows the amperometric response of 

(6)I(�A) = 11.06

[
NO2−

]

mM
+ 10.99 (�A)

(7)LOD = 3Sb∕m

 NO2
− electro-oxidation at a constant applied potential (1.0 

vs. Ag/AgCl) within the concentration range 5–9500 µM. 
The as-fabricated sensor electrode revealed the steady-state 
current response appeared after each addition of  NO2

−, 
with a rapid response time <10 s. This result indicates that 
the proposed sensor electrode shows an excellent sensing 
performance towards  NO2

− detection. Negligible current 
drift was detected at lower concentration region; however, 
drifting was amplified at the higher concentration region. 
The drifting may be induced due to the potential change 
of reference electrode and/or change of solution pH [31]. 
These results reflect the stability and proper sensing activi-
ties of the as-fabricated sensor with no propensity towards 
surface poisoning. More details regarding the selectivity and 
stability will be discussed in the next section (“Selectivity, 
Stability, and Reproducibility of the As-fabricated Sensor”).

Figure 8b shows the amperometric current intensity with 
a linearly increased trend with the  NO2

− concentration. After 
linear fitting, the following regression equation (Eq. 8) was 
obtained:please correct formate of Eq. 8 as follows: I (µA) = 
0.008312  [NO2

-] (µM) + 2.576 (µA)  (r2 = 0.9943)

The sensitivity and detection limit of the as-prepared 
MWCNTs/PPy-C modified GC electrode was calculated to 
be 0.1171 µAµM−1  cm−2 and 3.06 µM using the procedure 
utilized in the previous section (“Voltammetric Detection 
of Nitrite Ions”) for LSV case. The LOD (3.06 µM) is still 
lower enough than the permissible limit of  NO2

− in drink-
ing water (4.3 µM) postulated by WHO [83]. The ampero-
metric study was repeated using identical experimental 
conditions, but at 100 mV lower applied potential (0.9 V 

(8)I (�A) = 0.008312

[
NO2−

]

�M
+ 2.576 �A (r2 = 0.9943)

Fig. 7  (a) LSV of 5%MWCNTs/PPy-C modified GCE with respect 
to  NO2

− concentration in 0.1 M PBS (pH = 7.1) with a scan rate 10 
 mVs−1. The black dashed line represents a voltammogram for blank 

measurement. (b) Corresponding calibration plot of peak current vs. 
 NO2

− concentration
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vs. Ag/AgCl) (Fig.  S2). In this experiment, observed 
linear detection range was 22 to 8500 µM. By calculat-
ing the sensitivity and LOD, it was found to be 0.0386 
µAµM−1  cm−2 and 9.43 µM, respectively. From this, the 
electrode sensitivity toward nitrite ion detection at poten-
tial 0.9 V is one-third compared to the sensitivity observed 
at 1.0 V. From the above discussion, it may conclude that 
1.0 V applied potential is most suitable for  NO2

− detection 
in an amperometric technique using this electro-catalyst 
assemble. The sensing performance efficiency (in term of 
LOD, sensitivity, and detection range) of the current pre-
pared MWCNTs/PPy-C/GCE sensor is quite comparable 
with CNTs or conductive polymer-based sensor electrode 
(Table 1) [8, 41, 43–45, 84–96]. The current proposed 
sensor exhibited a wide detection range, low detection 
limit, and comparable sensitivity towards  NO2

− detec-
tion. The sensitivity of the proposed sensor is better 
than some previously reported relevant sensor electrodes 
based on PANI@GO/GCE [89],  MOS2-MWCNTs-Au 
[90], poly(aniline-co–o-aminophenol) (PAOA) [88], and 
PANI-MOS2 [96]. By considering the LOD value, the cur-
rent fabricated sensor exhibited better LOD compared to 
MWCNTs [41],  MOS2-MWCNTs-Au [90], Poly(pyrrole) 
nanowire [92], carbon nanotube-microelectrodes (CNT-
MEs) [94], silver microcubic-poly (acrylic acid)/poly 
(vinyl alcohol) (AgMCs-PAA/PVA) [87], and Au/TiO2/
CNT [85]. In general, our proposed senor demonstrated 
lower detection limit compared to CNTs [41, 94] and 
polypyrrole [92] alone. This superb catalytic and sensing 
performance of the as-fabricated electro-catalyst towards 
 NO2

− is due to the unique catalytic properties of MWCNTs 

and PPy-C nanomaterials as well as their combined syn-
ergistic effect.

Selectivity, Stability, and Reproducibility 
of the As‑fabricated Sensor

To ensure the validity of the as-fabricated electrocatalyst for 
practical applications, sensor selectivity, operational stabil-
ity, repeatability, and reproducibility check were conducted. 
The selectivity test of the MWCNTs/PPy-C modified GCE 
electrode was done using amperometric measurement in the 
existence of several metal ions and biomolecules (Fig. 9a). 
The interfering species, namely, KCl,  CaCl2,  Na2SO4, 
 NaNO3,  K2CO3, glucose, and oxalic acid were added sepa-
rately with 5 times higher concentration than  NO2

− concen-
tration in 0.1 M PBS solution at 1.0 V applied potential with 
a constant stirring. However, uric acid and dopamine were 
added with two times higher concentration than nitrite ion. 
From the amperometric current response, it was depicted 
as a rapid current response upon each addition of nitrite in 
the neutral reaction medium. Whereas excluding dopamine, 
all examined interfering metal ions and biomolecules have 
no or minimal amperometric response (Fig. 9b). However, 
the current modified electrode exhibited noticeable cur-
rent response toward dopamine at 1.0 V applied potential. 
The same experiment was further conducted using LSV 
technique with a similar behavior obtained (Fig. S3). As 
revealed, except dopamine, all examined interfering ions 
and biomolecules have no or minimal current response at 
a potential near 1.0 V. These obtained results demonstrated 

Fig. 8  (a) Amperometric (i-t) response of the 5%MWCNTs/PPy-C/GCE to the consecutive addition of  NO2
− (5–9500 µM) into a constant stirred 

0.1 M PBS (pH = 7.1) solution at an applied potential 1.0 V vs. Ag/AgCl (KCl.) (b) Calibration curve of current vs. analyte concentration
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the excellent selective behavior of the as-fabricated CNTs/
PPy-C nanocomposite towards nitrite ion electro-oxidation.

The operational stability of the newly fabricated catalyst 
modified GC electrode towards nitrite electro-oxidation was 

performed by a continuous 75-min amperometric measure-
ment (Fig. S4). It was found that after 75 min, ca. 90% of 
the initial current intensity was retained. This result reflects 
the excellent operational stability of the proposed sensor 

Table 1  A comparison of the nitrite sensing parameters (e.g., limit of detection, sensitivity, and dynamic detection range) of our proposed sensor 
electrode with various relevant sensor electrodes

Sensitivity measured * (µAµM−1), #  mA−1  M−1  cm−2

PAOA poly(aniline-co–o-aminophenol), CCE carbon ceramic electrode, CNTPMEs carbon nanotubes powder microelectrodes, CFE carbon fiber 
electrode, CS chitosan, CNs carbon nanoparticles, AgMCs-PAA/PVA/SPCE silver microcubics-poly (acrylic acid)/poly (vinyl alcohol)/screen 
printed microelectrode, PAR poly-(Alizarin Red)

Modified electrode Detection method LOD (µM) Sensitivity (µAµM−1  cm−2) Linear range (µM) Ref

PANI/MWCNTs/GCE Amperometric 1.0 719.2# 5‒15,000 [43]
PANI@GO/GCE Amperometric 0.5 0.117 2–44,000 [89]
PANI-MoS2/GCE Amperometric 1.5 0.02868 1034–4834 [96]
PAOA/GCE Amperometric 2.0 0.0643 5–2000 [88]
MoS2-MWCNTs-Au/GCE Amperometric 4.0 0.001734, 0.006735 12–2100, 2100–6500 [90]
PPy/SDS/f-MWCNTs/GCE DPV 0.11 0.017* 3–1120 [44]
PPy-Cu/GCE Amperometric 0.03 - 0.1–1000 [91]
MWCNTs/CCE Amperometric

DPV
35.8
4.74

- 50–3000
15–220

[41]

Rhodamine B/GCE Amperometric 0.1 0.3081 0.5–7.0 [95]
PAA/CNTs/GCE Amperometric 1.0 - 3–4500 [45]
Poly(Pyrrole) nanowire/Graph-

ite electrode
CV 228 - 228–20,000 [92]

CNTPMEs Amperometric 8 - 16–150,000 [94]
PVN-MWNTs/CFE Amperometric 0.05 - 0.2–3100 [8]
CS/MWCNTs/CNs/GCE LSV 0.89 - 5–1000 [84]
AgMCs-PAA/PVA/SPCE Amperometric 4.5 0.474 2–800 [87]
Au/TiO2/CNT DPV 3.0 - 4–225 [85]
PAR/Fe3O4/GCE CV 1.19 - 9.64–1300 [86]
PEDOT/MWCNTs/SPCE 0.96 140# 50–1000 [93]
MWCNTs/PPy-C/GCE LSV 2.30 0.1558 500–10,500 Present work
MWCNTs/PPy-C/GCE Amperometric 3.06 0.1171 5–9500 Present work

Fig. 9  (a)  The selectivity test of MWCNTs/C-PPy modified GCE 
upon the addition of 100 µM  NO2

− and 500 Mμ  interfering species, 
namely, KCl,  CaCl2,  Na2SO4,  NaNO3,  K2CO3, glucose, and oxalic 

acid and 200  Mμ  uric acid and dopamine in 0.1  M PBS (pH = 7.1) 
at 1.0 V applied potential. (b) The current response with error bar in 
presence of interfering species
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for  NO2
− detection in the neutral medium. In addition, the 

repeatability of the fabricated electrode was investigated 
using CV with 25 repeated cycles (Fig. S5). The result rev-
els that after 25 cycles, the current intensity was retained 
ca. 89% from its initial value with % RSD 4.60. This result 
is consistent with the amperometric measurement. Moreo-
ver, the reproducibility of the as-fabricated electrocatalyst 
was examined via fabricating three different GC electrodes 
modified with the same modification conditions (Fig. S6). 
Thereafter, the CV experiment was conducted at identical 
experimental conditions; the anodic current at these three 
electrodes shows a minor fluctuation with a relative standard 
deviation (% RSD) 5.00%, indicating acceptable reproduc-
ibility of the as-fabricated sensor electrode.

From the above discussion, it is concluded that the newly 
prepared electrocatalyst shows good selectivity towards 
 NO2

− in amperometric detection even in the existence of 
several common interfering metal ions and biomolecules. 
In case of dopamine, the dopamine shows sensitivity in this 
applied potential range; however, even after dopamine pres-
ence, the sensor electrode retained its sensitivity towards 
nitrite ion detection. Moreover, the operational stability 
and reproducibility results suggest that the newly prepared 
electro-catalyst could serve as a trustworthy platform for the 
detection of  NO2

− as an electrochemical sensor.

Real Sample Analysis

To confirm the validity of the as-fabricated sensor in real-
life application, we have employed amperometric study to 
check the practical aptness of MWCNTs/PPy-C modified 
sensor for the recovery of  NO2

− from tap water and deep-
well water applying the standard addition method. Three 
different concentrations of  NO2

− was injected into the tap 
water sample in 0.1 M PBS, and the current response was 
recorded at 1.0 V applied potential. The measurement was 
conducted three times for each sample and found the accept-
able recovery with %RSD 2.12 to 3.26 (Table S2). In addi-
tion, the deep-well water was collected from Najran Velly, 
Jurbah, Najran, Saudi Arabia. The measurement was also 
conducted three times for each sample using the standard 
addition method with an acceptable recovery of % RSD 1.60 
to 3.22 (Table S3). These results indicate that the current 
fabricated nanocomposite is an anticipating electro-catalyst 
for the efficient detection of  NO2

− from real samples.

Conclusions

In summary, a simple sonochemical technique was employed 
to synthesize a novel MWCNTs/PPy-C nanocomposite. 
Then, drop-casting technique was used to fabricate the nano-
composite modified GCE and subsequently applied for the 

electrocatalytic oxidation and detection of  NO2
−. The close 

interaction between MWCNTs and PPy produced a compact 
structure with a high active surface area. It was observed that 
the as-fabricated nanocomposite shows higher catalytic effi-
ciency than the bare GCE or the PPy-C composite modified 
GCE. This is probably due to a synergistic coupling effect 
between the base materials as well as a significant enrich-
ment of catalytic active sites due to the incorporation of 
MWCNTs into the PPy-C composite. The kinetic analytical 
results revealed that the nitrite ion oxidation reaction fol-
lows the first order diffusion-controlled kinetics process. By 
evaluating Tafel slope, it was estimated that this oxidation 
reaction involves a single electron transfer at the rate deter-
mining step, where  NO2 is the intermediate, which can later 
undergo disproportionation reaction yielding  NO3

− as end 
product. The electron transfer co-efficient (α) was estimated 
to be 0.56 from Ep vs. log � relationship and 0.5 from the 
Tafel diagram (log i vs. E). From LSV study, the as-fabri-
cated sensor shows a sensitivity of 0.1558 µAµM−1  cm−2 
in a dynamic concentration range 0.50–10.50  mM, 
whereas the amperometric result revealed a sensitivity of 
0.1171 µAµM−1  cm−2 over the nitrite concentration range 
5–9500 µM. In  NO2

− detection, the as-fabricated sensor 
exhibited excellent stability, repeatability, reproducibility, 
and considerable selectivity during the interference study 
in the existence of several common metal ions and biomol-
ecules. Furthermore, this fabricated sensor electrode was 
effectively investigated for the recovery of  NO2

− from tap 
water and deep-well water samples as real sample analy-
sis. The findings revealed that the combination of carbon 
nanomaterial and organic conductive polymer might be a 
promising candidate for the efficient electrochemical sensor 
applications.
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